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ABSTRACT: Polymeric microcapsules with shells containing
homogeneous pores with uniform diameter on the nanometer
scale are reported. The mesoporous microcapsules are obtained
from confined self-assembly of amphiphilic block copolymers
with a selective porogen in the shell of water-in-oil-in-water
double emulsion drops. The use of double emulsion drops as a
liquid template enables the formation of homogeneous capsules
of 100s of microns in diameter, with aqueous cores
encapsulated in a shell membrane with a tunable thickness of
100s of nanometers to 10s of microns. Microcapsules with
shells that exhibit an ordered gyroidal morphology and three-
dimensionally connected mesopores are obtained from the triblock terpolymer poly(isoprene)-block-poly(styrene)-block-
poly(4-vinylpyridine) coassembled with pentadecylphenol as a porogen. The bicontinuous shell morphology yields
nanoporous paths connecting the inside to the outside of the microcapsule after porogen removal; by contrast, one-
dimensional hexagonally packed cylindrical pores, obtained from a traditional diblock copolymer system with parallel
alignment to the surface, would block transport through the shell. To enable the mesoporous microcapsules to withstand
harsh conditions, such as exposure to organic solvents, without rupture of the shell, we develop a cross-linking method of the
nanostructured triblock terpolymer shell after its self-assembly. The microcapsules exhibit pH-responsive permeability to
polymeric solutes, demonstrating their potential as a filtration medium for actively tunable macromolecular separation and
purification. Furthermore, we report a tunable dual-phase separation method to fabricate microcapsules with hierarchically
porous shells that exhibit ordered mesoporous membrane walls within sponge-like micron-sized macropores to further control

shell permeability.
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icrocapsules separate an interior liquid core from molecular solutes, but their mesh size is too small for
l\ /I the external liquid environment by a thin shell controlled mass transfer involving macromolecular species
membrane and represent an important architecture with molar masses of kilodaltons.* Phase separation of polymer
for advanced molecular filtration and purification methods.' > mixtures in shells of double emulsion drops produces

Control over the transport between the two liquid spaces
enables targeted molecular filtration and size-selective
purification using the microcapsules and their membrane
shells.”> Microcapsules with homogeneous pore sizes on the
scale of tens of nanometers would control the size-dependent
transport of macromolecules between the liquid core and
exterior as well as through a microcapsule bed or membrane
based on their molar masses or hydrodynamic radii. To achieve Received:  January 4, 2021
such separation of polymers and proteins requires precise Accepted:  February 2, 2021
control over the selective permeability of the shell through Published: February 8, 2021
uniform mesopores between 2 and 50 nm in diameter.”’

Commonly employed shell materials such as cross-linked

polymers or hydrogels are able to control the transport of small

microcapsules with a wide range of submicron pore sizes,
but microcapsules that exhibit well-controlled size-selective
permeability for macromolecules with monodisperse pores on
the length scale of 10s of nanometers remain elusive.*”'' One
route to achieve materials with uniform mesopores is block
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Figure 1. (a) Schematic and (b) optical microscopy image of water-in-oil-in-water double emulsion drop fabrication in a glass capillary
microfluidic drop maker. Flow rates in (b) are 6, 1, and 1 mL h™! for the outer aqueous, middle oil, and inner aqueous phase, respectively.
(c) Schematic illustration of a double emulsion drop (left) converting to a microcapsule (middle) through solvent evaporation and
simultaneous block copolymer-porogen coassembly and subsequent porogen removal (right) to fabricate ordered mesoporous
microcapsules. (d) Scanning electron microscopy (SEM) image of a coassembled SV(PDP) diblock copolymer bulk film after porogen

removal. Inset: chemical structure of SV.

copolymer (BCP) self-assembly that forms ordered morphol-
ogies through microphase separation of the covalently linked
dissimilar polymer blocks. The self-assembly of BCPs yields
well-defined nanostructures whose morphology depends on
the polymer composition with Ien§th scales of 5—100 nm
determined by the polymer size.">~"* To achieve membranes
from BCP self-assembly with size-selective permeability, pores
have to be introduced to the initially dense BCP film that
connect the two surfaces through the bulk of the material. In
flat BCP membranes, common methods of introducing
porosity include the selective etching of one polymer block
or the inclusion of a sacrificial small molecule porogen during
the self-assembly and film formation, followed by its selective
dissolution, as well as combinations of BCP self-assembly with
spinodal decomposition leading to hierarchical structures.”>~"*
A common BCP nanostructure used for membranes contains
one-dimensional porous cylinders, which require alignment
perpendicular to the film to ensure connected pores
throughout the membrane.">'” Methods to achieve alignment
of BCP structures in flat membranes include the application of
external electrical or magnetic fields, shear, or tuning of the
preferential wetting at the substrate— and air—polymer
interfaces.'”'”™>* However, these methods have only been
demonstrated in flat membrane systems on solid substrates.
They are not applicable to the fabrication of microcapsules
from double emulsion drop templates due to the presence of
only liquid—liquid interfaces and the lack of a solid substrate or
air—polymer interface. Access to inorganic microcapsules with
well-controlled pore size and structure directed from BCP self-
assembly in the presence of two immiscible homopolymers has
recently been described but is a bulk synthesis and requires
substantial amounts of sacrificial organic material.”* Research
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on BCP self-assembly in single emulsions, which are limited to
small submicron drops, reveals the intriguing linkages and
trade-offs in BCP morphology, particle shape, nanostructure
orientation, and highly curved interfaces of such fully liquid
systems.”>~** However, studies on BCP self-assembly in large
drops or filmlike emulsion architectures are limited and
insufficient to address the challenges associated with
membrane formation in mesoporous microcapsules with
precise size-selective permeability for macromolecular filtration
that requires control over mesopore size, orientation, and
connectivity, as well as surface topology.””*’

Here, we report the fabrication of microcapsules with
ordered nanostructured shells and connected mesopores of
uniform size that exhibit size-selective permeability. We
employ amphiphilic block copolymers with sacrificial porogens
in the shells of water-in-oil-in-water W/O/W double emulsion
drops to fabricate mesoporous microcapsules through solvent
evaporation induced self-assembly. Three-dimensionally con-
tinuous mesopores that are connected throughout the shell are
obtained from a triblock terpolymer system that self-assembles
into a bicontinuous gyroidal morphology, while a diblock
copolymer system yields hexagonally packed cylindrical
mesopores aligned parallel to the membrane surface. Removal
of the small molecule porogen yields uniform pore sizes in the
range of 20—30 nm. To enable mesoporous microcapsules
with structural integrity under harsh conditions, we develop a
postassembly cross-linking strategy for the triblock terpolymer-
derived gyroidal shells. We further demonstrate a method of
the controlled fabrication of hierarchical macro- and
mesoporous shells from dual-phase separation by tuning the
salinity of the aqueous phases.

https://dx.doi.org/10.1021/acsnano.1c00068
ACS Nano 2021, 15, 3490—-3499


https://pubs.acs.org/doi/10.1021/acsnano.1c00068?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00068?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00068?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00068?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.1c00068?ref=pdf

ACS Nano

www.acsnano.org

100 105 110
Radius / pm

115 S

-GSk

\ ~ ?‘Q ol é
A= N AR
1200 um (S
Lt SO S

Figure 2. (a) Optical micrograph of SV(PDP) microcapsules obtained from thin-shell W/O/W double emulsion drops with 5% PVA in 1 M
KCl as aqueous phase showing homogeneous capsule sizes upon solvent evaporation. Inset displays the size distribution histogram (N =
100). (b,c) Cross-sectional SEM images at different magnifications of the SV(PDP) microcapsule shells after PDP removal, exhibiting
ordered mesopores with hexagonally packed cylinders aligned parallel to the shell surface.

RESULTS AND DISCUSSION

Block copolymer microcapsules are obtained from evaporating
the oil of W/O/W double emulsion drops with BCP solutions
as the water-immiscible oil shell. The double emulsions are
fabricated in glass capillary microfluidic drop makers that
enable the production of uniform double emulsions with
tunable drop size, shell thickness, and phase composition.*'
The drop makers consist of two tapered cylindrical capillaries
inserted into the opposite ends of a square capillary with the
tapered tips facing each other and separated by 50—100 yum.
Double emulsion drops are formed between the two tapered
tips by flowing an inner aqueous phase through one cylindrical
capillary, the BCP-containing middle oil phase through the
interstitial space of the same capillary and the square capillary,
and the outer aqueous phase through the interstitial space of
the opposing cylindrical capillary and the square capillary, as
shown in Figure lab. The aqueous phases both contain
poly(vinyl alcohol) as a stabilizer and viscosity enhancer. The
size of the drops and the core-to-shell ratio is controlled by
adjusting the flow rates of the three fluid phases. The
fabrication of double emulsion drops with shells of only a
few microns thickness is achieved using plug flow in the
hydrophobic injection capillary, where thin oil-walled water
plugs break into double emulsion drops at the tip junction.””
Schematic representations of the microfluidic drop makers are
shown in Figure la and Supporting Figure Slab. Optical
microscopy images and videos of the double emulsion
fabrication of various drop sizes and shell thickness are
shown in Figure la, Supporting Figure Slc—f and Supporting
Videos SV1-3.

To achieve polymer membranes with hexagonally packed
cylindrical mesopores, we use the diblock copolymer poly-
(styrene)-block-poly(4-vinylpyridine) (PS-b-P4VP, or simply
SV; My = 67 kg mol™!, Dy, = 1.15, S: 75 wt %, V: 25 wt %)
coassembled with the porogen pentadecylphenol (PDP) that
selectively incorporates into the P4VP phase during self-
assembly due to hydrogen bonding. The molar ratio of
pyridine to phenol is kept constant at 1:1 in this study.
Hexagonally packed mesoporous cylinders are obtained from
the SV(PDP) diblock copolymer containing 35.2 wt % SV,
25.8 wt % PDP, and 39.0 wt % PS homopolymer (4 kg mol™"),
which yields a P4VP(PDP) weight fraction of 34.8 wt %.
During solvent evaporation, the SV(PDP) self-assembles into
hexagonally packed P4VP(PDP) cylinders embedded in a PS
matrix. Subsequently, the PDP is selectively removed by
dissolution in methanol to obtain porosity in the self-
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assembled BCP nanostructure.'” The ordered nanostructure
is preserved due to the high glass transition temperature and
insolubility of the hydrophobic poly(styrene) (PS) majority
block in methanol, as illustrated in Figure lc. A scanning
electron microscopy (SEM) image of the porous hexagonally
packed cylinders of an SV(PDP) bulk film obtained from this
composition after solvent evaporation and porogen removal
with methanol is shown in Figure 1d.

To form microcapsules with shells that exhibit hexagonally
packed mesopores, we use the same BCP system in the shells
of double emulsion drops. Self-assembly of the BCP is induced
by solvent dissipation from the oil shell while fully surrounded
by the aqueous phases. We use glass capillary drop makers to
fabricate thin-shell double emulsion drops whose shell phase
consists of 10 wt % SV(PDP) in chloroform and with their
inner and outer aqueous phases each containing S wt %
poly(vinyl alcohol) (PVA), as a stabilizing surfactant, in 1
molar potassium chloride (KCI). The double emulsion drops
are collected in an open container to allow the chloroform to
dissipate, which induces self-assembly of the block copolymer
and forms a solid polymeric shell. An optical microscope image
of the microcapsules fabricated with a uniform size distribution
and thin shells is shown in Figure 2a. The microcapsules are
subsequently transferred to and washed with methanol to
remove the porogen from the self-assembled nanostructured
shell. Cross-sectional SEM images of the capsule shells confirm
hexagonally packed nanoporous cylinders with pore diameters
of approximately 30 nm, consistent with the pore size of the
bulk film, as shown in Figure 2b,c and Figure 1d, respectively.
The mesoporous cylinders are highly uniform throughout the
entire shell, demonstrating the successful application of BCP
self-assembly in double emulsion templating to fabricate
ordered mesoporous shells. The morphology of the self-
assembling BCP system is not altered due to the confinement
to the oil shell, as shown in Figures 1d and 2c. The one-
dimensional cylindrical pores are aligned parallel to the interior
and exterior surfaces of the microcapsule shell, as shown in
Figure 2c. For macromolecular permeability, however,
connected mesopores from the capsule interior to its outer
surface are desirable. In single emulsion drops, the orientation
of the BCP nanostructure is due to the preferential wetting of
one block to the oil—water interface and depends on the
surfactant composition and interactions with the blocks: at
neutral interfacial conditions, both blocks of the BCP wet the
emulsion interface, which would enable shells with perpendic-
ular cylinders to be obtained.”® Another approach to achieve
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Figure 3. (a) Chemical structure of the ISV triblock terpolymer and illustrative rendering of the unit cell of a core—shell double gyroid
morphology before and after removal of the minority network phases, illustrating the effect of porogen incorporation and removal from the
red P4VP minority network phase (40%—35%—25% matrix-shell-networks volume fractions). (b) SEM image of a self-assembled ISV(PDP)
bulk film after PDP removal showing an ordered bicontinuous mesoporous morphology. (c—h) SEM images of cross-linked ISV(PDP)
microcapsules after PDP removal with (c,f) thin, (d,g) intermediate, and (e,h) thick shells. (c—e) SEM images at low magnification showing
entire microcapsules after cross-sectioning. Insets show the surface of the microcapsules. (f—h) Cross-sectional SEM images of the
mesoporous self-assembled shell of the triblock terpolymer microcapsules indicating the improved long-range order in thicker shells. Note
that image in (f) shows the two shell sides of the thin-shell capsule collapsed onto each other due to drying.

continuous mesopores throughout the shell is the use of three-
dimensionally connected porosity.

To obtain mesoporous shells whose pore structures are
inherently connected throughout, we target bicontinuous
nanostructures such as the gyroidal morphologies, which are
accessible with BCP self-assembly. While previous studies
revealed the presence of a gyroidal morphology in the
SV(PDP) system, triblock terpolymers exhibit larger and
experimentally more accessible phase windows for these three-
dimensional morphologies as compared to diblock copoly-
mers.””>* We use the triblock terpolymer poly(isoprene)-
block-poly(styrene)-block-poly(4-vinylpyridine) (PI-b-PS-b-
P4VP, or simply ISV; My = 74 kg mol™!, Dy, = 1.19; I: 38
wt %, S: 44 wt %, V: 18 wt %) as the BCP to obtain a gyroidal
mesoporous structure, as illustrated in Figure 3a. Bicontinuous
gyroidal mesoporous networks are obtained from the ISV-
(PDP) triblock terpolymer system containing 54.0 wt % ISV,
27.5 wt % PDP, and 18.5 wt % PS homopolymer (4 kg mol™"),
which yields a PAVP(PDP) weight fraction of 37.0 wt %, as
demonstrated in the SEM image of a bulk film of the triblock
terpolymer system after porogen removal, shown in Figure 3b.
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To fabricate microcapsules with gyroidal mesoporous shells,
we use the self-assembly of the same triblock terpolymer
system in double emulsion drops with varying shell thickness
prepared from different microfluidic drop maker designs and
flow rates, as shown in Supporting Figure S1. We fabricate
microcapsules around 200 ym in diameter with shells of 700
nm, 2 ym, and 10 ym in thickness, as shown in Figure 3c—e.
The shell thickness is controlled through the flow rate ratio of
inner and middle phase, as well as the overall droplet size. The
shell volume shrinks significantly during solvent evaporation,
which manifests itself mostly in a reduction of the shell
thickness. For example, the shell of the ISV thick-shelled
double emulsion drops and resulting capsules shown in Figure
1b and Figure 3e)h, respectively, decreases in thickness from
approximately 20 to 6—9 pum, while the diameter of the
aqueous core shrinks only by about 25 pm, a 12% decrease.
The cross sections of all ISV microcapsules exhibit a
mesoporous three-dimensional network nanostructure
throughout the microcapsule shell after porogen removal, as
shown in Figure 3f—h. The thinnest shell exhibits a networked
mesoporous block copolymer shell structure without long-
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Figure 4. (a,b) Optical micrograph (a) and SEM image (b) of ISV(PDP) microcapsules after immersion in methanol for PDP removal
without UV-induced thiol—ene cross-linking of the self-assembled triblock terpolymer shell. (c) Chemical cross-linking schematic of ISV
triblock terpolymers using thiol—ene chemistry with difunctional cross-linkers. (d,e) Optical micrograph (d) and SEM image (e) of
ISV(PDP) microcapsules after immersion in methanol for PDP removal with prior UV-induced thiol—ene cross-linking of the self-assembled
triblock terpolymer shell. Capsules without cross-linking rupture upon immersion in methanol (a,b), while they stay structurally intact when
cross-linked (d,e). (f) Optical micrograph of cross-linked microcapsules immersed in THF.

range order, as shown in Figure 3f. With increasing shell
thickness, corresponding to longer drying time of the double
emulsion drops, the long-range order of the self-assembled
block copolymer nanostructure improves. At a shell thickness
of 10 ym, a periodic structural order of the three-dimensional
network is observed, including the presence of crystal-like
facets in the cross-sectioned microcapsule shell, as shown in
Figure 3h and Supporting Figure S2. As with the diblock
system, the morphology of the self-assembling ISV(PDP)
system is not altered due to the confinement to the oil shell, as
shown in Figure 3b,h. The thin ISV shells (Figure 3f) with a
thickness of only S times the (100) spacing of the gyroid
morphology for this triblock terpolymer exhibit a disordered
network morphology. However, the disorder may not be solely
due to the confinement by the oil shell but also to the fast
solvent removal and polymer solidification time of less than 10
min that traps the block copolymer in a disordered state.
The ordered nanostructure in the microcapsule shell consists
of two interpenetrating networks with triple nodes connected
by struts that contain a porous core, consistent with the double
gyroid shell morphology. A simulated cross-section of the
double gyroid shell morphology along the [110] direction of
the gyroid unit cell and an overlay with an SEM image is
shown in Supporting Figure S2, confirming the structural
assignment. The cores of the networks are composed of the
P4VP(PDP) phase and turn porous upon PDP porogen
removal, as illustrated in Figure 3a. The shells of the networks
are composed of the poly(isoprene)-block-poly(styrene) (PI-b-
PS) blocks. The porous space between the networks (matrix)
is due to swelling of the double gyroid structure during
methanol immersion, as illustrated in Supporting Figure S2,
and possibly residual solvent in the capsule shell at the time of
cross-linking.”® The surface of the thinner shells exhibit
extended regions with hexagonal closed-packed pores, as well
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as regions where the pores are absent, as shown in the inset of
Figure 3c,d and Supporting Figure S5a,b. The microcapsules
with highly ordered thick shells exhibit wavelike features on the
capsule surface, characteristic of the (211) gyroidal projection,
combined with nonporous regions, as shown in the inset of
Figure 3e and Supporting Figure SS5a,b, respectively. Small-
angle X-ray scattering of the microcapsules reveals a broad
peak at a scattering vector q of around 0.1 nm™' with a
shoulder on the higher g-side and multiple broad peaks
overlaid at 0.2 nm™! for the thicker shells, as shown in
Supporting Figure S3. The first order peak and shoulder have a
q ratio of 6°°:8%, consistent with the expected first and second
allowed scattering peaks corresponding to the (211) and (220)
planes of the double gyroid morphology (space group Ia3d,
Q*"). The corresponding d-spacing or unit cell size of the
cubic double gyroid is 155 nm, consistent with the dimensions
observed in SEM.

To apply microcapsules in size-selective molecular filtration,
they have to be structurally stable to prevent shell rupture
under stress. The mesoporous block copolymer microcapsules
do not exhibit this required mechanical integrity. For example,
when exchanging the exterior aqueous phase with methanol to
remove the PDP from the self-assembled shell, the large
osmotic pressure that forms toward the aqueous core causes
the microcapsules to burst as shown in Figure 4a,b. This
behavior is due to the low degree of entanglements in our self-
assembled BCPs. A strategy to enhance structural integrity of
microcapsules is to use covalently cross-linked polymer shells.
In order to develop a method to cross-link the BCP shell after
self-assembly but before porogen removal, we utilize a
difunctional thiol, hexanedithiol, that reacts with carbon—
carbon double bonds of the 3,4-isoprene units in the PI block
of the ISV to cross-link the self-assembled nanostructure under
UV initiation, as illustrated in Figure 4¢.>® The fabrication of
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Figure 5. Permeability tests of ordered mesoporous microcapsules: (a,b) Laser-scanning fluorescence confocal (LSFC) microscopy images of
thick-shell, gyroidal ISV microcapsules exposed to fluorescently labeled dextran (250 kg mol™") at (a) pH of 9 and (b) pH of 4. In alkaline
condition, 68% (N = 78) of the capsules at pH 9 show permeability to the dextran, while only 47% (N = 162) were permeable in acidic
environment. (c) Laser-scanning fluorescence confocal microscopy images of triblock terpolymer microcapsules challenged with
fluorescently labeled poly(styrene) beads of 30 nm diameter. (d—g) LSCF microscopy images of mesoporous gyroidal ISV microcapsules
exposed to fluorescently labeled (d,e) 50 kg mol™' antibody Fab fragments and (f,g) 160 kg mol~' whole antibodies after (d,f) 10 min

exposure and (e,g) 80 min exposure.

cross-linked BCP microcapsules follows the same procedures
as non-cross-linked ones with the addition of UV irradiation
after solvent dissipation. Cross-linked microcapsules obtained
from the ISV(PDP) triblock terpolymer system do not rupture
when immersed in methanol, as shown in Figure 4d,e. The
successful cross-linking of the self-assembled microcapsule
shells is also evident from their insolubility in tetrahydrofuran
(THF), a common solvent for all components, as shown in
Figure 4f and Figure S4. The self-assembly of the block
copolymer is not altered by cross-linking, and well-ordered
mesoporous BCP microcapsules with structural stability for
applications under harsh solution conditions are successfully
fabricated.

To test the size-selective permeability of our mesoporous
shells, we expose the microcapsules to fluorescently labeled
dextran (250 kg mol™") with a Stokes radius of around 11.5 nm
dissolved in the continuous phase and monitor the micro-
capsules with fluorescent scanning confocal microscopy.’’
Permeability to the macromolecular probe is indicated by
increased fluorescence in the core of the capsule. Approx-
imately two-thirds of the ISV microcapsules show uptake of the
fluorescent probe to the interior of the microcapsules at pH 9,
indicating porous paths connecting the inside to the outside of
the microcapsule through the mesoporous shell, as evident
from the confocal scanning laser microscopy image in Figure
Sa. We presume that it is the inhomogeneity in surface porosity
between capsules of the same architecture that causes some
microcapsules to be completely blocked, preventing the
permeation of the fluorescent probe through their shells. All
capsule shells are impermeable, however, to 30 nm poly-
(styrene) particles, demonstrating no larger defects such as
cracks or ruptures, as shown in Figure Sc. We further
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characterize the trigger-responsiveness of the shells for active
manipulation of molecular permeation in and out of the
microcapsule core by employing a pH-responsive BCP. As a
proof-of-principle, we measure the permeability of our
microcapsules to the molecular probe under acidic conditions
at a pH below the pK, of P4VP of 4.5; this causes an expansion
of the P4VP polymer chains blocking the P4VP-lined
mesopores and result in the impermeability of a higher
fraction of microcapsules to the macromolecular probe.’ Less
than half of the ISV microcapsules are permeable to the
fluorescently labeled dextran (250 kg mol ™) at pH 4, as shown
in Figure Sb. This is over 30% less than under alkaline
conditions excluding the completely impermeable capsules.
While the permeability and the pH-responsive molecular
weight cut off of the shells is not uniform across the ensemble
of capsules, our results demonstrate that the macromolecular
selectivity is altered in some ISV microcapsules using pH as a
controlled stimulus. In contrast to the uniform porosity and
ordered nanostructure throughout the shell, the topography
and porosity of the shell surface are heterogeneous around the
outside of a single capsule, as well as between capsules of the
same kind, as shown in the surface SEM images in Supporting
Figure SS. We speculate that the nonuniform permeability and
pH-response between mesoporous BCP microcapsules of the
same architecture is likely further improved by controlling the
parameters influencing the homogeneity of the surface
porosity.

The permeation and rejection of biologically relevant
molecules such as proteins is of particular interest for
ultrafiltration applications. To test biomolecular differentiation
in the permeability of the gyroidal mesoporous ISV micro-
capsules, the capsules are exposed to fluorescently labeled
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whole IgG antibodies (160 kg mol™") as well as Fab antibody
fragments (S0 kg mol™') and monitored with fluorescent
scanning confocal microscopy over time. While the smaller
antibody fragment is detected inside the capsules within 10
min, and permeated most capsules after 80 min, as shown in
Figure Sd,e, fluorescence from the larger whole antibody is not
observed inside the same capsules over the same time frame.
Such a size-dependent permeability and capture time is
expected for membranes with mesopores that are in the
same size range as the biomacromolecules. Again, the
heterogeneity in permeability across the ensemble of micro-
capsules is evident from the nonuniform increase in
fluorescence of the small antibody fragment in the cores of
the microcapsules over time, as can be seen in Figure 5d,e.

Shell membranes with high permeability and fast diffusion of
the filtrate are highly desirable for efficient separation.
Hierarchically porous structures that include macropores
enable fast flux and diffusion in nanoporous membranes.*®
We achieve hierarchically structured shells with nanometer-
and micrometer-sized pores from a dual phase separation
process: microphase separation of BCPs combined with self-
emulsification of small water droplets into the oil shell that is
controlled through the salt concentration in the aqueous
phases. Microcapsules with shells comprising a connected
sponge-like morphology with micron-sized pores in addition to
ordered mesoporous structures from SV BCP self-assembly are
fabricated from W/O/W double emulsion drops with inner
and outer aqueous phases containing S wt % PVA without the
addition of salt. While the drops are optically transparent
immediately after fabrication, the capsules exhibit strong
scattering of light and appear dark in transmission, as shown
in Figure 6a. The strong scattering demonstrates the formation
of structural features on length scales comparable to the
wavelength of visible light. Cross-sectional SEM reveals that
the SV BCP self-assembles into nanoporous cylinders in the
shell between large micron-sized voids, as shown in Figure
6b,c. The voids originate from the self-emulsified water drops
inside the oil shell that form during the solvent evaporation
and block copolymer self-assembly, as previously observed in
toluene-in-water single emulsion drops containing SV.** At low
salinity, water diffuses into the oil shells on the molecular level
and in inverse block copolymer micelles, and as the organic
solvent chloroform dissipates, the water concentration
increases beyond its solubility limit, inducing phase separation
and growth of water drops inside the oil shell, as illustrated in
Figure 6d.°”*" At high salinity, this process of self-
emulsification is suppressed. The tunable self-emulsification
of water into the oil shells in combination with BCP self-
assembly enables the controlled formation of hierarchically
macro- and mesoporous microcapsules that might combine fast
diffusion kinetics with nanometer size-resolution for targeted
macromolecular separation.

CONCLUSION

We report the successful use of block copolymer self-assembly
with a small molecule porogen confined in the oil shell of
double emulsion drops to fabricate microcapsules with ordered
nanoporous shells. Highly uniform mesopores that connect the
exterior to the capsule core are obtained from a triblock
terpolymer that self-assembles into the bicontinuous double
gyroid morphology, yielding size-selective permeability on the
length scale of 10s of nanometers with pH-responsiveness. We
find that the confinement of the block copolymer inside the oil
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Figure 6. (a) Optical micrograph of dual-phase separated
SV(PDP) microcapsules obtained from double emulsion drops
with § wt % PVA as the aqueous phases showing the optical
scattering of the capsules upon solvent evaporation. Inset shows
the size distribution histogram of the capsules (N = 90). (b,c)
Cross-sectional SEM images at different magnifications of the shell
of the SV(PDP) microcapsules after PDP removal showing
micron-sized pores in the shell (b) with mesopores in the walls
between them (c) exhibiting a hexagonally packed cylindrical
morphology. (d) Schematic illustration of self-emulsification of
water drops inside the oil shell during solvent evaporation that
leads to the micron-sized voids and optical scattering in the block
copolymer microcapsules.

shell of the double emulsion droplets does not impact their
self-assembled lattice formation. We further demonstrate a
tunable dual-phase separation method for hierarchical shell
architectures by tuning the aqueous surrounding environment
during self-assembly of the amphiphilic block copolymers in
the oil shell: macro- and mesoporous shells are obtained
through self-emulsification and phase separation of micron-
sized water drops inside the oil shell at low salinity. Cross-
linking of the self-assembled nanostructured shell endows the
microcapsules with structural integrity that enables both
handling under various chemical conditions and stimuli
responsive behavior. The gyroidal mesoporous microcapsules
fabricated with pH-dependent permeability have potential
applications in macromolecular separation and purification:
microcapsules with well-defined mesopores can significantly
increase the efficiency of size exclusion chromatography, where
small macromolecules are separated from larger ones due to
their increased residence time in smaller pores when flowing
through a bed of porous particles. The difference in explorable
volume, and hence elution volume, is orders of magnitude
larger if microcapsules with mesoporous shell membranes are
used instead of solid-cored porous particles. This difference in
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elution volume would increase chromatography resolution and
decrease necessary column length. Furthermore, the method of
obtaining high-aspect ratio films with thicknesses of 100s of
nanometers to microns without a solid substrate represents a
nontraditional approach to study amphiphilic block copolymer
self-assembly. The soft and dynamically tunable nature of the
liquid substrate of the double emulsion drop will enable the
study of interfacial curvature and chemical gradients across a
liquid film on the nanostructure formation; diffusion of
molecules between the aqueous core and exterior may
influence the alignment of the BCP morphology. Scattering
experiments during solvent evaporation and BCP film
formation in the liquid emulsion drop confinement likely can
be used to probe the self-assembly process without the
interference of solid substrates. Thus, these microcapsules with
controlled porosity should prove useful both for fundamental
studies of BCP self-assembly as well as macromolecular
separation applications.

METHODS

Materials. Poly(vinyl alcohol) (M, 13000—23000, 87—89%
hydrolyzed, PVA), poly(styrene) (PS, analytical standard, for GPC,
4,000 g mol™"), 2-hydroxy-2-methylpropiophenone (Darocure 1173),
1,6-hexanedithiol (>97%), chloroform (anhydrous, contains amylenes
as stabilizer, >99%), tetrahydrofuran (THF, anhydrous, >99.9%,
inhibitor-free), potassium chloride (for molecular biology, >99.0%),
and octadecyltrimethoxysilane (technical grade, 90%, ODTS) were
purchased from Sigma-Aldrich and used as received. 3-Pentedecyl-
phenol (technical grade, 90%) was purchased from Sigma-Aldrich and
recrystallized from diethyl ether before use. The fluorescent probe
fluorescein isothiocyanate-dextran (FITC-dextran) with a molecular
weight of 250000 g mol™"' was purchased from Sigma-Aldrich and
used as received at 1 mg mL™" in DI-water. The hydrophilic silane 2-
(methoxy(polyethyleneoxy)propyl)trimethoxysilane was purchased
from Gelest and used as received. Permeation measurements at pH
4 and pH 9 were done with BDH pH Reference Standard Buffers. The
diblock copolymer poly(styrene)-block-poly(4-vinylpyridine) (SV, PS-
P4VP, My = 67 kg mol™!, Dy, = 1.15, 25 wt % P4VP) was purchased
from Polymer Source (P9823-S4VP) and used as received.

Synthesis of ISV Triblock Terpolymer. The poly(isoprene)-
block-poly(styrene)-block-poly(4-vinylpyridine) triblock terpolymer
(ISV) used here was synthesized using sequential anionic polymer-
ization as described in detail previously.” The molecular weight of the
ISV used was My = 74 kg mol™" (B, = 1.19) with weight fractions of
fu = 38%, 44.5%, and 17.6% for I, S, and V, respectively.

Fabrication of Double Emulsion Drops and Microcapsules.
Double emulsion drops were fabricated using glass capillary
microfluidic drop makers, as illustrated in Figure Slab. The devices
consist of two tapered cylindrical capillaries aligned inside a square
capillary with an inner dimension slightly larger than that of the outer
diameter of the cylindrical capillaries (1 mm). One cylindrical
capillary with a smaller tapered tip, termed the injection capillary, is
rendered hydrophobic by treating it with ODTS for 1 h. To prevent
the wetting of the double emulsion drops on the second cylindrical
capillary, termed the outlet capillary, it is rendered hydrophilic by
treating it with 2-(methoxy(polyethyleneoxy)propyl)trimethoxysilane
for 1 h. For thin-shell capsules, an additional flame-pulled cylindrical
capillary is inserted into the hydrophobic injection capillary from its
nontapered end. The open ends of all but the outlet capillary are
capped with 20 G blunt needles as tube connections that are sealed to
a glass slide with S min epoxy (Devcon).

To form thick-shell double emulsion drops, the inner aqueous
phase is injected through the hydrophobically treated injection
capillary, while the middle shell phase is injected from the same
direction through the interstitial space between the square capillary
and the injection capillary. The outer aqueous phase is injected from
the opposite direction, also through the interstitial space between the
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square capillary and outlet capillary, as illustrated in Figure Sla. Thin-
shell double emulsion drops are obtained by injecting the inner
aqueous phase through the flame-pulled innermost capillary
(composition described in text), the block copolymer middle phase
through the cylindrical injection capillary, and the aqueous outer
phase through the interstitial space between the square and the outlet
capillary, as illustrated in Figure S1b. Drop formation in the glass
capillary device is monitored with a fast camera (Phantom V9.0) on a
Leica inverted optical microscope. Double emulsion drops are formed
between the tapered cylindrical capillary tips in the dripping regime at
various flow rates described in the text. Following drop breakup, the
double emulsion drops flow through the cylindrical outlet capillary
and are collected in glass dish filled with outer aqueous phase of 2 mm
in height (e.g., S wt % PVA in water, or S wt % PVA in aqueous 1 M
KCl). The composition of the oil phase is 10 wt % SV(PDP) + PS (4
kg mol™") in chloroform for hexagonally packed cylinders, and 10 wt
9% ISV(PDP) + PS (4 kg mol™) in 7:3 by volume chloroform:te-
trahydrofuran for double gyroidal shells with the addition of 1.4 vol %
hexanedithiol and 2-hydroxy-2-methylpropiophenone each for cross-
linked gyroidal ISV triblock terpolymer microcapsules. Lower polymer
concentrations in the shell phase are empirically found to yield
significant shell rupture during solvent evaporation.

The double emulsion drops are dried by evaporation of the shell
solvent (approximately 10 min for thin, 30 min for medium, and 3 h
for thick shells) in open atmosphere. For cross-linking of the block
copolymer shells containing hexanedithiol, the capsules are exposed to
UV light for 1 min (Omnicure S1500, >350 nm, 4 cm distance,
approximately 400 mW cm™2). Thick-shelled double emulsion drops
rupture if left for evaporation over a longer time period, and UV cross-
linking is done before rupturing takes place, likely causing residual
solvent to be present during the cross-linking process. Subsequently,
the capsules are washed and immersed in excess methanol for 24 h for
porogen (PDP) removal. After methanol extraction, the capsules are
washed three times with and subsequently kept in DI-water for
characterization.

Characterization of Microcapsules. Microcapsules for scanning
electron microscopy (SEM) analysis are prepared by drying aliquots
of microcapsules from DI-water in air on double-sided adhesive
conductive carbon tape. Some dried microcapsules for SEM are cross-
sectioned with a razor blade after drying. Prior to imaging, the SEM
samples are sputter-coated with a thin layer (S nm) of platinum/
palladium (Pt:Pd 80:20) using a sputter coater (EMS 300T D dual
head sputter coater). The microcapsules are imaged using a field
emission scanning electron microscope (FESEM, Zeiss UltraPlus)
equipped with an in-lens detector at an accelerating voltage of 3 kV.
Small angle X-ray (SAXS) measurements of the capsules dispersed in
water were performed at the line GI of the Cornell High Energy
Synchrotron Source (CHESS). The sample to detector distance was
2.5 m and the X-ray wavelength 4 was 1.2545 A with a beam size of
approximately 250 X 250 um”. The scattering vector q is defined as g
= (47/2) sin O where 6 is half of the scattering angle. A Pilatus 300k
detector was used to record the 2D small-angle X-ray scattering
(SAXS) patterns.

Permeability Measurements. Microcapsule permeability under
various pH conditions is characterized using molecular permeation
into the capsule interior of FITC-dextran (250000 g mol™') at a
concentration of 1 mg mL™". To a well in a 96-well plate containing
the microcapsules in the respective buffer solution of desired pH (100
uL), the dye—dextran solution is added (20 xL) and incubated for at
least 18 h. The permeability of the capsules is then characterized using
a laser confocal fluorescent microscope (Leica Microsystems SP-5)
with an excitation wavelength of 488 nm and detector wavelength
range of 490—540 nm. The microcapsules are similarly characterized
toward their time-resolved permeability of antibodies (Alexa Fluor
594 AffiniPure Goat Anti-Rat IgG, 160 kg mol™!, Jackson
ImmunoResearch 112—585—072) at a concentration of 0.01 mg
mL™" and Fab fragment antibodies (Alexa Fluor 488 AffiniPure Fab
Fragment Goat Anti-Mouse IgG (H+L), 50 kg mol™!, Jackson
ImmunoResearch 115—547—003) at a concentration of 0.03 mg
mL™" in phosphate-buffered saline (PBS, pH = 7.4). After adding the
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fluorescently labeled antibody fragments and whole antibodies to the
well plate containing the capsules, the capsules are monitored using a
laser confocal fluorescent microscope (Leica Microsystems SP-5) with
excitation wavelengths of 488 and 633 nm and detector wavelength
ranges of 490—530 and 635—700 nm, respectively.
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