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ABSTRACT: Chemophotothermal therapy is promising for cancer
treatment with its synergistic effect. Although various photothermal
agents have been formulated as drug carriers, low payload, burst
release, and severe dilution usually restrict their uses. To overcome
the limitations, we design smart microcapsules as a pragmatic

material for chemophotothermal therapy. With a microfluidic £ on * 09

device, water-in-oil-in-water (W/O/W) double-emulsion templates 2 008 :« 453

are produced to have photothermal polydopamine nanoparticles B = [ f 0§

and drugs in the water core and a mixture of photocurable §0.04 LRl 5

monomers and phase-change material (PCM) in the oil shell. The < R w2
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water from the core, which enables the size reduction for the ease of
injection and enrichment of polydopamine nanoparticles and drugs
for enhanced photothermal performance and high payload. The microcapsules, produced by photopolymerization of monomers,
release drugs when PCM in continuous nanochannels of the polymer shell is molten while retaining drugs without leakage when
frozen. As the concentrated polydopamine nanoparticles provide rapid and drastic heating by near-infrared irradiation, the drug
release can be switched on and off in a programmed manner by manipulating the irradiation. The smart microcapsules secure high
drug payload in a spacious core, negligible initial bursting, and dilution-free high photothermal performance, potentially serving as a

Time (min)

pragmatic therapy platform.

1. INTRODUCTION

Photothermal therapy treats cancers by elevating the temper-
ature through the conversion of radiation energy to heat.
Therefore, the therapy is noninvasive and highly localized,
which can reduce the potential side effects of chemotherapy
and surgery.' Various photothermal agents have been
employed for the efficient conversion of near-infrared (NIR)
to heat as NIR has a relatively long penetration depth along the
skin and tissue. For example, gold nanorods,”™” carbon
nanotubes,® reduced graphene oxide,””'’ and graphene
quantum dots'*™'® have been synthesized and intensively
used for photothermal heating under NIR irradiation.
Biocompatible organic materials, such as polydopamine,'”~**
polyaniline,”*~** and polypyrrole,” > also have been used as
excellent photothermal agents, which are advantageous as
tissue-injury-causing oxidative stress can be alleviated. It is of
great importance to design photothermal agents for rapid
heating at a specific localized region to minimize the side
effects after thermal ablation.

Recently, chemophotothermal therapy is emerging as an
advanced method for cancer treatment as it provides a
synergistic effect.”® To release anticancer drugs into the locally
heated tumor, the photothermal agents have been hybridized
into drug carriers.”® For example, multilayered nanosheets of
reduced graphene oxide are used to physically adsorb
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doxorubicin in the interstitial voids and release the drug
under NIR irradiation.” Mesoporous silica nanoparticles are
also used to entrap doxorubicin in the pores, which are closed
with graphene quantum dots®® or polydopamine coating.””
However, most of the chemophotothermal agents have low
payload and poor encapsulation efliciency. Furthermore, the
anticancer drugs usually are leaked out from the agents without
NIR irradiation as they are physically adsorbed or loosely
trapped, restricting long-term storage. More importantly, the
drugs are burst-released upon NIR irradiation, lowering the
efficacy of the drugs and causing severe side effects. Therefore,
microcarriers that provide the stable storage and controlled
release of anticancer drugs, as well as high payload and
encapsulation efficiency, are highly demanding for synergistic
chemophotothermal therapy.

Herein, we report NIR-responsive microcapsules as a novel
and pragmatic chemophotothermal platform. The micro-
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Figure 1. (a) Schematic for a capillary microfluidic device for producing ultrathin-shelled water-in-oil-in-water (W/O/W) double-emulsion
droplets and osmotically extracting water from the innermost droplets. (b) Stillshot images showing the generation of double-emulsion droplets at
the junction (#1) and the flow of shrunken droplets downstream (#2). (c) Cartoons showing three steps for the production of microcapsules:
osmotic extraction of water for the enrichment of encapsulants, UV irradiation for photopolymerization in the shell, and cooling to room
temperature for freezing phase-change material (PCM) in the shell. (d) Optical microscope (OM) images showing the polymerized microcapsules
at 50 °C (the left panel) and 30 °C (the right panel). The insets are magnified views. () Scanning electron microscope (SEM) image showing the
cross section of the shell of the microcapsule. The inset is a low-magnification image of the microcapsule.

capsules contain highly concentrated polydopamine (PDA)
nanoparticles and anticancer drugs in their spacious aqueous
core, enclosed by a thin thermoresponsive shell. The shell
membrane consists of phase-change material (PCM) nano-
channels in a polymeric framework, which selectively allows
the release of the drugs in a sustained manner above the
melting point of the PCM. The PDA nanoparticles in the core
show a strong photothermal effect so that the microcapsules
are locally heated under NIR irradiation at which the drugs are
released. The microcapsules are small enough to be injected
through a needle but large enough to be implanted into target
tumor sites without diffusion. To produce the chemo-
photothermal microcapsules, we use water-in-oil-in-water
(W/O/W) double-emulsion templates. With a capillary
microfluidic device, double-emulsion droplets are produced
to have the inner water drop containing PDA nanoparticles

and drugs and the outer oil drop of photocurable monomer,
PCM, and molecular compatibilizer. To concentrate the PDA
nanoparticles and drugs in the core and reduce the size of
microcapsules, the double-emulsion drops are subjected to a
strong hypertonic condition in the device, which are then
stabilized by in situ photopolymerization of monomer. This
microfluidic approach provides a high payload and high
encapsulation efficiency. The microcapsules show a negligible
leakage of drugs during storage at low temperatures, which
provide rapid local heating upon the irradiation of an 808 nm
laser and a gradual release of the drugs. The release is held up
when the laser is off as the temperature drops quickly because
the heating is highly localized. Therefore, the drug can be
released in a programmed fashion by controlling laser
irradiation. We believe that our microcapsule platform is
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highly valuable as a novel and pragmatic chemophotothermal
agent for efficient cancer treatment.

2. RESULTS AND DISCUSSION

2.1. Microfluidic Production of NIR-Responsive
Microcapsules. The microcapsules for chemophotothermal
therapy should provide photothermal heating and drug release
at local regions under NIR irradiation. To achieve this
function, we design microcapsules composed of a PDA
nanoparticle-laden aqueous core and a PCM-—polymer
composite shell. The PDA nanoparticles serve as an efficient
photothermal agent so that the temperature can be increased
upon NIR irradiation. The composite shell consists of
interconnected PCM nanochannels in a polymeric matrix,
which selectively allows the transmembrane transport of
molecules that are soluble in molten PCM at temperatures
above the melting point. Therefore, photothermal heating can
trigger the release of anticancer drugs as long as the
temperature is increased above the melting point and drugs
are soluble in the molten PCM. To produce microcapsules
with such a construction, we use a W/O/W double-emulsion
template. The template is produced in a uniform size by using
capillary microfluidic devices. To maximize the core volume for
drug loading and minimize the diffusion length for release, thin
shells are prepared. We use the design of the capillary devices
for the production of double-emulsion drops with an ultrathin
shell that employs the emulsification of core—sheath flow at
the junction between two tapered cagillaries with a tip-to-tip
alignment, as illustrated in Figure la. §-40

As the innermost phase, an aqueous dispersion of 0.17 w/w
% melanin-coated PDA nanoparticles with an average diameter
of 100 nm containing S w/w% poly(vinyl alcohol) (PVA) is
used; the solution has an osmolarity of 40 mOsmol/L, and the
melanin-coated PDA nanoparticles are shown in Figure S1. To
compose the PCM-—polymer composite shell, we use a
homogeneous mixture of 29 w/w% of 1-tetradecanol, 35 w/
w9% of trimethylolpropane ethoxylate triacrylate (ETPTA), 35
w/w% of lauryl acrylate (LA), and 1 w/w% of photoinitiator as
the middle oil phase. As PCM, 1-tetradecanol is selected
because its melting point, T;;, = 38 °C, is slightly higher than
the body temperature. That is, the PCM will remain frozen
when injected into a body so that the undesired release in the
absence of photothermal heating can be minimized. ETPTA
forms a polymeric matrix through photo-cross-linking, whereas
LA prevents a severe phase separation between the ETPTA
and 1-tetradecanol as a molecular compatibilizer.*' The
innermost and middle phases are simultaneously injected
into a cylindrical capillary with a hydrophobic inner wall. All
phases are preheated to 50 °C, and the device is also operated
at 50 °C to maintain the middle oil phase as a liquid. The
innermost phase flows through the center of the capillary
without contacting the hydrophobic wall, forming a train of
plug-shaped drops, while the middle phase wets the wall and
forms a continuous phase in the capillary. This discontinuous
core—sheath flow is emulsified by a flow-focusing effect, at the
tip of the capillary, into the continuous phase of the aqueous
solution of 10 w/w% of PVA and 250 mM of NaCl, which is
injected along the outer hydrophilic surface of the capillary.
When the core—sheath flow of the plug-like drops is
emulsified, monodisperse W/O/W double-emulsion droplets
with an ultrathin shell are produced, as shown in the left panel
of Figure 1b and Movie S1. When the oil phase flows out from
the capillary, large oil drops are produced. Both small double-

emulsion drops and large oil drops flow through the capillary
on the opposite side and 4 m long tubing.

The double-emulsion drops produced at the junction have a
typical size of 75 um, which frequently causes the clogging of
needles during the injection of polymerized microcapsules.
Furthermore, it is required to increase the concentration of
PDA nanoparticles in the core to enhance photothermal
performance. However, it is challenging to increase the
concentration of the melanin-coated PDA nanoparticles
above 0.2 w/w% without aggregation using a conventional
centrifugation method although melanin coating on PDA
nanoparticles improves the dispersion stability, as shown in
Figure S2. To reduce the size of microcapsules and increase the
concentration of PDA nanoparticles at the same time, we use
the continuous phase containing 250 mM NaCl with an
osmolarity of 600 mOsmol/L to make a hypertonic condition.
The osmotic-pressure difference between the innermost
droplets and the continuous phase pumps water out, leading
to the shrinkage of the double-emulsion drops, as illustrated in
the left two panels of Figure lc. The shrinkage is observed for
the flowing drops downstream along the 4 m long tubing, as
shown in the right panel of Figure 1b and Movie S1. With
typical flow rates of the innermost, middle, and continuous
phases of 350, 650, and 3500 pL/h, the double-emulsion drops
with an average diameter of 75 um are initially produced,
which shrink to have an average diameter of 38 ym during the
flow with a residence time of 0.44 h in the 4 m long tubing,
The osmotic-pressure-induced water extraction leads to the
enrichment in a factor of 7.7, resulting in a concentration of 1.3
w/w% of melanin-coated PDA nanoparticles. It is noteworthy
that the double-emulsion drops rupture when they are
incubated at the same hypertonic condition after collection.
This is because the light innermost droplet migrates upward in
the heavy oil shell, which eventually causes direct contact of
the innermost droplet to the continuous phase, leading to
internal coalescence. The double-emulsion drops tumble
during the flow, which minimizes the off-centering of the
innermost droplets, enabling the maintenance of the core—
shell geometry.

The shrunken double-emulsion drops are continuously
irradiated by ultraviolet (UV) at the exit of the tubing to
copolymerize ETPTA and LA in the shell The resulting
microcapsules are highly uniform and contain a homogeneous
dispersion of PDA nanoparticles in the core, as shown in the
left panel of Figure 1d. The gentle osmotic enrichment does
not cause severe aggregation. The large oil drops coproduced
by the emulsification of discontinuous core—sheath flow form
large particles, which are easily separated from the micro-
capsules by exploiting the density and size difference, as shown
in Figure S3. For comparison, microcapsules are also produced
without osmosis in an isotonic condition, which have an
average diameter of 75 um, as shown in Figure S4a. The
solidified shell is composed of a polymeric matrix of ETPTA-
LA at which 1-tetradecanol forms an interconnected channel
network, as schematically illustrated in the third panel of
Figure 1lc. The PCM-—polymer composite shell is highly
homogeneous and transparent above the melting point of 1-
tetradecanol.

When the microcapsules are cooled below the melting point,
the shells turn to be heterogeneous and slightly opaque as the
frozen 1-tetradecanol partially extrudes from the nanochannels,
as shown in the right panel of Figure 1d. When the
microcapsules are heated above the melting point, they recover
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Figure 2. (a) Schematic for the experimental setup to study the photothermal effect. A monolayer of microcapsules in a chamber is irradiated by an
808 nm laser with a spot diameter of 2.5 mm, and the well is monitored with an infrared (IR) camera. The inset is an OM image of the
microcapsules. (b) Temperature maps before laser irradiation (the leftmost), after laser irradiation for 12.5 min on the array of the microcapsules
(the second), the array of microcapsules without enrichment (the third), bulk dispersion of polydopamine (PDA) nanoparticles (the fourth), and
water (the rightmost). The boundaries of the laser spot and chamber are denoted. (c) Profiles of temperature increase from the initial for the four
samples in panel (b) after laser irradiation for 12.5 min. (d) Temporal change of the temperature increase averaged for the entire volume of
chamber for the four samples during laser-induced heating for 12.5 min and natural cooling for 12.5 min.

their original state. These two states are reversibly switchable
by temperature swings as shown in Movie S2. It seems that the
molten PCM fills the nanochannels above the melting point.
The shells have an average thickness of 2.5 ym; the thickness
of the original shell of the double-emulsion droplets before the
shrinkage is estimated as 0.8 ym from the volume
conservation. The removal of 1-tetradecanol by washing with
isopropanol does not reveal any macroscopic channels or pores
in the cross section of the shell, as shown in Figure le. It seems
that 1-tetradecanol produces nanochannels in the presence of a
molecular compatibilizer, LA, in the absence of macroscopic
phase separation.*'

2.2. Photothermal Heating with Microcapsules. PDA
nanoparticles are one of the efficient photothermal agents, so it
is expected that the microcapsules containing highly
concentrated PDA nanoparticles show excellent performance
in photothermal heating. To analyze the performance, a
monolayer of the microcapsules with an average diameter of 38
pum in S w/w% of PVA solution is prepared in a 120 um thick
disk-shaped chamber with a diameter of 1.3 cm sandwiched by
two glass slides, as shown in Figure 2a. The array of
microcapsules is irradiated by a laser with a wavelength of
808 nm, a power of 650 mW, and a spot diameter of
approximately 2.5 mm. The temporal change of temperature
distribution is monitored with an infrared (IR) camera, as
shown in Movie S3. The temperature increases over the

irradiation time, where the highest temperature, T}, is observed
at the central position of the laser spot. For the irradiation of
12.5 min, the highest temperature at the center reaches as high
as 78 °C, as shown in the second panel of Figure 2b; a local
temperature around each microcapsule is expected to be much
higher than Ti.

We compare the photothermal performance with the
microcapsules with an average diameter of 75 ym prepared
without osmotic-pressure-induced enrichment so that the
concentration of PDA nanoparticles is 0.17 w/w% in the
core, as shown in the third panel of Figure 2b; the monolayer
of the microcapsules in the chamber is shown in Figure SS.
The highest temperature increases up to 59 °C in 12.5 min.
That is, the temperature increase is 67% of the microcapsules
osmotically enriched. Considering that the total volume of
microcapsules with a diameter of 7S ym in the monolayer is
2.0 times larger than those with a diameter of 38 ym, we can
conclude that highly concentrated PDA nanoparticles of 1.3
w/w% are beneficial for photothermal heating. For bulk
dispersion of PDA nanoparticles at a concentration of 0.17 w/
w% without encapsulation, the temperature increases to 81 °C
in 12.5 min, as shown in the fourth panel, which is comparable
with the enriched microcapsules. Even though the enriched
microcapsules occupy only 17% of the chamber volume,
whereas the bulk dispersion fills out the entire volume, highly
concentrated PDA nanoparticles in the core provide a high
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Figure 3. (a) Schematic for the temperature-responsive release of drug from the microcapsules. PCM is frozen in the nanochannel of the shell
below its melting point, and no release is allowed, whereas it is molten above the melting point and the drug is released through the dissolution into
the molten PCM. (b) Series of confocal laser scanning microscope (CLSM) images showing the release of methylene blue at 50 °C (the top
panels) and no release at 4 °C (the bottom). (c) Temporal change of absorbance at 664 nm (the left y-axis) and the concentration of methylene
blue (the right y-axis) in the suspension medium at 50 and 4 °C. (d) Temporal change of absorbance at 353 nm (the left y-axis), and the
concentration of palbociclib isethionate (the right y-axis) in the suspension medium at 50, 36.5, and 4 °C. (e) Temporal change of the release rate

of palbociclib isethionate at 50, 36.5, and 4 °C.

photothermal effect. It is expected that photothermal heating
performance is significantly lowered when the bulk dispersion
is directly used as the photothermal agent because the
nanoparticles diffuse out in the body. When the aqueous
solution of 5 w/w% of PVA without PDA nanoparticles is
used, the temperature slightly increases to 33 °C, as shown in
the rightmost panel of Figure 2b. The spatial distributions of
the temperature increase from the initial for the microcapsules
with and without enrichment, the bulk PDA dispersion, and
the PVA solution upon the laser irradiation for 12.5 min are
summarized in Figure 2c.

The temperature is continuously monitored and averaged
for the entire volume in the chamber. The average temperature
rapidly increases over time and almost reaches a steady state in
12.5 min for all samples, as shown in Figure 2d. When the laser
is off, the average temperature rapidly drops due to cooling by
the surrounding. With the temporal changes of the average
temperature during the heating and cooling, we estimate the
photothermal conversion efficiency, 7, of PDA nanoparticles in
the core of the microcapsules (see the Supporting Information

for the details)

solv

_ hA(y - T) - Q
I(1 — 1074

(1)

where h is the heat transfer coeflicient, A is the surface area, T
is the maximum average temperature at a steady state, T} is the
temperature of the surrounding, Q,,, is the photothermal heat
of the suspension medium, I is the power of the laser source,
and Abs is the absorbance. The value of hA is estimated from
the drop of the average temperature when the laser is off, and
the value of Q,, is estimated from the steady-state average
temperature for the aqueous solution of 5 w/w% of PVA
without the microcapsules. The conversion efliciency is
estimated as 7 = 48% for the microcapsules containing 1.3
w/w% of PDA nanoparticles and that is # = 54% for the
microcapsules containing 0.17 w/w% of PDA nanoparticles.
The bulk dispersion of PDA nanoparticles with a concentration
of 0.17 w/w% shows the conversion efficiency of = 48%,
which is comparable with those for the microcapsules. This
indicates that the encapsulation and enrichment of PDA
nanoparticles in the core of the microcapsules do not degrade
the intrinsic photothermal performance of PDA nanoparticles.
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Figure 4. (a) Schematic for the experimental setup to study near-infrared (NIR)-induced heating and drug release. (b) Temporal change of
temperature maps during laser irradiation for 90 s. (c) Temporal change of temperature on the position of the laser spot. The sample is heated for 6
min at 60 and 120 min by laser irradiation, where the laser is on for 1.5 min and off for 0.5 min three times. (d) Series of CLSM images showing the
laser-induced release of methylene blue. (e) Temporal change of absorbance at 664 nm (the left y-axis) and the concentration of methylene blue
(the right y-axis) in the suspension medium, where the sample is heated by laser irradiation for 6 min at 55, 116, and 172 min. (f) Temporal change
of absorbance at 353 nm (the left y-axis) and the concentration of palbociclib isethionate (the right y-axis) in the suspension medium, where the
sample is heated by laser irradiation for 6 min at 65, 135, 205, 275, and 345 min.

2.3. Temperature-Responsive Release of Drugs. The
PCM—polymer composite shell of the microcapsules selec-
tively allows the release of molecules that are soluble in the
molten PCM.*' Most small-molecule drugs have limited
solubility in water due to their hydrophobic moiety, which
makes them partially soluble in 1-tetradecanol. Therefore,
various drugs can be released into the surrounding when the
temperature increases above the melting point of 38 °C. As the
solubility is highly reduced in the frozen PCM, the drugs can
be stored in the core at low temperatures. That is, the drug-
loaded microcapsules can be stored in a refrigerated state,
which can be injected into a body without significant leakage in
the short term as the body temperature is slightly lower than
the melting point. When the microcapsules are locally heated
above the melting point by irradiation with a NIR laser, the
drugs are released to the heated regions on demand through
the molten PCM nanochannels in the composite shell, as
illustrated in Figure 3a. Therefore, the microcapsules
potentially provide synergistic chemophotothermal therapy.

We first verify the temperature responsiveness before
studying the NIR responsiveness. As a model drug, a
fluorescent dye of methylene blue is encapsulated in the
core, which allows the direct visualization of the release with a
confocal laser scanning microscope (CLSM); the methylene
blue has a partition coefficient of 0.92 for molten 1-
tetradecanol to water, as shown in Figure S6. Methylene
blue is dissolved in the innermost phase of the double-
emulsion template at a concentration of 0.25 w/w%, and the
microcapsules are produced by following the same protocol of
osmotic-pressure-induced enrichment and UV irradiation. The
methylene blue is safely stored in the core without leakage at a
temperature of 4 °C, below the melting point of 1-
tetradecanol, which is released from the microcapsules at a
temperature of 50 °C, as shown in Figure 3b. The temperature-
dependent rate of the release is also confirmed by the temporal
change of the absorbance at 664 nm for the supernatant fluid
of the suspension, as shown in Figure 3c. There is a negligible
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release of methylene blue at 4 °C in a time scale of a day,
whereas 73% is released in 10 h at 50 °C.

We also study the temperature-responsive release with an
anticancer drug, palbociclib isethionate, which is one of the
most promising drugs for the treatment of breast cancers;**~**
although both palbociclib and palbociclib isethionate are
effective anticancer drugs, we choose palbociclib isethionate
due to relatively high solubility in water to increase payload. In
common, hydrophilicity and solubility of drugs can be
enhanced by adjusting pH to render functional groups of the
drugs ionized, which potentially helps secure a high payload in
the microcapsules. Palbociclib isethionate is dissolved in the
innermost phase at a concentration of 0.2 w/w% and enriched
by osmosis. Palbociclib isethionate has a partition coefficient of
2.3 as shown in Figure S7, thereby enabling the temperature-
responsive release. The release profile is measured using the
temporal change of absorbance for the supernatant fluid of the
suspension for the drug-laden microcapsules in the bottom of a
transparent quartz cuvette, as shown in Figure S8. As
palbociclib isethionate shows a characteristic absorbance
peak at 353 nm in water and the absorbance is linearly
proportional to the concentration as shown in Figure S7, the
temporal change of the concentration is directly calculated
from that of absorbance, as shown in Figure 3d. The
concentration of the drug, c(t), rapidly increases in the early
stage and gets gradually saturated over time by following an
exponential function

o(t) = c(1 — ¢™7) @)

where ¢, is a final steady-state concentration and 7 is a
characteristic time scale for the release. The concentration
reaches ¢, = 7.3 uM in 40 h at 50 °C. The value of 7 is
estimated as 12 h at 50 °C from the fitting. The release is
significantly retarded for temperatures of 36.5 and 4 °C. The
value of 7 is 7.1 days at 36.5 °C and 7 = 44 days at 4 °C. That
is, it is expected that the drug is slowly released for 37 of 21
days when the microcapsules are injected and implanted into
the body without the NIR irradiation. When the microcapsules
are stored at 4 °C, a loss of the drugs is less than 26% up to 15
days. The release rate is estimated by differentiating eq 2
. dc _ b0 -t/7

‘T 3)

The initial rate is 15 yM/h at 50 °C, which significantly
decreases to 0.53 yM/h at 36.5 °C and 0.12 yuM/h at 4 °C, as
shown in Figure 3e.

2.4. NIR-Responsive Release of Drugs. The release of
the drugs can be drastically accelerated by NIR irradiation. To
simulate the release from the microcapsules injected in the
body, the temperature of the suspension is set to 36.5 °C and
the microcapsules at the bottom of the cuvette are irradiated
with a NIR laser, as illustrated in Figure 4a. Upon the
irradiation, the temperature rapidly increases and reaches S0
°C in 90 s, as shown in Figure 4b. To avoid the excessive
increase in the temperature, the laser is cyclically on for 1.5
min and off for 0.5 min to induce NIR-triggered heating and
release, as shown in Figure 4c and Movie S4. The temperature
increases above the melting point of 1-tetradecanol during the
cycling so that the local temperature of the individual
microcapsules is expected to be far above the melting point,
ensuring the release. For methylene blue, the release is
confirmed by the confocal microscope, as shown in Figure 4d.

The fluorescence intensity drops when the microcapsules are
irradiated by a laser, whereas no change is observed without
the irradiation.

The NIR laser-triggered on-demand release is further
quantified by the change of absorbance. Methylene blue is
released during the cyclic irradiation of 6 min, and the release
is stopped when the laser is off, as shown in Figure 4e. It seems
that the microcapsules are rapidly cooled below the melting
point by the surrounding medium, which remains not
significantly heated as the photothermal heating is localized
in the microcapsules. Therefore, it is possible to control the
release. For example, 66% of methylene blue is released during
the first irradiation, and no leakage is observed for the
following 60 min without the irradiation. Afterward, 26% of
methylene blue is released during the second irradiation. This
release on and off can be done until all available methylene
blue is released. In the same manner, the release of palbociclib
isethionate is controllable with NIR irradiation, as shown in
Figure 4f. Approximately 15% of palbociclib isethionate or
equivalently about 1.1 uM is released in each period of the
NIR irradiation for 6 min. The release is quite consistent for
repeated irradiation. The average release rate for each
irradiation is approximately 260 uM/d, which is 17 times
higher than that at 50 °C in Figure 3e. This fast release during
the NIR irradiation is attributed to the very high temperature
of the individual microcapsules due to the localized photo-
thermal heating. The microcapsules remain unchanged,
without any breakage or nanoparticle aggregation, after
repeated laser irradiation, as shown in Figure S9. Also, the
microcapsules show high chemical stability as the shells are
made of cross-linked polymers whose backbone is free from
hydrolysis; no degradation of the shells is observed for long-
term storage at high temperature, as shown in Figure S10. The
encapsulation efficiency of methylene blue and palbociclib
isethionate is calculated as 82 and 84%, respectively, from the
concentrations estimated from the absorbance and initial
loading of the molecules in the innermost phase of the double-
emulsion droplets by considering the volume shrinkage by
osmotic compression and the dilution of the molecules by the
release.

3. CONCLUSIONS

In this work, we design smart microcapsules for on-demand
local heating and drug release triggered by NIR irradiation. As
a template, W/O/W double-emulsion droplets are produced to
have an ultrathin shell by a capillary microfluidic device. The
middle oil phase is composed of a photocurable monomer,
PCM, and a molecular compatibilizer, which turns into a
polymer—PCM composite by photopolymerization of the
monomer, where PCM forms continuous nanochannels in the
polymer framework, serving as routes for transmembrane
transport of molecules at the molten state. The inner water
phase contains PDA nanoparticles, which provide a high
efficiency of photothermal conversion. To render the micro-
capsules to have small sizes and high concentrations of PDA
nanoparticles and drugs, the double-emulsion droplets are
significantly shrunken by in situ osmotic extraction of water by
applying hypertonic stress. The resulting microcapsules show a
high performance of photothermal heating for NIR laser
irradiation owing to concentrated PDA nanoparticles in the
core. At the same time, the microcapsules safely store drugs in
the core at low temperatures and release them in a controlled
manner when the temperature is increased above the melting

https://doi.org/10.1021/acs.chemmater.3c00517
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00517/suppl_file/cm3c00517_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00517/suppl_file/cm3c00517_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00517/suppl_file/cm3c00517_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00517/suppl_file/cm3c00517_si_005.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00517/suppl_file/cm3c00517_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00517/suppl_file/cm3c00517_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

point of PCM. The NIR-triggered release of the anticancer
drugs along with the localized photothermal heating potentially
provides a synergistic chemophotothermal therapy of cancers.
As the microcapsules with a diameter of 38 ym are small
enough to be injected through a needle and large enough to be
implanted in the tissues, they can be introduced and
immobilized to the cancer sites. More importantly, the
photothermal PDA nanoparticles do not diffuse out in the
body as they are safely confined in the core of the
microcapsules, so high photothermal performance is expected.
As the shell components of 1-tetradecanol and p(ETPTA-co-
LA) are generally nontoxic as long as unreacted monomers are
completely removed,” the microcapsules show a high cell
viability, as shown in Figure S11. Therefore, we will investigate
the performance of our microcapsules as a synergistic
chemophotothermal agent with animal models in a follow-up
study.

4. EXPERIMENTAL SECTION

4.1. Synthesis of Polydopamine—Melanin Core—Shell
Nanoparticles. Polydopamine nanoparticles with an average
diameter of 100 nm were first synthesized by the oxidative
polymerization of dopamine by following the protocol previously
reported.*™* The melanin shell was coated on the polydopamine
nanoparticles by self-oxidation. A 100 mg of 3,4-dihydroxy-L-
phenylalanine (L-DOPA, Sigma-Aldrich) was dissolved in SO mL of
distilled water, which was injected into 150 mL of 0.02 w/w%
aqueous dispersion of polydopamine nanoparticles in a round flask by
using a syringe pump (Legato 100, KD Scientific) with a flow rate of
12.5 mL/h for 4 h. Afterward, 530 uL of 1 M NaOH solution was
injected into the mixture and stirred at room temperature for 18 h.
The resulting polydopamine—melanin core—shell nanoparticles were
purified with distilled water five times.

4.2. Preparation of Capillary Microfluidic Devices. The
capillary microfluidic devices were prepared by slightly modifying
the protocol that was previously reported.’® * Two cylindrical
capillaries (0.58 mm of inner diameter, 1.00 mm of outer diameter,
World Precision Instruments) were tapered using a capillary puller
(P97, Sutter Instruments), and their tips were sanded to have
diameters of 80 and 120 pum, respectively; these capillaries were used
for the injection of fluids and collection of drops, respectively. The
inner volume of the injection capillary with an 80 ym diameter orifice
was infiltrated with n-octadecyl trimethoxysilane (Gelest) and
incubated for 20 min to render the inner wall hydrophobic. Afterward,
the capillary was dipped into 2-[methoxy(polyethyleneoxy)propyl]-
trimethoxysilane (Gelest) for 20 min to render the outer surface
hydrophilic while blowing with nitrogen through an untapered
opening to avoid the invasion of the liquid into the inner space. The
entire surface of the collection capillary with a 120 ym diameter
orifice was treated with 2-[methoxy(polyethyleneoxy)propyl]-
trimethoxysilane for 20 min. After the surface treatment, the
capillaries were rinsed with isopropanol and distilled water and fully
dried. The injection and collection capillaries were coaxially
assembled in a square-shaped capillary (1.0S mm of inner diameter,
1.50 mm of outer diameter, Atlantic International Technologies)
under observation with an optical microscopy. The separation
between the two tips was set to be 100 gm. One cylindrical capillary
was manually tapered, which was inserted into the untapered opening
of the capillary with an 80 pm diameter orifice. To inject fluids into
the device, all junction parts were encased with upside-down needles
and completely sealed by using epoxy glue. The untapered opening of
the collection capillary was connected with a 4 m long polyethylene
tubing (0.86 mm of inner diameter, 1.32 mm of outer diameter,
Scientific Commodities).

4.3. Preparation and Characterization of Microcapsules. As
an innermost phase of the double-emulsion template, polydopamine—
melanin core—shell nanoparticles were dispersed at a concentration of
0.17 w/w% in 5 w/w% of aqueous solution of poly(vinyl alcohol)

(PVA, M, 13,000—23,000, Sigma-Aldrich). As a model drug,
methylene blue (Sigma-Aldrich) was dissolved in the innermost
phase at a concentration of 0.25 w/w%. For encapsulation of the
anticancer drug, 0.2 w/w% of palbociclib isethionate (Sigma-Aldrich)
was dissolved in the innermost phase. The middle oil phase was a
mixture of 29 w/w% 1-tetradecanol (Sigma-Aldrich), 35 w/w% lauryl
acrylate (Sigma-Aldrich), 35 w/w9% trimethylolpropane ethoxylate
triacrylate (ETPTA, M,, 428, Sigma-Aldrich), and 1 w/w% 2-hydroxy-
2-methylpropiophenone (Darocur 1173, Sigma-Aldrich). The con-
tinuous phase was an aqueous solution of 10 w/w% PVA and 250 mM
NaCl with an osmolarity of 600 mOsmol/L. The innermost, middle,
and continuous phases were simultaneously injected into the small
tapered capillary, the injection capillary, and the interstice between
the injection capillary and the square capillary by using syringe
pumps. The flow rates were set to 350, 650, and 3500 uL/h,
respectively. The temperature was maintained at 50 °C during the
operation. The drops from the 4 m long tubing were collected in a
glass vial containing an aqueous solution of 1 w/w% PVA and 300
mM NaCl with an osmolarity of 600 mOsmol/L, at which they were
continuously irradiated by UV (Inno cure 100N, Lichtzen). The
resulting microcapsules were washed with cold distilled water and
stored at 4°C.

4.4. Characterization. The polydopamine and melanin-coated
polydopamine nanoparticles were observed with scanning electron
microscopy (SEM, SU8230, Hitachi) after osmium coating. For
surface charge characterization, dynamic light scattering (DLS,
Zetasizer Nano ZS90, Malvern) was used. The formation and flow
of emulsion droplets were observed using an inverted microscope
(Eclipse TS100, Nikon) equipped with a high-speed CMOS camera
(MotionScope M3, Redlake). The microcapsules suspended in water
were observed with optical microscopies (Eclipse Ti-U and L150,
Nikon) equipped with a heating stage (T96-PE, Linkam). The surface
and cross section of the shell membrane were observed with SEM (S-
4800, Hitachi) after washing out 1-tetradecanol using isopropanol and
coating with S nm thick osmium tetroxide. To characterize the
photothermal effect, the aqueous suspension of microcapsules was
loaded into a circular imaging chamber with a diameter of 13 mm and
a height of 0.12 mm (Grace Bio-Labs SecureSeal imaging spacer,
Sigma-Aldrich) sandwiched by two glass slides. The chambers were
irradiated with a NIR laser (LVI Technology) with a wavelength of
808 nm, an intensity of 650 mW, and a spot diameter of 2.5 mm for
750 s from a distance of 35 mm, during which the temperature was
recorded every 2 s using a thermal imaging camera (Infrared camera,
A32Ssc, FLIR). The absorbance was measured by using a microplate
reader (Infinite M200 Pro, Tecan). To study release behavior, 1.3 mL
of aqueous suspensions of methylene blue or palbociclib isethionate-
laden microcapsules were loaded into a microcell with a maximum
loading of 1.4 mL and the beam path of 1 cm (Quartz SUPRASIL,
Hellma). To prevent undesired evaporation of water during the long-
term release study at a high temperature, the cuvette was closed with a
lid and tightly sealed with parafilm. To control the temperature, a
water circulator (AD-RC08i, BNC Korea) was used. The absorbance
spectra of the media were measured using a UV—vis spectropho-
tometer (UV-1900, Shimadzu). To study laser-triggered release, the
microcapsules located at the bottom of the microcells were
repetitively irradiated with the NIR laser for 3 cycles, where the
laser was on for 90 s and off for 30 s for each cycle. During the laser
irradiation, temperature was monitored using the thermal imaging
camera. To visualize the release of methylene blue, a confocal
microscope (LSM 5 PASCAL, Zeiss) was used with a laser of 633 nm.
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S1. Calculation of the photothermal conversion efficiency

Temperature, 7(r, f), is averaged over the entire volume of water in the well:
1
T(t) = —f 2mrT(r,t)dr, (1)

where R is the radius of the well. To calculate photothermal conversion efficiency, we consider

the energy balance:
dr
mCp dac = Qmc + Qsoly — Quoss» (2)

where m and Gp are the total mass of water in the well and heat capacity (m = 0.016 g and Cp =
4.184 g1 °C1) and Que, Qiotvs and Qg5 are photothermal heating by microcapsules, photothermal
heating by water, and energy loss to the surrounding, respectively. The photothermal heating by

microcapsules is expressed as

Qme = 1(1 —105%)n, (3)

where /is laser power (/=650 mW), Absis absorbance, and 77is conversion efficiency. The heat

loss is expressed as
Qioss = hAAT = hA(T - TO), “4)

where 4 is the heat transfer coefficient, A is the surface area, and 7 is the temperature of the

surrounding.

At steady state under laser irradiation, equation (2), combined with equations (2) and (3),
is simplified into

hA(T —T )_Qsov
0= 1(1—10"4")n 4+ Qgory —hA(Ty — T) or equivalently 1 = 1(1M— 18_,“,5) Y (5)

where 7y is the maximum average temperature. The value of 4A4 is estimated from the temperature

drop during the cooling when the laser is off:
dr
mCp 4; = —hA(T — Ty). (6)

By integrating equation (6), we obtain

1n(T_T°) =

TM—T() _me



Therefore, the value of AA is extracted from 7{#) for the cooling without laser irradiation, which
is AA = 1.6 mW °C!. The value of Q,,, is estimated from the steady-state average temperature of

water without microcapsules:

0= Qsov _hA(TM - TO)- (8)

The value of Q. is 8.0 mW. Therefore, the values of 77 are estimated as /7= 0.48 for the arrays of
microcapsules with enrichment, /7= 0.54 for the arrays of microcapsules without enrichment, and
n = 0.48 for the bulk PDA dispersion using equation (5) from the values of 7y, where the
absorbance is measured separately; Abs = 0.043 for the arrays of microcapsules with enrichment,
Abs = 0.024 for the arrays of microcapsules without enrichment, and Abs = 0.045 for the bulk
PDA dispersion.



S2. Polydopamine nanoparticles

Figure S1. Scanning electron microscope (SEM) images of (a) polydopamine nanoparticles
(diameter: 102 nm, Zeta potential: -36 mV) and (b) melanin-coated polydopamine nanoparticles
(diameter: 103 nm, Zeta potential: -60 mV)



S3. Aggregation of melanin@polydopamine nanoparticles by centrifugation

Figure S2. Transmission optical microscope image of aggregated melanin-coated polydopamine
nanoparticles at a high concentration.



S4. Spontaneous separation of microcapsules from large solid beads

Single emulsions

— Microbeads
*>

PVA solution

Double emuisions
— Microcapsules

Figure S3. Photograph of suspensions containing both microcapsules and beads. The beads lighter
than water float, whereas the microcapsules heavier than water sink.



S5. Microcapsules produced without and with osmosis

Figure S4. (a, b) Transmission optical microscope images of the microcapsules produced without
(a) and with (a) enrichment through osmosis.



S6. Microcapsule arrays for photothermal experiment

A

13 mm

Figure S5. Images of the chambers containing a monolayer of microcapsules produced without
(a) and with (b) osmosis-induced enrichment, where the images are prepared by stitching
transmission optical microscope images. The diameter of the chamber is 13 mm and the area for
the laser irradiation is denoted with a small red circle in the middle.



S7. Measurement of partition coefficients

To measure partition coefficients of methylene blue and palbociclib isethionate, the relationships
between absorbance and concentration in water and 1-tetradecanol are first established as standard
curves, as shown in Figure S6a-d and S7a-d. After incubating the mixture of water and 1-
tetradecanol containing either methylene blue or palbociclib isethionate at 50°C for a day, water
phase and 1-tetradecanol phase are separated, from which absorbance spectra are measured, as
shown in Figure S6e and S7e. From the spectra, the concentration in each phase is estimated using
the standard curves and the partition coefficient is calculated as the concentration ratio of

methylene blue and palbociclib isethionate in 1-tetradecanol to water, ¢j_teyradecanol/Cwater-

a) s b) 29
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Figure S6. a, b) Ultraviolet-visible light (UV-VIS) absorbance spectra of methylene blue dissolved
in water (a) and I-tetradecanol (b) with various concentrations. ¢, d) Absorbance-concentration



relationships obtained from (a) and (b) for water (c) and 1-tetradecanol (d), respectively. e)

Absorbance spectra of methylene blue measured from water-rich phase and 1-tetradecanol-rich

phase after incubating the mixture of water and 1-tetradecanol containing methylene blue at 50°C

for a day.
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Figure S7. a, b) UV-VIS absorbance spectra of palbociclib isethionate dissolved in water (a) and
I-tetradecanol (b) with various concentrations. ¢, d) Absorbance-concentration relationships
obtained from (a) and (b) for water (c) and 1-tetradecanol (d), respectively. e) Absorbance spectra
of palbociclib isethionate measured from water-rich phase and 1-tetradecanol-rich phase after
incubating the mixture of water and 1-tetradecanol containing palbociclib isethionate at 50°C for

a day.
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S8. Microcapsules in cuvette

10,00 mim |
I

Figure S8. Photograph of a quartz cuvette containing the microcapsules at the bottom.
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S9. High stability of microcapsules

Figure S9. Transmission optical microscope images of palbociclib-isethionate-laden
microcapsules before and after a photothermal heating with 808-nm-laser irradiation.

\w‘*

Figure S10. Transmission optical microscope images of palbociclib-isethionate-laden

microcapsules after incubation at (a) 70°C for 10 days and (b) 36.5°C for70 days.
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S10. Biocompatibility of microcapsules
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Figure S11. Cell viability test conducted by MTT assay of an epithelial human breast cancer cell
line for various numbers of microcapsules after 24 h at room temperature, where two cell densities

(2x10* and 4x10* cells per 100 pL) are used.
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S11. Movie descriptions

Movie S1
The microfluidic production and the shrinkage of water-in-oil-in-water (W/O/W) double-emulsion
droplets with an ultra-thin shell. The movie is played 10 times slower than the real time.

Movie S2

The microcapsules showing a reversible change of states depending on temperature, where the
temperature is increased from 25°C to 50°C in the first half and decreased from 50°C to 25°C in
the second half. The movie is played 10 times faster than the real time.

Movie S3
The temperature distribution in a chamber containing microcapsules under 808-nm-laser
irradiation monitored with an infrared (IR) camera. The movie is played 30 times faster than the
real time.

Movie S4
Temperature change of microcapsule-laden cuvette under 808-nm-laser irradiation for 90 s and
cooling for 30 s. The movie is played 30 times faster than the real time.
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