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Abstract: Although high-boiling non-solvent induced macro-
phase separation in emulsion droplets has been widely applied
for the fabrication of polymeric capsules, precise control of
their structures remains a great challenge. Herein, block
copolymer capsules with tunable shell structures were fabri-
cated by employing a non-solvent as a liquid template in
emulsion droplets. The properties of the non-solvents dictate
the phase separation sequence in the droplets and the capsule
formation mechanism. Two different pathways for capsule
formation were observed, and could be applied to predict the
shell structure. The structured capsules could be transformed
into mesoporous capsules, which demonstrated an intriguing
structure-dependent release behavior. Capsules with spherical
shell structures displayed the best permeability, while those
with lamellar shell structures showed the slowest release, but
with a stepwise profile. After loading with an anticancer drug,
different capsules induced different apoptosis ratios in cancer
cell studies.

P olymeric capsules are of great importance to many
applications, especially for protecting loaded cargoes against
a harsh environment and releasing them upon exposure to
external triggers.'™ Many approaches,””! such as phase
separation in emulsion droplets,*'% sacrificial template
guided polymerization,!'""?) layer-by-layer assembly tech-
niques,* ™ self-assembly of block copolymers (BCPs) in
selective solvents,'®?” and others, have been introduced for
preparing polymeric capsules. Among these methods, the
macrophase separation of a high-boiling non-solvent (HBNS,
e.g., long-chain alkanes) in emulsion droplets containing
a low-boiling good solvent (LBGS, e.g., chloroform) and
a homopolymer has been developed as a simple yet versatile
strategy for obtaining homopolymer capsules.*'>*! However,
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for BCP capsules, the capsule formation process is much more
complicated as microphase separation (between blocks) and
macrophase separation (between HBNS and BCPs) occur
simultaneously in the droplets. Crespy and co-workers
recently reported the fabrication of BCP patchy capsules
using hexadecane (HD) as the liquid cores.” 2l However, the
effect of polymer—solvent interactions on the capsule shell
structure needs further exploration. Nowadays, it is still
a great challenge to generate BCP capsules with tunable shell
structures in a controlled fashion.

Although BCP capsules are robust enough for cargo
loading and release, they are semipermeable and only allow
for very small molecules to be loaded and released owing to
the hydrophobic shell. To overcome this disadvantage,
capsules with stimuli-responsive shells have been designed
as smart nanocarriers to encapsulate functional species and
release them in response to external triggers.”’>" Further-
more, to tune the release behavior,?**=*l capsules with
stimuli-responsive mesoporous shells are excellent candidates
for controlling the release of payloads.*>>*! Remarkably, mass
transfer through the capsule shell is strongly dependent on the
shape, orientation, and uniformity of the pores.*” Microphase
separation of BCPs in the shell will provide great opportu-
nities to generate ordered structures. However, it is still
a challenge to obtain BCP capsules with precisely tunable
pore structures in a convenient fashion. Moreover, the
corresponding structure-dependent release behavior has not
been well investigated.(*> %

Herein, we describe the generation of BCP capsules with
tunable shell structures by controlling the phase separation
sequence through manipulation of the polymer—solvent
interactions, and further illustrate their structure-dependent
release behavior. Polystyrene-block-poly(4-vinylpyridine)
(PS-b-P4VP) BCPs were employed to fabricate capsules
with an HBNS liquid core (HD or perfluorooctane (PFO))
through the emulsion solvent evaporation strategy. The
properties of the HBNS dictate the formation mechanism of
the capsules and the resulting shell structures. On the basis of
precise structural control, capsules with spherical, cylindrical,
or lamellar mesopores were successfully obtained. Moreover,
we further demonstrate the relationship between pore
structure and release behavior. Interestingly, capsules with
spherical pores displayed the best permeability with the
fastest release process whereas those with lamellar pores
showed the slowest, but stepwise, release. The drug-loaded
capsules with different release behaviors were evaluated for
inducing apoptosis in A375 melanoma cells, and different
apoptosis ratios were indeed observed. We anticipate that
these findings will be helpful for understanding the funda-
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mental features of structured-capsule formation and that
these capsules will be applied for the programmable release of
active species.

The BCP capsules were prepared through the emulsion
solvent evaporation route (see the Supporting Information
for experimental details). Typically, the BCPs were dissolved
in chloroform containing a small amount of HD (an HBNS
for the copolymers) and then emulsified with an aqueous
solution of poly(vinyl alcohol). The macrophase separation
between the HD and BCP solutions takes place when the
droplet composition reaches the binodal boundary during
chloroform evaporation.’"*! Through this route, PS-b-P4VP
capsules with HD cores were fabricated. Surprisingly, the
BCP molecular weight (19800-217000 Da), the block ratio
(symmetric or asymmetric), and the chain architecture (AB
diblock or ABA triblock) have no significant effect on the
shell structure. Instead, only capsules with spherical P4AVP
domains in the shell (S-capsule) were observed (Figure 1; see
also the Supporting Information, Figures S1 and S2).

Figure 1. TEM images of BCP capsules obtained by employing HD as
the liquid core: a) PS,,-b-P4VP,,, b) PS;10¢-b-P4VP, oy, €) PS,s-b-
PAVP,o, d) PSsi-b-PAVP, g, €) PAVP, 5 -b-PS,,-b-PAVP, 5, and

) PAVP, 5-b-PSs5¢-b-P4VP, 5. The initial BCP/HD volume ratio was 4:6
for all samples. P4VP was stained with |, vapor before TEM analysis.
The insets (a, ¢, and e) are cartoons showing the shell structures of
the capsules. Blue and yellow regions represent P4VP and PS domains,
respectively.

This unusual phenomenon was ascribed to the sequential
nature of the process, that is, micellization of the BCPs and
formation of the HD cores. We hypothesized that the order of
the two types of phase separation would significantly affect
the capsule structure. As the LBGS evaporates, the solubility
of the BCPs will decrease owing to the increase in the HBNS
fraction. Two possible pathways (Scheme 1) are expected
when the fraction of HBNS reaches a critical value: I) The
BCPs aggregate into micelles, and then the HBNS starts
separating to direct the deposition of the micelles, or
IT) macrophase separation of HBNS occurs before the
aggregation of the BCP chains, and then the BCPs migrate
to the external oil/water interface to form the shell.’!

To test the proposed mechanism, we performed a series of
control experiments (Figures S3 and S4). As the chloroform
evaporates, the mixed solution of PS-b6-P4VP and HD

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The two possible pathways (I and I1) for the formation of
structured BCP capsules through the emulsion solvent evaporation
method by introducing HD or PFO. Different shell structures can be
obtained from the same BCP with different formation pathways.

becomes gradually cloudy from top to bottom, indicating
the formation of BCP micellar aggregates (Figure S3). No
HD droplets (i.e., no macrophase separation) could be
observed owing to the good compatibility and solubility of
HD (solubility parameter dyp = 16.4 MPa'?) and chloroform
(0¢=19.0 MPa'?). A further increase in the relative amount
of HD will induce micelle aggregation (Figure S4). Similarly,
spherical micelles are formed before the macrophase separa-
tion of HD in the droplets upon evaporation of chloroform
(Scheme 1 and Figure SSa—e). As shown in Table S1 for the
characteristics of solvents and polymers,*” HD has a higher
affinity to PS blocks (dpg = 18.6 MPa'?) than to P4VP (Spyyp =
22.2 MPa'?) blocks. The Flory-Huggins interaction parame-
ters of these solvent—polymer pairs (yg.p) were also calculated
according to Equation (1),1*)

2
+0.34 1)

where Vj is the molar volume of the solvent, R refers to the
ideal gas constant, and 7 is temperature. According to the
Flory-Huggins criterion, complete solvent—polymer miscibil-
ity is expected when ysp < 0.5 whereas the solvent is poor for
the polymer when ysp>0.5. Here, the yupps and yuppsve
values were determined to be 0.91 and 4.31, respectively.
Thus, an increase in the fraction of HD results in the
formation of spherical micelles with P4VP cores and PS
coronas (Figure S4). This strategy also allowed us to tailor the
shell thickness of the formed capsules by varying the volume
fraction of HD (Figure S2). Moreover, to test the generality of
this technique, we employed alkanes with various chain
lengths to fabricate BCP capsules. Similarly, S-capsules were
obtained when high-boiling alkanes were employed (Fig-
ure S6).

Considering the proposed formation mechanism, control-
ling the sequence of macrophase and microphase separation
will give rise to BCP capsules with tunable shell structures. In
general, macrophase separation only occurs at very high HD
concentrations (Figure S5a—e). Decreasing the affinity of
alkanes to polymers and reducing the solubility of alkanes in
chloroform are expected to induce macrophase separation of
polymer and alkanes ahead of BCP aggregation."""*’ Here,
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PFO was selected as the HBNS. In this case, for symmetric
PSysx-b-P4VP, i, capsules with lamellar shell structures (Fig-
ure 2a) were obtained instead of spherical shell structures
(Figure S2e,f). According to Equation (1), the ypro.ps and
xpro-pavp Values were 4.70 and 10.75, respectively, which are

Figure 2. TEM images of the structured BCP capsules obtained by
using PFO as the liquid core: a) PSqg-b-P4VP;, b) PSs-b-P4VP,y,
C) PAVP, 5-b-PS;5-b-PAVP, 5, and d) PAVP, 5 -b-PS,-b-PAVP, 5.

much larger than yypps and yuppsve (Table S1). PFO will
segregate out at the early stage of the evaporation (Figure S3
and Figure S5 f-o0). Therefore, the residual PFO in chloro-
form is not enough to induce the aggregation of BCP chains to
micelles (Figure S3, where no turbidity can be observed),
resulting in a shell with an undisturbed microphase-separated
structure (Figure S7). In this case, the shell structures of the
BCP capsules could be easily tailored by varying the block
ratio of the BCPs. Asymmetric PSs;x-b-P4VP g with a minor
P4VP block (24.3 vol%) will form capsules with spherical
P4VP domains (Figure 2b), agreeing well with its bulky phase
structure. Furthermore, this technique is general and can be
used to fabricate capsules from ABA (Figure 2¢,d) or ABC
(Figure S8) triblock copolymers. The shell thickness (34—
164 nm) and the thickness/radius ratio (0.11-0.61) of the
capsules can be tailored by simply adjusting the BCP/PFO
feed ratio (Figures S9 and S10). The shape of the PAVP(PDP)
domain does not undergo any obvious changes as the shell
thickness is decreased, presumably because the confining
effect exerted on the BCP chains is not strong enough. A
further decrease of the shell thickness will result in the
formation of broken capsules.

In addition, an alternative strategy to tune shell structures
is introduced that is based on employing BCP-based supra-
molecules without having to synthesize BCPs with various
molecular weights and block ratios. The supramolecules
consisted of PS-b-P4VP and 3-n-pentadecylphenol (PDP),
which were connected through a hydrogen bond between the
4VP unit and PDP**! Yet, when HD was selected as the
HBNS, PS-b-P4VP(PDP), (x refers to the molar ratio of PDP
to 4VP) capsules could not be obtained owing to the
enhanced affinity between HD and PDP (Figure S11).
Fortunately, PS-b-P4AVP(PDP), capsules were observed
when PFO was employed as PFO is immiscible with P4VP-
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(PDP). Taking P4VP, 5x-b-PSs-b-P4VP, sx (PDP), capsules
as an example, the shell structure changes from a sphere (x =
0, Figure 2¢) to a cylinder (x =0.25), network (x=0.5), and
then lamellae (x=1.0) as the PDP content is increased
(Figure 3a—c). This approach can also be applied to the
diblock copolymer PSs-b-P4VP 4 (PDP),, demonstrating
the robustness of controlling shell structures by PDP addition
(Figure S12).

/ L :

Figure 3. a—c) TEM images of P4VP, s -b-PSsg-b-P4VP, 5 (PDP), capsu-
les, where x equals to a) 0.25, b) 0.50, and c) 1.0. d—f) TEM images
and schematic illustrations of mesoporous P4VP, 5y-b-PSsg-b-P4VP, -
(PDP), capsules, where x equals to d) 0, €) 0.25, and f) 1.0. In the
inset cartoons, blue, yellow, and green regions correspond to P4VP
domains, PS domains, and mesopores, respectively.

Moreover, the shell structure can also be tuned by adding
homopolystyrene (hPS) to BCPs. In the “wet brush” regime,
the cylindrical P4VP domains will be transformed into
spherical domains after adding 25 wt % hPS, s to PAVP, k-
b-PS,;x-b-P4VP, s (Figure S13a). However, in the “dry
brush” regime, macrophase separation between hPSg; and
BCPs will take place, and the structure of the BCPs in the
capsular shell is not significantly influenced. Thus capsules
with patchy shells can be obtained (Figure S13b,c¢).

The shell structures of the capsules play a key role in
determining the permeability and thus the release kinetics of
the payloads. The P4AVP(PDP) domains can be turned into
mesopores by swelling in ethanol or acidic water (see the
Supporting Information for experimental details). Three
typical capsules with spherical (S), cylindrical (C), and
lamellar (L) mesopores (Figure 3d-f) were selected for
investigating the structure dependence of the release behav-
ior. The shell thicknesses of the selected capsules were almost
the same (103.1+£19.3nm, 98.6+154nm, and 1103+
10.6 nm, respectively; see Figure S10b). After removal of
the PFO core (Figure S14), a hydrophilic Rhodamine 6G
(R6G) dye was encapsulated. The loading amounts were
almost the same (12.3 wt%, 12.5wt%, and 12.5wt%), as
determined by UV/Vis measurements. At pH 7.4, the release
kinetics of the three capsules were almost the same, with
a maximum of about 30 wt % of the dye released; at pH 4.0,
however, the release was clearly accelerated (Figure 4a). An
acidic environment will trigger the ionization of P4VP,
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Figure 4. a) Left: Release profiles of R6G from capsules with different
shell structures at different pH values. Right: The stepwise release
profile of R6G from L-capsules at pH 4.0. Arrows indicate the three
steps of the release process. b) Confocal laser scanning microscopy
(CLSM) images of A375 cells treated with DOX-loaded S-capsules
(DOX amount: 10 ugmL™"). The scale bar in the last image can be
applied to all other images. c) Analysis of the apoptosis of A375 cells
induced by DOX-loaded capsules with different shell structures. The
cells were incubated with the capsules for 12 or 24 h (n=3, Student’s
t-test, *p <0.05, **p < 0.01). d) Cytotoxicity of the DOX-loaded capsu-
les against A375 cells (n=4, Student’s t-test, *p <0.05, **p < 0.01).
A375 cells treated with empty S-capsules (S-Empty) and PBS were
used as the control groups.

facilitating the cargo release.l*! More interestingly, the release
rates (R) of the capsules are in the order of Rg> R-> R, at
pH 4.0, indicating that the release kinetics are dominated by
the shell structure.

The Baker-Lonsdale model [Eq. (2)],

_3tDGy

M /M,
/ r* Co

)

31-(1-M/M..)*"?)
2

which is a classic model for the diffusion-controlled release
from a spherical matrix, was used to model the release
behavior of the capsules.”*! M, and M_ are the released
amounts at time ¢ and infinite time, respectively; D, Cs, and C,
are the diffusion coefficient, solubility, and initial concen-
tration of payloads in the matrix, and r, is the radius of the
capsule. As shown in Figure S15a and Table S2, the release of
R6G at pH 7.4 can be excellently fitted to Equation (2)
(coefficient of determination, R* > 0.95), indicating diffusion-
controlled release in this case. The release rate constants (k=
3D Cylr C,) are 4.83x107*h™! for the S-capsules at pH 7.4
(S-pH 7.4), 441 x10*h™' for C-pH 7.4, and 3.77x10*h!
for L-pH 7.4 (Table S2). As r, is the same, and we further
assumed Cs and C, to be the same (for steady release
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behavior), the D value is almost the same for all three types of
capsules. This is reasonable as the capsule shells are solid at
pH 7.4. On the other hand, the release behavior at pH 4.0 can
be divided into several stages (Figure S15b,¢), which can also
be fitted by Equation (2). The D value of the first stage for
S-pH 4.0 is 3.8 times larger than that for C-pH 4.0, 8.5 times
larger than that for L-pH 4.0, and about 36.3 times larger than
that for capsules at pH 7.4, respectively.*®! The results confirm
the release rate order of Rg> R-> R;.

Considering the fact that the shell thicknesses are the
same, we believe that the different release rates can be
ascribed to the shape and distribution of the hydrophilic
domains. First, the total surface area (A) of the hydrophilic
domains dominates the D value of the cargoes across the
capsule wall. The A values of the hydrophilic PAVP domains
have been estimated to decrease in the order of Ag> A-> A,.
Larger A values will facilitate cargo diffusion. Second, the
hydrophobic PS matrix will retard the release. The space (i.e.,
the PS domain) between two adjacent P4AVP microdomains (/)
was determined to be 9.6nm for spherical, 13.4nm for
cylindrical, and 19.5 nm for lamellar shell structures (/5 < I <
Ir). Smaller distances increase the permeability of the capsule
wall and increase the cargo release rate. Therefore, the
release rate orders decrease according to Rg>R-> R at
pH 4.0. More interestingly, the capsules with a lamellar
structure displayed a stepwise release profile (Figure 4a).
This was attributed to the concentric PS layers in the wall,
which release the cargo in multiple steps.*®! A similar release
profile was obtained upon using doxorubicin (DOX) instead
of R6G in acid suspension (Figure S16), and the capsules
remained unchanged after release (Figure S17).

The cellular uptake behavior and intracellular distribution
of the DOX-loaded capsules were investigated in A375
melanoma cells. As shown in Figure 4b, the fluorescence
intensity of DOX was significantly enhanced inside A375 cells
after 4 h incubation, indicating efficient cellular uptake of the
capsules. Flow cytometry analysis (Figure S18) was further
carried out to evaluate the apoptosis ratios of A375 cells
induced by DOX-loaded capsules with spherical (S-DOX),
cylindrical (C-DOX), and lamellar (L-DOX) structures. After
12 h incubation, the apoptosis ratios of A375 cells induced by
S-DOX, C-DOX, and L-DOX capsules (amount of DOX:
10 uygmL™") were 21.7%, 17.8 %, and 16.6 %, respectively. A
similar trend was also observed when the incubation period
was extended to 24 h, with apoptosis ratios of 38.2 %, 32.8 %,
and 22.1 %, respectively (Figure 4c¢). Moreover, the in vitro
cytotoxicity of the loaded capsules for A375 cells was also
evaluated. After incubation for 24 h, the cell viabilities were
49.7+1.2%,61.3+6.3%,and 72.3 3.8 %, respectively (Fig-
ure 4d). The pH value within cancer cells gradually drops
along the endocytic pathway from about 6.0-6.5 in endosomes
to approximately 4.5-5.0 in lysosomes.*”) In the acidic
environment, the PAVP domains in the capsules swell to
yield mesopores with different shapes, leading to different
DOX release profiles and different apoptosis ratios for cancer
cells.

In summary, we have described two different formation
pathways for BCP capsules and their structure-dependent
release. It was found that the phase separation sequence
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significantly affects the capsule shell structure. The properties
of the HBNS have a great influence on the formation
mechanism of the capsules and the phase separation
sequence. The shell structures could be readily tailored by
altering the block ratio, molecular weight, or using additives.
These structured capsules can serve as excellent candidates
for cargo storage and controlled release. Furthermore, we
clearly confirmed the structure-dependent release behavior
of BCP capsules with pH responsiveness. Capsules with
spherical structures showed the best permeability with the
fastest release process whereas those with lamellar structures
showed the slowest, but stepwise, release profile. Different
release behaviors further induce different apoptosis ratios in
cancer cell studies. Our findings not only help to understand
the fundamental mechanism of the capsule formation process,
but also extend the application of structured BCP capsules as
delivery vehicles with precise release kinetics. Future work
will focus on tailoring the size and orientation of the
mesopores in the capsule shells. In addition, the uniformity
of the capsule size needs to be carefully considered as it may
also affect the release behavior.
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