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ABSTRACT Polyelectrolyte microcapsules represent versatile stimuli- Polyelectrolyte
Microcapsule‘ 1

>

responsive structures that enable the encapsulation, protection, and release One-step Generation

of active agents. Their conventional preparation methods, however, tend to be rd y
time-consuming, yield low encapsulation efficiency, and seldom allow for the %

& &
S

dual incorporation of hydrophilic and hydrophobic materials, limiting their

Interfacial complexation ~ Spontaneous droplet hatching

OO

phobic materials and also can be induced to trigger the release of encapsulated materials by changes in the solution pH or ionic strength. We also show that

widespread utilization. In this work, we present a method to fabricate stimuli-
responsive polyelectrolyte microcapsules in one step based on nanoscale
interfacial complexation in emulsions (NICE) followed by spontaneous droplet
hatching. NICE microcapsules can incorporate both hydrophilic and hydro-

NICE microcapsules can be functionalized with nanomaterials to exhibit useful functionality, such as response to a magnetic field and disassembly in
response to light. NICE represents a potentially transformative method to prepare multifunctional nanoengineered polyelectrolyte microcapsules for

various applications such as drug delivery and cell mimicry.
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icrocapsules encapsulate and pro-

tect cargo by forming isolated

compartments inside hollow shells.
Microcapsules formed from “smart” poly-
mers such as polyelectrolytes enable the
triggered release of encapsulated actives
in the presence of stimuli such as pH
and light, making them useful in the food,
pharmaceutical, cosmetics and agricultural
applications.' ™" In addition, polyelectro-
lyte microcapsules with aqueous cores in
an aqueous environment represent a class
of “protocells” that enable the recapitula-
tion of cellular functions such as enzyme
reactions, gene/protein expression and
intercapsule communications.'*~"® These
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polyelectrolyte microcapsules can be pre-
pared by inducing complexation of two
oppositely charged polyelectrolytes, such
as through layer-by-layer (LbL) assembly,
to form nanoengineered shells that are
sensitive to external stimuli. Although poly-
electrolyte microcapsules show significant
potential for the encapsulation and trig-
gered release of active agents and the
mimicry of the living cell,’™2" their wide-
spread utilization has been hampered by
multistep, time-consuming preparation
and low encapsulation efficiency. Also, the
functionalization of these polyelectrolyte
microcapsules with nonwater-soluble mate-
rials such as hydrophobic molecules and
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Figure 1. (a) Optical microscopy images showing the generation of (PAA/bPEI) NICE microcapsules through complete droplet
hatching. Oil phase (pink) contains 0.001 wt % Nile Red. Scale bar = 100 um. (b) Schematic illustration describing the NICE

process.

nanomaterials is not straightforward. While progress
toward overcoming these challenges have been
made,”*** few methods allow for the one-step gen-
eration of multifunctional polyelectrolyte micro-
capsules with stimuli-responsive properties, high
uniformity in dimensions, high encapsulation of
actives, and incorporation of functional apolar nano-
materials.>*%

In this work, we report a new class of multifunctional
polyelectrolyte microcapsules that can be prepared by
a one-step process called nanoscale interfacial com-
plexation in emulsion (NICE). The NICE method extends
the utility of polyelectrolyte microcapsules and over-
comes the major challenges that are presented by
conventional polyelectrolyte microcapsule prepara-
tion techniques by allowing for one-step microcapsule
formation, high encapsulation efficiency and dual
incorporation of hydrophilic and hydrophobic species.
High encapsulation is achieved by the use of micro-
fluidic water-in-oil-in-water (W/O/W) double emul-
sions.”® Nanoscale complexation of two polymers
at the inner water/oil (W/O) interface of W/O/W
double emulsions followed by spontaneous emulsion
hatching leads to the formation of multifunctional
polyelectrolyte microcapsules. This method is distinc-
tively different from polyelectrolyte coacervation at
the interface of simple oil-in-water emulsions, which
leads to the formation of polyelectrolyte complex-
covered oil droplets.?”’ >* The NICE scheme, in con-
trast, would generate isolated water compartments in
an aqueous environment. In addition to hydrophilic
agents in the microcapsulate lumen, hydrophobic
molecules or nanoparticles can be incorporated
into the nanometric polyelectrolyte shell. We also
show that these NICE microcapsules can be ruptured
to release encapsulated materials in response to
external stimuli. These characteristics make NICE
microcapsules ideal for applications involving encap-
sulation and triggered release of agents and poten-
tially cell mimicry.
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RESULTS AND DISCUSSION

Generation and Characterization of (PAA/bPEI) NICE Micro-
capsule. The NICE method involves the complexation of
two polymers that form an insoluble nanolayer at the
inner W/O interface of a W/O/W double emulsion. The
use of a glass capillary microfluidic device (Supporting
Information, Scheme S1) for the preparation of W/O/W
double emulsions allows for the complete encapsula-
tion of inner aqueous phase as well as the formation of
highly monodisperse microcapsules. Our hypothesis is
that the complexation between two polymers at the
W/O interface, followed by the removal of the solvent
from the oil phase of the W/O/W double emulsion
would lead to the formation of polyelectrolyte micro-
capsules. We use poly(acrylic acid) (PAA) and branched
poly(ethylenimine) (bPEI) as the two model polymers
as they have been extensively used to prepare poly-
electrolyte microcapsules via LbL assembly.3> Because
the degree of ionization of these two polymers de-
pends strongly on the solution pH, they offer the
potential to tune the properties of microcapsules via
pH control 3>~

We use a microfluidic W/O/W emulsion to prepare
NICE microcapsules (Supporting Information, Scheme
S1b). To aid the stabilization of these double emul-
sions, we add poly(vinyl alcohol) (PVA) and sorbitan
trioleate to the outer aqueous and middle oil phases,
respectively. A mixture of chloroform and hexane in a
volume ratio of 1:1 is used as the oil phase. Using these
combinations, we are able to form stable PAA aqueous
core—bPEl oil shell double emulsions. To our surprise,
instead of W/O/W double emulsions becoming poly-
electrolyte microcapsules via the gradual evaporation
of the solvents, we observe the inner aqueous cores
spontaneously protruding out of the oil droplets
(Figure 1 and Supporting Information, Movie S1). Re-
markably, the inner aqueous core does not merge with
the external water phase during protrusion, indicating
the existence of a shell that protects the inner aqueous
core. As shown below, this shell comprises ionically
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cross-linked nanoscale complexes of PAA and bPEI that
form at the W/O interface. Eventually, these snowman-
shaped structures become polyelectrolyte micro-
capsules upon the complete separation of the inner
cores from the oil droplets (Supporting Information,
Figure S2b). The spontaneous “hatching” process occurs
within a few minutes from double emulsion gene-
ration (Supporting Information, Movie S1). Eventually,
the polyelectrolyte microcapsules can be readily sepa-
rated from the “mother” oil droplets that float to the top
of the solution (Supporting Information, Figure S2c).

We hypothesize that the complete separation of the
inner aqueous cores is induced by dewetting of the oil
phase on the interfacial complex layer. Analogous
behaviors of inner core protrusion from W/O/W double
emulsions have been observed when diblock copoly-
mers, random copolymers, and phospholipids were
dissolved in the middle phase of W/O/W double
emulsions.**~*® However, a complete separation of
the inner core from the oil phase has been seldom
observed.***” The interfacial complexation of bPEl and
PAA leads to the ionization of functional groups of the
two polymers, rendering the complex layer hydrophilic
and, more importantly, oleophobic. We believe that
this complex layer is highly incompatible with the oil
phase and, thus, undergoes complete hatching to
minimize its contact with oil. This hypothesis is sup-
ported when we directly observe the wetting behavior
of a sessile oil drop on the PAA/bPEl interfacial complex
layer (Supporting Information, Scheme S2). We ob-
serve that an oil drop that remains at a macroscopic
planar W/O interface rolls freely on the PAA/bPEI
interfacial film, indicating that this interfacial layer is
highly oleophobic (Supporting Information, Movie S2).
In contrast, in the absence of the interfacial PAA/bPEI
layer, an oil drop immediately wets the interface and
merges with the oil subphase (Supporting Information,
Movie S3).

To understand the molecular driving force for the
formation of the PAA/bPEI interfacial complex layer,
we analyze the charge state of PAA using Fourier
transform-infrared (FT-IR) spectroscopy. The FT-IR spec-
trum of the interfacial complex formed at the planar W/O
interface (Figure 2a) shows that the degree of ioniza-
tion of PAA in the interfacial film is ~30%, suggesting a
significant extent of electrostatic complexation. Given
that the pK; of PAA in solution is ~5.5 and that the pH
of the inner aqueous phase is 3.7, it is interesting that
the degree of PAA ionization in the interfacial complex
layer is much greater than that in a pH 3.7 solution. We
believe that the amine groups of bPEIl in the oil phase
become protonated as they encounter the acidic aqu-
eous phase. In addition, the protonation of the amine
groups of bPEIl can be induced by the deprotonation
of carboxylic acid groups of PAA that accumulate at the
W/O interface®® and the subsequent transfer of pro-
tons from PAA to bPEL In turn, the complexation of
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oppositely charged functional groups would lead to
the formation of the ionically stitched polyelectrolyte
complex layer. The ionization of PAA in the interfacial
complex layer, despite the low pH condition, is analo-
gous to an increase in the degree of ionization of PAA in
the LbL films relative to the solution value at an acidic
pH.*® This shift in the apparent pK, of PAA has been
attributed to the lowered energy barrier for the ioniza-
tion of PAA in the presence of positively charged func-
tional groups.

To observe how much of PAA participates in the
formation of the interfacial complex layer, we use
fluorescently labeled PAA to check for residual PAA in
the core of NICE microcapsules. Confocal fluorescence
microscopy of NICE microcapsule shows that PAA is
indeed found in the capsule wall and that little PAA is
left in the lumen (Figure 2b), indicating most, if not all,
of PAA is incorporated into the complex; however, we
cannot completely rule out the existence of a trace
amount of free PAA below the detection limit of
confocal microscopy. The shell thickness of a NICE
microcapsule, determined by atomic force micros-
copy of dried NICE microcapsules, is 464 £+ 7.7 nm
(Figure 2c—d) and is in good agreement with an
estimate based on the total amount of PAA and bPEI
present in each double emulsion droplet (see Support-
ing Information, Equation S1 for details).

The use of W/O/W double emulsions enables the
dual incorporation of hydrophilic and hydrophobic
agents in NICE microcapsules. When we add fluores-
cein isothiocyanate (FITC) labeled dextran in the inner
aqueous phase and a hydrophobic dye, Nile Red, in the
oil phase (Figure 2e), FITC—dextran remains in the
aqueous core, and Nile Red is incorporated in the
polyelectrolyte complex shell of the NICE microcap-
sules (Figure 2f). Although the interfacial complex layer
is hydrophilic, a small fraction of hydrophobic mol-
ecules dissolved in oil phase likely become kinetically
trapped in the complex layer during polyelectrolyte
complexation. It is also possible that residual sorbitan
trioleate in the complex layer aids in the entrapment of
the hydrophobic species. This capability to encapsu-
late hydrophilic and hydrophobic species in the core
and the shell of microcapsules, respectively, without
any complex procedures offers a significant advantage
over conventional polyelectrolyte microcapsules for
applications that require the encapsulation and release
of species of opposite polarity.**>° Also as will be
demonstrated below, this capability enables the one-
step incorporation of hydrophobic and uncharged
nanomaterials in the shell, imparting additional func-
tionality to NICE microcapsules.

Stimuli-Responsive Properties of (PAA/bPEI) NICE Microcap-
sule. A hallmark of polyelectrolyte microcapsules is
their stimuli-responsive properties. Because polyelec-
trolytes and their complexes can drastically change
their internal structures under changes in the pH or
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Figure 2. (a) FT-IR spectrum of PAA/bPEI interfacial film. (b) Fluorescence intensity along the yellow straight line drawn on
confocal microscopy image of (PAA/bPEI) NICE microcapsule made with fluorescein-labled PAA. (c) AFM height image of
(PAA/bPEI) NICE microcapsule. (d) Height profile along the line drawn in panel c. (e) Schematic illustration describing dual
incorporation of FITC—dextran and Nile Red. (f) Confocal microscopy images showing an NICE microcapsule incorporating
FITC—dextran (green) and Nile Red (red) in the core and shell of the microcapsule, respectively. Scale bar = 50 um.

ionic strength, polyelectrolyte microcapsules have
been shown to exhibit triggered release properties.>’
To demonstrate that NICE microcapsules indeed have
such stimuli-responsiveness, we monitor the behaviors
of NICE microcapsules under changes in the solution
pH or ionic strength. At or below pH 5, these NICE
microcapsules keep their shape without any changes
(Figure 3a,c). In contrast, at or above pH 7, NICE
microcapsules swell significantly until they become
invisible under optical microscopy (Figure 3b,e;
Supporting Information, Movie S4). Accordingly, the
fluorescence intensity owing to the encapsulated
FITC—dextran decreases drastically upon the enor-
mous swelling and disassembly of (PAA/bPEI) NICE
microcapsules (Figure 3d,f; Supporting Information,
Movie S5). The changes in the pH likely induce sudden
changes in the interactions between the two polymers
leading to drastic swelling. Previous reports using LbL
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microcapsules have also shown analogous swelling
when the solution pH is shifted toward the pK, of
one of the polyelectrolytes."*?

(PAA/bPEI) NICE microcapsules show triggered re-
lease upon changes in the ionic strength of the solu-
tion as well. As the ionic strength of the solution is
increased by 100-fold from 1 to 100 mM, NICE micro-
capsules undergo sudden deformation and release
the encapsulated FITC—dextran (Figure 4a; Supporting
Information, Movie S6). The release rate of inner con-
tents from the NICE microcapsules increases with ionic
strength, likely due to the screening of electrostatic
attractions between the two polymers and potentially
osmotically induced collapse of the shell at upon the
addition of salt to the solution (Figure 4b).8

Functionalization of NICE Microcapsules via Nanomaterial
Incorporation. A versatile way to impart functionality to
polyelectrolyte microcapsules is the incorporation
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Figure 3. Optical microscopy images of (PAA/bPEI) NICE microcapsules showing pH-triggered responses in (a) pH 5 and (b) pH
7 solutions. Fluorescence microscopy images of (PAA/bPEI) NICE microcapsules containing FITC—dextran (molecular weight:
4000 g/mol) showing pH-triggered release of FITC—dextran at (c) pH 5 and (d) pH 7. (e) Time-lapse images of (b). (f) Time-lapse
fluorescence images of (d). Scale bars of (a), (b), (e) = 100 um. Scale bars of (c), (d), (f) = 50 um.
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Figure 4. (a) NICE microcapsules showing salt-triggered release; deformations of capsules in (top) 1 mM, (middle) 10 mM, and
(bottom) 100 mM NaCl solutions, respectively. Duration = 620 s. (b) Release profiles representing the relative fluorescence
intensity (/;) of 4 kDa FITC—dexran remaining in NICE microcapsules normalized by initial fluorescence intensity (/o) under
different NaCl concentrations. Error bars are standard deviations. All scale bars = 100 um.

of nanoparticles. Typically, such functionalization is possibility of incorporating hydrophobic as well as
achieved by using charged nanoparticles in LbL as- uncharged nanoparticles in the shell by adding hydro-
sembly, which precludes the incorporation of hydro- phobic magnetic nanoparticles in the NICE microcap-
phobic and/or uncharged nanomaterials. Motivated by sule shell. Such a demonstration would be extremely
the incorporation of a hydrophobic dye, we test the useful since several functional nanoparticles such as
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Figure 5. (a) Schematic illustration describing the generation of magnetic nanoparticle (MNP)-incorporating NICE micro-
capsule (MC). (b) Partial dewetting on the inner aqueous core during the generation of magnetic nanoparticle-incorporating
NICE microcapsules. (c) Magnetic nanoparticle-incorporating NICE microcapsules containing a high concentration of
magnetic nanoparticles. (d) Time-lapse sequential images showing movements of magnetic nanoparticle-incorporating
NICE microcapsules toward a magnetic field gradient. (e) Schematic illustration describing the generation of gold nanorod
(AuNR)-incorporating NICE microcapsule. (f) Intermediate dewetting structures with inner cores completely coming out.
(g) AuNR-incorporating NICE microcapsules. (h and i) Sequential images showing NIR light-triggered responses of (h) AuNR-
incorporating NICE microcapsules (a photo image in t = 0 shows violet accumulation of the AuNR-incorporating NICE
microcapsules); numbers in the lower right of each image indicate time in minutes and seconds (mm:ss); white, blue, and red
arrows show local shrinking, swelling, and catastrophic failure, respectively). (i) NICE microcapsules without AuNRs (a photo
image in t = 0 shows white accumulation of the plain NICE microcapsules). All of time marks shown in (h) and (i) represent
minute:second. All scale bars = 100 um.

quantum dots and magnetic nanoparticles are synthe-
sized in highly nonpolar organic solvents,**** and such
nonwater-soluble nanoparticles cannot be readily in-
corporated into polyelectrolyte microcapsules, unless
nanoparticles with specific ligands are used.?*** Hy-
drophobic magnetic nanoparticles are incorporated
into the NICE microcapsule shell by dispersing them
in the oil phase of W/O/W double emulsions (Figure 5a).
Figure 5c shows that the magnetic nanoparticles dis-
persed in the oil phase are successfully incorporated
in the shell. Interestingly, in the presence of the hydro-
phobic nanoparticle, we observe partial dewetting
(Figure 5b); that is, the oil phase does not completely
separate from the protruding NICE microcapsules.

KIM ET AL.

We believe partial dewetting is due to the hydrophobi-
zation of PAA/bPEI complex layer in the presence of
hydrophobic magnetic nanoparticles and potentially
pinning of the contact line during dewetting. Indeed
when the concentration of magnetic nanoparticles in
the oil phase is increased, the three phase contact angle
is decreased, and dewetting is further suppressed
(Supporting Information, Figure S3a). Some of magnetic
nanoparticles originally present in the oil phase are
distributed throughout the shell of NICE microcapsules,
likely due to kinetic trapping, as evidenced by the
coloration of NICE microcapsules (Figure 5¢; Supporting
Information, Figure S3b). Also, a small patch of aggre-
gated magnetic nanoparticles is observed in one region
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of NICE microcapsules after the complete removal of
the solvent. These magnetic nanoparticle-incorporated
NICE microcapsules move in the direction of a magnetic
field gradient, while pointing their patches toward the
direction of the magnetic field gradient (Supporting
Information, Movie S7; Figure 5d). These results show
that hydrophobic nanoparticles can be directly incorpo-
rated into the shell of NICE microcapsules without any
tedious ligand exchange processes, significantly simpli-
fying the functionalization of polyelectrolyte microcap-
sules with functional nanomaterials. The patches of
nanoparticles on NICE microcapsules can potentially
be used to induce self-propelled motion driven by
catalytic reactions.>®

The functionalization of NICE microcapsules using
nanoparticles is further demonstrated by incorporat-
ing a plasmonic nanomaterial and testing their
light-responsive properties. We incorporate uncharged
gold nanorods (AuNRs) in the NICE microcapsule shell
by dispersing poly(ethylene glycol)-functionalized
AuNRs with bPEIl in the oil phase (Figure 5e). AuNR-
incorporating NICE microcapsules undergo complete
dewetting from the oil phase (Figure 5f,g; Supporting
Information, Figure S3c), likely due to the hydrophilic
nature of AuNRs. The incorporation of AuNRs in NICE
microcapsules is evident by the appearance of violet
color from the capsules (Figure 5h inset).

AuNRs are known to generate heat under near-
infrared (NIR) irradiation due to their surface plasmon
band and thus have been shown to induce NIR-
triggered release of molecules from various struc-
tures.**>57%° NIR is an especially attractive stimulus
because of its ability to penetrate tissue with minimal
absorption and ease of localized stimulus application.
AuNR-incorporating NICE microcapsules indeed un-
dergo catastrophic rupture under NIR irradiation (1 W
output power at 808 nm for approximately 40 min;
Figure 5h; Supporting Information, Movie S8). These
microcapsules undergo significant volumetric fluctua-
tions such as shrinking (white arrows in Figure 5h) and
swelling (blue arrows in Figure 5h) before catastrophic
failure occurs in one region (red arrows in Figure 5h).

METHODS

Generation of NICE Microcapsules. We use a previously reported
glass-capillary microfluidic device for the preparation of water-
in-oil-in-water (W/O/W) double emulsions.*® To generate mono-
disperse W/O/W double emulsions, we used 0.1 wt % of
PAA dissolved in deionized water (pH 3.7) as the inner phase,
0.1 wt % bPEI dissolved in a mixture of chloroform and hexane
(Fisher Scientific) in a volume ratio of 1:1 containing 1—2 wt %
sorbitan trioleate as the middle phase, and 2 wt % poly(vinyl
alcohol) (PVA, 87—90% hydrolyzed, average molecular weight:
30000—70000 g/mol, Sigma-Aldrich) solution as the outer
phase. These three flows were introduced and controlled by
using three syringe pumps. Generated double emulsions were
collected in pH 2-adjusted water. To test the stability of double
emulsions and observe dewetting phenomena, we varied the
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Under the same irradiation condition, neat NICE micro-
capsules undergo neither volumetric fluctuations nor
catastrophic rupture (Figure 5i).

CONCLUSIONS

In this work, we have presented the one-step
generation of multistimuli-responsive polyelectrolyte
microcapsules with high encapsulation and dual in-
corporation of both hydrophilic and hydrophobic
species using nanoscale interfacial complexation in
emulsion (NICE). The novelty of this method lies in
the interfacial complexation of two polyelectrolytes at
the inner interface of W/O/W double emulsions and
the complete hatching of the inner droplets from the
oil phase of W/O/W double emulsions, leading to the
formation of highly uniform and multifunctional NICE
microcapsules. NICE microcapsules undergo triggered
release of the encapsulants in response to changes in
the pH and ionic strength of solutions. NICE also
enables the incorporation of hydrophobic/uncharged
molecules and nanomaterials in the nanoshell, drasti-
cally expanding the palette of materials that can be
used to functionalize polyelectrolyte microcapsules.
This new approach overcomes some of the major
challenges that are associated with conventional poly-
electrolyte microcapsule generation techniques and
suggests an entirely new one-step method to generate
highly functional polyelectrolyte microcapsules that
should be widely applicable. By varying the fabrication
conditions such as sets of polyelectrolytes, pH and
ionic strengths, NICE microcapsules with a broad range
of functionalities can be generated. This method also
should be highly scalable by the parallelization of the
double emulsion formation process®' =% and could be
extended to produce submicrometer NICE microcap-
sules by using a previously reported osmotic annealing
method,®* making it a potentially transformative
method of polyelectrolyte microcapsule preparation.
Our current efforts include enabling the formation
of NICE microcapsules based on biopolymers such as
proteins and polysaccharides, which typically have low
solubility in organic solvents.

collection medium to pure deionized water and pH 3 and pH 9
water. We find that the condition of the continuous phase plays
a critical role in maintaining the structural integrity of NICE
microcapsules during inner core protrusion from double emul-
sions. When the continuous aqueous phase is deionized water
(pH 5.5—6), we observe that the volume of the inner droplets
shrinks gradually during protrusion. In contrast, when we
collect double emulsions in acidic water (pH 2), the protruded
inner droplets remain stable without any shrinkage during
protrusion and subsequent separation (Supporting Information,
Figure S2a). These observations strongly suggest that the
polyelectrolyte complex layer is experiencing some type of
tension under pH 5.5—6 and that this tension drives the capsule
shrinkage. The relative magnitudes of shell elasticity and mem-
brane tension likely determine whether microcapsules form
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without any significant volume changes during dewetting. The
origin of the membrane tension, as well as the effect of the
solution pH on the membrane tension and the stability of NICE
microcapsules, warrants future study.

Synthesis of Fluorescein Labeled PAA. PAA (M,,: 345000 g/mol,
200 mg) was dissolved in 20 mL of deinonized water, and the
solution pH was adjusted to 5.0. Final molar concentration of
carboxylic acid groups of the solution was 0.138 M, and 1 mol %
of the carboxylic acid groups (1.38 mM) was targeted for this
conjugation. Carboxylic acid groups of PAA were activated
using 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC,
Sigma-Aldrich) and N-hydroxysuccinimide (NHS, Sigma-Aldrich).
A total of 21.16 mg of EDC (55 mM) and 12.71 mg of NHS
(5.5 mM) were added to the PAA solution in a molar ratio of 4:4:1
(EDC/NHS/AA) and the mixture was stirred for 1 h at room
temperature. Then, 9.59 mg of 6-aminofluorescein (1.38 mM,
Sigma-Aldrich) was added and the mixture was stirred for 12 h at
room temperature. The reacted solution was dialyzed for 48 h to
remove unreacted 6-aminofluorescein using a 10K MWCO dial-
ysis cassette The fluorescein labeled PAA solution was stored at
4 °C. When we used the fluorescein—PAA as the inner phase,
we diluted the solution three times by mixing with 0.1 wt %
unlabeled PAA.

Atomic Force Microscopy (AFM). The dried NICE microcapsules
were prepared on cleaned silicon wafers. Size of the NICE
microcapsules suspended in aqueous solution was about
130 um. The thickness measurements were performed using
Dimension Icon Atomic Force Microscope (Bruker, Inc.) at 25.0 £
0.5 °C. Silicon cantilevers with a resonance frequency about
380 kHz were utilized for tapping mode at a scan rate of 1.02 Hz.

Dual Incorporation of Nile Red and FITC—Dextran. To examine the
dual incorporation of both FITC—dexran (Sigma-Aldrich, aver-
age molecular weight: 4000 g/mol) and Nile Red (Sigma-
Aldrich), we added 0.2 wt % FITC—dextran and 0.01 wt % Nile
Red to the inner aqueous phase and middle phase solutions,
respectively. We used 0.2 wt % FITC—dextran as inner contents
for testing the triggered release as well.

Generation of Magnetic Nanoparticle-Incorporating NICE Microcapsule.
First, we prepared chloroform-dispersed magnetic nanoparti-
cles. The initial product (Magnetic nanoparticles, Ferrofluid,
FerroTec) was dispersed in toluene. To disperse magnetic
nanoparticles in the oil phase, we exchanged the original
solvent to chloroform by evaporating the solvent and redisper-
sing magnetic nanoparticles in chloroform with sonication. This
process provided a uniform brown solution containing well-
dispersed magnetic nanoparticles. We made a mixture consist-
ing of chloroform (50 v/v%), hexane (50 v/v%), sorbitan trioleate
(1 wt %), and magnetic nanopaticles (0.05 wt %) and generated
double emulsions. Double emulsion collection was made in pH
2-adjusted water. Centrifugation was used to remove residual
oil droplets upon partial dewetting.

Generation of AuNR-Incorporating NICE Microcapsule. All materials
for gold nanorods (AuNRs) synthesis were purchased from
Sigma-Aldrich. AuNRs were synthesized by an established
seed-growth method.>® Briefly, a solution of gold(lll) chloride
trihydrate, hexadecyltrimethylammonium bromide (CTAB), and
sodium borohydride established Au seed nanoparticles, which
were then added to a solution of gold(lll) chloride trihydrate,
CTAB, silver nitrate, and ascorbic acid to induce Au nanorod
growth. AuNR formation was confirmed by UV—vis spectroscopy,
which showed the characteristic transverse and longitudinal
absorbance peaks for the gold nanorods (at approximately 515
and 800 nm, respectively). The nanorods were then washed
by centrifugation and resuspended in an aqueous solution of
poly(ethylene glycol)-thiol (MW = 5 kDa) for PEGylation. After
PEGylation, we centrifuged the NPs and resuspended them in
chloroform. The final concentration of nanorods in chloroform
was determined by measuring peak absorbance of the suspen-
sion and applying the Beer—Lambert law with a molar extinction
coefficient of 44 x 10° M~ cm™".

With the chloroform-dispersed AuNRs, we made an oil
phase solution consisting of chloroform (50 v/v%), hexane
(50 v/v%), sorbitan trioleate (1 wt %), and AuNRs (0.8 nM), with
which we generated double emulsions. Double emulsion col-
lection was made in pH 2-adjusted water. After collection of
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NICE microcapsules, we exchanged the supernatant to pH
2-adjusted water several times to remove residual solvent.
For near-infrared irradiation, we used a NIR laser (OEM Laser
Systems). The prepared NICE microcapsules with/without
AuNRs were placed on a microscope stage and exposed to
NIR laser with 1 W output power at 808 nm. We performed live
imaging using inverted microscope (Carl Zeiss).

Optical Imaging. For fluorescence imaging, we used a con-
focal laser scanning microscope (Olympus FluoView FV1000,
Center Valley, PA) or a epi-fluorescence inverted microscope
(Nikon Diaphot 300) with a CCD camera (Qimaging Retiga
2000R Fast 1394). Bright field imaging was also performed with
a Nikon Diaphot 300 microscope. For colored digital imaging,
we used an upright microscope (Carl Zeiss Axio Plan Il) with a
digital camera (AmScope MU1003-CK 10MP). All of images were
analyzed with ImageJ (NIH).
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