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Multicompartmental Microcapsules with Orthogonal
Programmable Two-Way Sequencing of Hydrophobic
and Hydrophilic Cargo Release
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Abstract: Multicompartmental responsive microstructures
with the capability for the pre-programmed sequential release
of multiple target molecules of opposite solubility (hydro-
phobic and hydrophilic) in a controlled manner have been
fabricated. Star block copolymers with dual-responsive blocks
(temperature for poly(N-isopropylacrylamide) chains and pH
for poly(acrylic acid) and poly(2-vinylpyridine) arms) and
unimolecular micellar structures serve as nanocarriers for
hydrophobic molecules in the microcapsule shell. The interior
of the microcapsule can be loaded with water-soluble hydro-
philic macromolecules. For these dual-loaded microcapsules,
a programmable and sequential release of hydrophobic and
hydrophilic molecules from the shell and core, respectively, can
be triggered independently by temperature and pH variations.
These stimuli affect the hydrophobicity and chain conforma-
tion of the star block copolymers to initiate out-of-shell release
(elevated temperature), or change the overall star conforma-
tion and interlayer interactions to trigger increased permeabil-
ity of the shell and out-of-core release (pH). Reversing stimulus
order completely alters the release process.

M icrocapsules with high loading capacity and stimuli-
responsive encapsulation-release behavior™? are highly
desirable for demanding applications in drug and gene
delivery,"! tissue engineering,”! nanomedicine,” and as self-
healing materials.”! However, most reported microcapsules to
date have simple or homogenous composition, which can load
only one type of cargo molecule in their interior/shell under
one stimulus. Concurrent or sequential loading and unloading
which is important for biomolecular applications”* cannot be
realized in a traditional design.”! Thus, next generation
microcapsules with more complex loading-unloading behav-
ior, so-called multicompartmental microcapsules, have been
suggested.""!l The concept of multicompartmental micro-
capsules requires a different and hierarchical design for the
shell and inner space of the microcapsule.

One common approach to fabricate multicompartmental
microcapsules utilizes complex templates!'>'¥ such as porous
microparticles and satellite nanoparticles."¥ For instance,
porous calcium carbonate microparticles can be coated with
a thin polymer shell, then polymer coated smaller particles
can be assembled in the periphery of the large particles;
multicompartmental microcapsules can be generated after
dissolving all the template particles.'”) However, this method
incurs irregular shapes, high polydispersity, and low yield.
Another popular method to fabricate multicompartmental
microcapsules is based on multi-flow microfluidic."”! For
instance, different components in the water and oil phases
result in separate inclusion in the shell and core regions.!'!*]
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Complex structures fabricated in this way include multicore—
shell and hole-shell morphologies."” Despite the advantages
of the microfluidic technique in fabricating microcapsules, it is
incapable of mass producing large numbers of microcapsules
in a short time. Moreover, an adhesive oil layer is usually left
on the surface of the prepared microcapsules, which poten-
tially affects their properties and further surface modifica-
tion.”! Furthermore, the lower limit of the microcapsule size
that can be fabricated cannot be very small due to the large
size of the channels that compromises the long-term stabil-
ity.”! Finally, the incorporation of polymeric nanocarriers
such as micelles and polymersomes in the shell is another way
to fabricate multicompartmental microcapsules.”>*! How-
ever, the stability of the nanocarriers can be compromised
under a battery of different stimuli because the carriers are
usually formed through weak non-covalent interactions.

Herein, we demonstrate novel microstructures with pre-
programmed orthogonal release of different molecular loads,
hydrophilic and hydrophobic molecules, from the interior and
the shell of the microcapsules under different stimuli in direct
and reversible sequences. Our method is based on the
encapsulation ability of the polymeric building blocks in the
shell,” namely, complex mutiblock responsive star polymers
with a core—shell micellar structure.” The star polymers have
a hydrophobic core and a dense thermal-responsive shell,
allowing them to serve as nanocarriers for hydrophobic
molecules within the shell.”® A different kind of hydrophilic
molecules can be encapsulated in the microcapsule interior by
tuning the permeability of the shell (Figure 1a).*”l By
applying pH and temperature stimuli in different sequences,
a sequential release of hydrophobic and hydrophilic model
molecules can be achieved from different compartments. The
ability to encapsulate multiple cargo molecules with very
different orthogonal solubilities (such as hydrophilic and
hydrophobic types) and release them on demand in a pre-
programmed order from the responsive microcapsules is
a unique feature of the microstructures suggested here.

The star-graft quarterpolymers (SGQP) utilized for this
study are soft multi-block multi-responsive macromolecules
(Figure 1b).”®) The SGQP PS,[P2VP-b-(PAA-g-PNIPAM)],
(PS: polystyrene, P2VP: poly(2-vinylpyridine), PAA: poly-
(acrylic acid)) contain two classes of arms, one is a shorter
hydrophobic PS arm, the other is a pH responsive hydrophilic
P2VP-b-PAA block copolymer arm with grafted PNIPAM
chains on the PAA block (Figure 1b; Supporting Information,
Tables S1, S2). The center of the SGQP consists of a hydro-
phobic polydivinylbenzene (PDVB) core and short PS
chains,™ which means the SGQP have the potential to
encapsulate hydrophobic molecules in the core. The grafting
of poly(N-isopropylacrylamide) (PNIPAM) chains on the
corona effectively shields the charges in the inner blocks,
which can significantly extend their in vivo circulation for
biomedical applications."!

The SGQP precursors were synthesized via a one-pot/
four-step sequential “living” anionic polymerization proce-
dure (an extended “in-out” method), which was described in
detail elsewhere.”" Briefly, sec-BuLi was used as the initiator
to prepare “living” PS chains in the first step, then the PS
chains were used to polymerize a small quantity of DVB,
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Figure 1. a) The programmable encapsulation and release of two types
of molecules from the microcapsule core and shell regions. b) Chem-
ical structure of the SGQP. c) C-potential as a function of the number
of layers during LbL assembly on silica microparticles. d) Thickness
increase with the number of bilayers for (TA/SGQP), LbL films.

e) Morphology of the (TA/SGQP),s LbL films, and f) (TA/SGQP),
microcapsules as measured by AFM; Z range is 100 nm for (e) and
800 nm for (f). g),h) SEM images of the microcapsules at different
magnifications.

resulting in a living star-shaped PS bearing active sites in the
PDVB core. Then the “living” star polymers were used to
initiate polymerization of 2VP, leading to a second generation
of P2VP arms. Finally, tert-butyl acrylate (rfBA) was polymer-
ized from the end of each P2VP arms. The PS,(P2VP-b-
PAA), terpolymers were obtained after acidic hydrolysis of
the PrBA blocks. To graft PNIPAM chains to the PAA blocks,
PNIPAM-NH, chains were grafted to the carboxylate groups
of PAA. Detailed information about the synthesis of the
polymers can be found in a previous report.’””! The pH and
temperature dual responsive properties of the SGQP in
solution, including the interesting sol-gel phase behavior,
were reported earlier.””! The detailed molecular structure and
their responsive behaviors at the air-water interface have also
been studied earlier.*”)

Because the SGQP have a dense PNIPAM shell, which is
able to form hydrogen bonding as acceptors, tannic acid (TA)
was chosen as the hydrogen donor and a component for
hydrogen bonded shell assembly (Supporting Information,
Figure S2).M TA is a natural polyphenol, which has attracted
much attention as a coating material in recent years due to its
versatile chemistry.**l TA is capable of forming a hydrogen
bonding network for the fabrication of microcapsules.?>*!
The layer-by-layer (LbL) assembly is conducted on spherical
substrates according to the usual procedure which results in
hollow microcapsules after the core is dissolved.””

Electrophoresis experiments for monitoring the LbL
assembly showed modest shifting of surface charge with the
overall potential staying in the negative region, which is
a characteristic of a hydrogen-bonded assembly process
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(Figure 1¢).’" The surface potential varies between
—24mV to —7.7mV when TA is the outmost layer, and is
only slightly negatively charged (below —1.0 mV) when the
SGQP constitutes the outermost layer. The thickness of the
LbL films increases consistently with the number of layers in
linear or exponential growth modes depending on the arm
number and PNIPAM graft density (Figure 1d,e; more
discussion is given in the Supporting Information).’¥! After
core removal, the hollow microcapsules collapse in the dry
state with formations of random wrinkles on the surface
(Figure 1 f). As an example, AFM and SEM images of the
(TA/SGQP)¢ microcapsules (6 stands for the number of
bilayers) show a granular and porous surface morphology,
also a common characteristic of hydrogen bonded LbL
assemblies (Figure 1g,h).”! Cross-section analysis of the
AFM images gives the thickness of these microcapsules (for
instance, 36.1 5.2 nm was measured for (TA/SGQP)4 micro-
capsules) that matches very well the thickness of 6 bilayer
planar film (37.2 nm).

The morphology and permeability of the (TA/SGQP)
microcapsules are responsive to pH and temperature because
of the corresponding properties of individual star macro-
molecules (Supporting Information, Figure S1).? To test the
permeability of the shells, fluorescein isothiocyanate (FITC)
labeled dextran with various molecular weights were used as
fluorescent probes.*”! The permeability tests of the (TA/
SGQP); shells at different pH conditions to 150 kDa FITC-
dextran are shown in Figure 2 and Table 1 (see also the
Supporting Information, Figure S4). The microcapsules are
fully and partially permeable at pH 3 and pH 5, respectively,
and completely impermeable at pH 7. Considering that the
hydrodynamic diameter of 150 kDa Dextran is around
20 nm,* we can conclude that the average mesh size of the

Figure 2. Permeability of (TA/SGQP)¢ microcapsules to 150 K FITC-
dextran at a),d) pH 3, b),e) pH 5, c),f) pH 7. The plot below each
image is the representative fluorescent intensity profile over the
microcapsule. g) The structural changes of the microcapsule shell
(only a portion of one bilayer is shown for clarity) at different pH
conditions. Blue lines represent the TA layers.

Angew. Chem. Int. Ed. 2016, 55, 4908 —4913


http://www.angewandte.org

GDCh
~~—

Table 1: Permeability of (TA/SGQP), microcapsules to FITC-Dextran with
various molecular weights at different pH conditions.?!

FITC-Dextran

Sample pH 20kDa 70kDa 150kDa 250kDa 500 kDa
(TA/SGQP)s 3 + + + - -
(TA/SGQP)s 5 + + +/- - —~
(TA/SGQP)s 7 + + - —~ —

[a] + permeable, — not permeable, + /— partially permeable.

(TA/SGQP)4 microcapsule shell is around 20 nm and highly
dependent on pH.

The mechanism for the pH controlled permeability of the
(TA/SGQP), microcapsules is a combination of changes in the
conformation of the SGQP and the hydrogen bonding
interactions between TA and SGQP (Figure 2g).”! At a low
pH condition (pH 3), the P2VP blocks are highly charged and
extended, the grafted PNIPAM chains interact with the PAA
block via hydrogen bonding, so that the terminal block are
collapsed. The fully extended inner block as well as the loose
interaction between collapsed arm ends with TA gives the
microcapsules high permeability. In contrast, when pH is
increased to 7, the inner P2VP blocks are neutral and
hydrophobic, and tend to collapse instead. The PAA blocks
are highly negatively charged and expanded, resulting in the
PNIPAM chains being well separated from the core. As
a result, the SGQP have a condensed core region and an
extended shell region, which results in significant decrease in
permeability. At pH S5, both P2VP and PAA are partially
charged, and thus the overall permeability is in between two
extreme cases. The overall average size of the microcapsules
also decreases from 3.93 um at pH3 to 3.59 um at pH7
(Supporting Information, Figure S5), due to the contraction
of the SGQP and shell densification that affects the perme-
ability.

As a next step, the ability of SGQP micelles as nano-
carriers for hydrophobic molecules has been explored. We
choose Nile Red (a hydrophobic fluorescent dye) as the
model molecule for encapsulation into the core region of the
SGQP, which is composed of hydrophobic PS and PDVB.[*!
UV/Vis and fluorescence spectra of the SGQP after encap-
sulation of Nile Red show the strong characteristic peak of
Nile Red (Supporting Information, Figure S6). Significant
blue-shift indicates that Nile Red has been successfully
encapsulated into hydrophobic environment.”¥ Following
this step, SGQP with encapsulated Nile Red have been used
to prepare LbL microcapsules (Figure 1a). CLSM images of
these (TA/SGQP), microcapsules showed stable, well-defined
red fluorescent shells, indicating the highly localized encap-
sulation of Nile Red dye (Figure 3a).

To initiate thermal-induced release, the microcapsule
suspension was heated to 45°C (higher than the LCST of
PNIPAM) for 15 mins which resulted in complete release of
the red dye from the shells without changing microcapsule
morphology (Figure 3b,c). The temperature-induced release
of Nile Red is primarily due to the change in hydrophobicity
of the PNIPAM shell during LCST transition and increased
thermal mobility of dye molecules.*! As is known, above
LCST, the PNIPAM blocks are transformed to a hydrophobic
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Figure 3. a) CLSM images of (TA/SGQP); microcapsules with encapsu-
lated Nile Red in the shell, b) CLSM images of the same sample after
heating to 45°C for 15 min, c) transmission mode image of the same
area as (b). d) CLSM images of the (TA/SGQP), microcapsules with
encapsulated Nile Red in the shell and FITC-Dextran inside the
microcapsules; €) red channel and f) green channel of the same area
in the same sample. The plot below each image is the representative
fluorescent intensity profile across the microcapsule.

and collapsed state, which can stimulate the hydrophobic Nile
Red to migrate to the PNIPAM shell region, and eventually
diffuse out of the microcapsule shell. The release kinetics of
Nile Red from the SGQP is also expected to be pH-
dependent,*”! as discussed in the Supporting Information.

Taking advantage of the pH and thermal dual responsive
properties of SGQP, we conducted pre-encapsulation of Nile
Red inside the SGQP within the shell followed by post-
encapsulation of FITC-dextran inside the interior of the
microcapsules (Supporting Information, Figure S7). The
double-channel CLSM image shows successful dual-encapsu-
lation: the microcapsule interior contains only green FITC-
dextran and the red Nile Red only present on the shell of the
microcapsules (Figure 3d). The separate red and green
channel images show the multicompartmental and localized
nature of the encapsulation process (Figure 3e,f).

Sequential release of the encapsulated target molecules
can be achieved by tuning the internal structure and perme-
ability of the (TA/SGQP)s shell (Figure4). The entire
programmable release process involves two independent
steps and two possible paths (Figure 1a). First, the temper-
ature increase triggers the efficient release of Nile Red from
the SGQP in the shell, while the FITC-dextran remains
encapsulated inside the microcapsules without any losses
(Figure 4b). During the second stage, pH is decreased to 5 at
room temperature which increases the permeability of the
shell. This allows the FITC-dextran to be readily released
from the microcapsule interior, leaving only some traces on
the shell (Figure 4c; more discussion is given in the Support-
ing Information). The programmable release behavior is
uniform for all the microcapsules in the system, as can be seen
from larger area CLSM images with numerous microcapsules
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that of Nile Red from the shell.
Both releases follow first order
kinetics behavior, and the quanti-
tative analysis shows that FITC-
dextran release rate constant is

§

)
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0.90h!, and a half-life time of
0.77 h. On the other hand, Nile
Red release from shells has
a much higher rate constant of
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17.30 h™!, and shorter half-life
time of 0.04 h. We suggest that
the release from microcapsule
interior mainly depends on the
physical osmotic pressure and dif-
fusion through dense shells;
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Figure 4. a)—c) Sequential release from the shell, and then from the core: a) before release, b) release
of Nile Red by increasing temperature, c) subsequent release of FITC-Dextran by decreasing pH from
7 to 5. d)—f) Sequential release from the core, and then from the shell: d) before release, e) pH-
induced release of FITC-Dextran, f) subsequent release of Nile Red induced by temperature. The plot
below each panel is the representative fluorescent intensity profile over the microcapsule.

undergoing uniform transitions during this two-stage, temper-
ature-pH transformation (Supporting Information, Fig-
ure S8). In this way, the sequential release of hydrophobic
and then hydrophilic molecules was successfully achieved.

Moreover, the release sequence of hydrophobic and
hydrophilic molecules from the shell and core regions can
be completely reversed by changing stimulus sequence. When
pH is used as the first stimulus (decrease from 7 to 5),
complete release of hydrophilic FITC-dextran component
from the microcapsule interior is achieved (Figure 4d,e).
Significantly, Nile Red remains encapsulated in the shell
without significant losses during this release step. Temper-
ature is then used as the second independent stimulus to
induce the release of hydrophobic Nile Red from the shell
(Figure 4 f). Again, the microcapsules remain robust and
stable after the sequential encapsulation and double release
steps. Overall, the ratio of release components from the
interior and shell depends upon dimensions of different
compartments: shells thickness and interior diameter. In
current design, cargo molecules release from interior is
dominant, but overall this ratio is highly tunable, because
both the permeability change with pH and overall shell
thickness, which are directly related to the amount of
encapsulated components, can be tuned in a large range
(interior diameter from 100 nm to 10 um vs. shells thickness
from 10 nm to 500 nm).

The release kinetics of dye molecules from the shell and
interior of microcapsules was also measured (Supporting
Information). As can be seen from Figure S9, the releases
from shell and interior have quite different kinetics, and the
release of FITC-dextran from interior is much slower than
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release process is much slower.
Such pre-programmed, rever-

sible, and independent release of
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components with very different
solubility  (hydrophobic  and
hydrophilic) under different
orthogonal stimuli (chemical, pH
and physical, temperature) and in
two opposite paths is a unique
feature of our microcapsule sys-
tems. The multi-block and stimuli-
responsive nature of the building
blocks exploited for shell construction allows the independent
transformations: temperature-triggered intramolecular mor-
phology changes is responsible for release of hydrophobic
components from SGQP, while pH-triggered intermolecular
interaction changes is responsible for shell morphology and
permeability changes that induces the release of hydrophilic
cargo molecules from the microcapsule interior.

The stimuli-responsive, multi-step encapsulation and
release is a non-trivial and very challenging task, and has
not been fully demonstrated until now, despite efforts that
involved micelles,*! liposomes,*! and polymersomes.?>*" It
is important to note that the star block copolymers are
covalently bonded 3D nanocarriers with superior stability
during loading and release processes as compared to the non-
covalent weakly bonded systems that are typically explored.
The star multiblock systems suggested here can be used to
encapsulate different types of molecules within different
layers, allowing for multiple drugs to be conveniently
encapsulated.” The robust multicompartmental microcap-
sules demonstrated here show promising potential applica-
tions in multi-drug, multi-gene, and pre-programmed deliv-
ery, self-healing materials, and responsive multi-microreac-
tors.
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