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ABSTRACT: Crystalsomes are crystalline capsules that are formed by controlling polymer crystallization to break transla-
tional symmetry. While recent studies showed that these crystalline capsules exhibit interesting mechanical properties, ther-
mal behavior, and excellent performance in blood circulation, the closed capsule is undesired for drug delivery applications.
We report the formation and characterization of porous crystalsomes where porosity is rendered on the crystalline shells. A
miniemulsion is formed using two amphiphilic block copolymers (BCP). The competition between controlled crystallization
and phase separation of the BCPs at the emulsion surface leads to multiphase crystalsomes. Subsequently removing one BCP

produces porous crystalline capsules.

Porous polymer nanoparticles have attracted significant
interest in the past few decades because of their high spe-
cific surface area which is essential for drug delivery, catal-
ysis, and energy storage applications.!>A variety of strate-
gies have been used to generate porous polymer particles,
including suspension polymerization,® 7 precipitation
polymerization,” 8 dispersion polymerization,® seeded sus-
pension polymerization,'® membrane/microchannel emul-
sions,'* and microfluidics.'?14 Block copolymer (BCP) phase
separation has also been utilized to create pores in poly-
mersomes.'>17 For example, Discher et al. reported poly-
mersomes formed by a mixture of poly (ethylene glycol)-b-
poly (butadiene) (PEG-b-PBD) with poly (acrylic acid)-b-
poly (butadiene) (PAA-b-PBD), where the two BCPs were
homogenously mixed in the polymersome shell.!> Addition
of a cation crosslinks the negatively charged PAA chains,
causing strong lateral segregation of the PAA corona do-
mains from that of the PEO. This resulted in porous “patchy”
or Janus polymersomes.

Our group has recently developed a miniemulsion crys-
tallization system where a poly (l-lactic acid)-b-poly (eth-
ylene oxide) (PLLA-b-PEO) was used as a macromolecular
surfactant to stabilize the miniemulsion.!® 19 Carefully con-
trolled crystallization of this system allowed chain folding
of the PLLA at the liquid/liquid interface of the emulsion
droplets. Crystal growth confined at the curved interface led
to the formation of a robust hollow sphere termed “crystal-
some” .18 2022 While these crystalsomes showed interesting
mechanical properties,?® 21 thermal behavior,?® and excel-
lent performance in blood circulation,!8 the extremely tight
packing of the crystalline layer renders the crystalsome
shells impermeable to various diffusants, 2+ 25> which is un-
desired from a biomedical application viewpoint. The goal
of this work therefore is to introduce porosity to the

previously reported single crystal-like crystalsome by em-
ploying a secondary BCP in the miniemulsion systems. Our
hypothesis is that phase separation between two BCPs at
the liquid/liquid interface of an emulsion droplet and sub-
sequently removing the sacrificial BCP could produce a po-
rous structure in the crystalsomes and the competition be-
tween crystallization and BCP phase separation could pro-
vide an effective means to control the porosity of the crys-
talline shell. To this end, racemic poly-l,d-lactic acid-b-PEO
(PLDLA-b-PEOQ) was utilized as the secondary BCP. Minie-
mulsion consisting of PLLA-b-PEO and PLDLA-b-PEO was
prepared and the emulsion droplets were used as the tem-
plates for PLLA crystallization. Porous crystalsomes were
obtained after removing uncrystallized PLDLA-b-PEO. Crys-
talsome pore size and pore area fraction were tuned by var-
ying the feed ratio of the two BCPs as well as the crystalliza-
tion temperature (7). We further show that phase separa-
tion of two BCPs plays a vital role in controlling the pore
formation. Our results demonstrate a new method to pre-
pare porous polymer nanoparticles.

Figure 1a shows a schematic of the crystallization pro-
cess to form crystalsomes, where a miniemulsion is created
by probe sonicating a BCPs/toluene/water mixture. The
crystalline amphiphilic BCPs are pinned at the water/oil in-
terface and, upon quenching to T¢, one block of the BCP crys-
tallizes into crystalline lamellae templated by the curved
water/oil interface. BCP such as PLLA-b-PEO (molar mass
of 4.7 kg/mol and 5 kg/mol for PLLA and PEO blocks, re-
spectively) was used as the macromolecular surfactant, BCP
crystalsomes were formed with a solid PLLA shell and the
PLLA chains are perpendicular to the crystalsome surface.!®
When a second BCP such as PLDLA-b-PEO (molar mass of 5
kg/mol for both blocks, PLLA to PLDLA mass ratio m is 3:1)
is introduced to the system (Figure 1b), miniemulsion
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Figure 1. The formation process of BCP porous crystalsomes. (a-b) Schematic process to form (a) crystalsomes with solid shells
and (b) porous crystalsomes. (c) TEM and (d) SEM images of PLLA-b-PEO porous crystalsomes formed at T of 25 °C. (e) Zoomed-
in image of a PLLA-b-PEO porous crystalsome and the corresponding SAED pattern (inset). (f) DSC thermograms of the PLLA-b-
PEO porous crystalsomes.

comprised of PLLA-b-PEO/PLDLA-b-PEO/toluene/water
was formed at 94 °C. The racemic PLDLA is miscible with
the PLLA block in the miniemulsion system and is excluded
from the PLLA lamellae when the emulsion was quenched
to 25 °C to crystallize.’® The sample was then passed
through a centrifugal filter tube and thoroughly washed
with water to remove the uncrystallized PLDLA-b-PEO be-
fore being collected for morphology study. The transmis-
sion electron microscopy (TEM) image in Figure 1c shows
spherical, cage-like particles with a diameter of ~ 8-9 um.
The surface of the particles in the image appears dark with
high contrast to the background. Scanning electron micros-
copy (SEM) images in Figure 1d better reveals the details
of the structure. These particles are apparently hollow and
porous with a thin shell. The pore size ranges from sub-mi-
crons to ~ 10 microns (Supporting information, Figure S1).
These pores are evenly distributed on the particle surface.
The edges of some pores are smooth while others are rough,
likely representing crystal microfacets. The crystalline na-
ture of the particle can be further confirmed using electron
diffraction experiments and the results are shown in Figure
1le. The zoomed-in TEM image of the particle reveals parti-
cle surface with large holes and the corresponding selected
area electron diffraction (SAED) pattern in the inset is a typ-
ical a phase PLLA [001] zone pattern.2%26 This suggests that
the shell of the particle is single crystal-like, consistent with
our previous results on homopolymer and BCP crystal-
somes.'8 20 The diffraction spots are relatively sharp, which
indicates that no obvious lattice distortion due to the curved

shape of the lamellae and this is likely because of the large
particle size (hence less lattice distortion).2% 27 The crystal-
line nature of the particle can also be confirmed by thermal
analysis. Figure 1f shows the DSC heating/cooling/heating
thermograms of the solution crystallized particles. In the
first heating, two endothermic peaks can be seen with melt-
ing peaks at48.7 °Cand 136.3 °C, corresponding to the melt-
ing of PEO and PLLA crystals, respectively. PEO blocks were
crystallized during drying of the samples from emulsion
while PLLA crystals were formed during the emulsion solu-
tion crystallization. The relative low melting point of PLLA
is consistent with our previous BCP crystalsome results,
which was attributed to the thinness of the lamella.!8 22
Atomic force microscopy (AFM) height image in Figure
S2In the first cooling curve, only PLLA crystallization was
observed. The PEO segment showed recrystallization in the
second heating thermogram, followed by melting of PEO
and PLLA blocks. The above results from morphology,
SAED, and DSC confirm the crystalline nature of the porous
particles.

Compared with the previously reported crystalsomes
with solid shells,!8 28 the porous particles can be viewed as
porous crystalsomes (PCS). To better discuss the structure,
these PCSs are named as PCS-3L1LD-25, where PCS, L, and
LD denote porous crystalsome, the hydrophobic blocks of
the BCP PLLA and PLDLA, respectively. 3 and 1 are from the
mass ratio of PLLA to PLDLA in the two BCPs (m = 3:1 in this
case), and 25 is T.. The size distribution of the PCS is
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Figure 2. Morphology of the porous crystalsomes. (a-d) Porous crystalsome with different sizes obtained by crystallization at T¢ of
25 °C for two days. (e) curvature dependence of the total pore area fraction and pore area of crystalsomes. (f) Histograms of pore
size distribution for porous crystalsomes with different diameters. (g-f) Early stages of porous crystalsome by quenching the
growth after (g) 20 min, and (h) 2 hrs.

relatively broad --- ranging from a few hundred nanome-
ters to a few microns, as shown in Figure 2a-d and S1. This
is likely due to the broad size distribution of the emulsion
droplet templates. The total fraction of the pore area of a
PCS (fa = total pore area/particle surface area) is ~ 0.15-0.3
(Figure 2e, see Figure S3 for detailed calculation), which is
similar to the mass fraction of PLDLA in the total hydropho-
bic components (Wip=mepipra/mpLpra+mprra) of the two BCPs.
Interestingly, the pore area (4p) is PCS size-dependent:
larger pores are observed in large PCSs, and the pore size
distribution is nearly bimodal with a few large pores with
>4 pm diameter and numerous 1-2 pm pores (Figure 2f).
This can be attribute to the nucleation and growth mecha-
nism of the phase separation, see later discussion. The for-
mation of the pores on the PCS surface can be attributed to
the presence of non-crystalline PLDLA-b-PEO, which serves
as a “porogen” and is likely to be removed during washing
after the crystallization process. PLDLA-b-PEO and PLLA-b-
PEO are uniformly mixed on the surface of an emulsion
droplet as PLDLA and PLLA are miscible. Upon crystalliza-
tion, similar to crystalline polymer blends, PLLA lamellae
grow following the water/ toluene interface. This process
gradually expels the amorphous PLDLA from the growth
front. As the process continues, the excluded PLDLA aggre-
gate on the surface, forming PLDLA-rich domains, which

have a rounded disk shape. Removing these domains upon
washing leads to the formation of PCSs. To better under-
stand the process, PCSs were collected at early stages of the
growth (Tc = 25 °C, crystallization time ¢t =20 min and 2 hrs).
Because no external seeds were used during crystallization,
we were able to capture a variety of morphologies using a
relatively shorter crystallization time. SEM images in Fig-
ures 2g shows that the bottom of the crystals collapse onto
the substrate, forming a flat bottom with uprising rims. The
edges of the rims are quite rough, seemly formed by remov-
ing rounded PLDLA-b-PEO domains that were original ex-
pelled to the crystal growth front. In some crystal, the pores
began to appear at the rim of the platelet like structures and
just inside the rim (Figure 2h).

Since PLDLA-b-PEO is viewed as the porogen in the PCS
formation process and the pores are formed due to PLLA-
crystallization-driven BCP phase separation, the mass ratio
of the BCPs m and crystallization T. were tuned to control
the morphology of the PCSs. Figure 3 shows the morphol-
ogy map of PCSs formed in 12 different conditions. Each row
in the figure has a fixed composition (m varied from 1 to 3
to 7 from top to bottom rows) and each column has the
same T.. When m < 1, PCSs were not observed, likely be-
cause that the PLLA content was too low to retain the



1:1

PLLA:PLDLA ratio
3:1

7:1

T,=45C

T,=25C T,=0 °C

Crystallization Temperature

Figure 3. Morphology of porous crystalsomes formed at different PLLA: PLDLA ratio and T¢. (a-d) PLLA: PLDLA = 1:1; (e-h)
PLLA:PLDLA = 3:1; (i-1) PLLA:PLALA = 7:1. Tc = 55 °C for (a, e, i), 45 °C for (b, f, j), 25 °C for (c, g, k), and 0 °C for (d, h, 1).

spherical morphology of the crystals after removing
PLDLA-b-PEO during washing (Supporting Information,
Figure S4). PCSs were observed for m=1, 3 and 7, as shown
in the figure. PCS-1L1LD-25and PCS-7L1LD-25 are similar to
the previously observed PCS-3L1LD-25, large pores are evi-
dent, and the PCSs surfaces are smooth. The pore size and
pore surface area A, are similar although the PLLA to PLDLA
ratios were significantly different, suggesting that some of
the PLLA-b-PEO might have also been removed during the
washing process. As we changed T. from 25 °C to 45 and 55
°C, taking the PCS-3L1LD as an example (the middle row in
the figure), the PCS morphology remains largely the same.
However, when Tc was decreased to 0 °C, a drastically dif-
ferent morphology was seen: only small pores were ob-
served on the crystalsome surface and the total pore areas
are also very low. Similar observations were also seen in
PCS-1L1LD and PCS-7L1LD (top and bottom rows of the fig-
ure): the PCS morphology obtained from T¢ = 25, 45 and 55
°C is quite consistent with large pores and pore area, while
at Tc = 0 °C, the crystalsomes show much smaller pores (Fig-
ure S5 shows DSC heating thermographs of PCS-3L1LD
formed at T:=0, 25,45 °C. This observation can be explained
by consideration of the phase diagram of the two BCPs. Fig-
ure 4 shows a typical phase diagram for a crystalline poly-
mer solution or blend, where both binodal and crystalliza-
tion lines are shown. The miscibility of the two component
polymers affects the relative location of the binodal to the

crystallization line. In the system utilized here the good mis-
cibility of the polymers such as a PLLA/PLDLA pair will set
the crystallization line above the 2-phase region.’® There-
fore, no phase separation between PLLA and PLDLA is ex-
pected in the high temperature region. Upon quenching the
miniemulsion system to 0 °C, PLLA will quickly crystallize,
and the fast crystallization arrests the PLDLA-b-PEO so that
limited phase separation between the two BCPs could oc-
cur, and the PLDLA-rich domain size therefore is small.
Since most of the PLDLA-b-PEO is trapped in the PLLA crys-
tals, it's more difficult to remove them during washing,
which leads to the final PCSs with limited and small pores.
Note that this quenching experiment provides a unique op-
portunity to fabricate PCSs with small pores. The above dis-
cussion suggests that changing PLDLA block to another pol-
ymer that is less miscible with PLLA could potentially alter
the phase separation/crystallization process and change
the PCS morphology. To test this hypothesis, poly(styrene)
(PS)-b-PEO, with a molar mass of 5k g/mol for each block,
was used to replace PLDLA-b-PEO in the emulsion. PS and
PLLA are immiscible compared to PLDLA and PLLA. Figure
4b shows the SEM image of the PCS formed after crystalliz-
ing the emulsion at 25°C. The pore size in these PCSs is
much smaller compared to the PLDLA case. The other clear
feature is the lack of microfacets around the pore edges,
which suggests that a phase separation process occurred ar-
resting the PLLA domains followed by the
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Figure 4. Formation process of porous crystalsomes. (a) schematics of the phase diagram of two BCPs at an emulsion interface.
Lines 1 and 2 are binodal lines corresponding to systems with different miscibility. (b) SEM images of a porous crystalsome formed
by crystallization of PLLA-b-PEO and PS-b-PEO emulsions at 25 °C. (c¢) Two pathways of porous crystals. In the top row, phase sep-

aration occurs prior to PLLA crystallization, while the bottom row depicts that PLLA crystallization induced phase separation.

crystallization in those domains. Figure 4c summarizes
the two different pathways of the PCS formation. We start
from high temperature where the two organophilic blocks
(either PLLA/PLDLA pair or PLLA/PS pair) are fully dis-
solved. In the case of PLLA-b-PEO/PLDLA-b-PEO (pathway
1, bottom), quenching the system to the higher T. leads to
PLLA crystallization, which expels PLDLA from the PLLA
crystals. Crystallization-induced phase separation between
PLLA and PLDLA then occurs, leading to PLLA-rich and
PLDLA rich domains on the surface of the crystalsomes. This
process also explains the multimodal nature of the pores be-
cause the continuous nucleation and growth of the new
PLDLA-rich domains. Therefore, the dispersity and size of
the pores in this type of process are dictated by the rate of
crystal growth, the nucleation and growth rate of new
PLDLA-rich domain, and diffusion of PLDLA molecules at
the water/organic interface, which is evident by the mor-
phology variation for PCSs formed at different T.. In the sec-
ond pathway where the organophilic blocks are less misci-
ble (PLLA and PS, top row in the figure). In the emulsion
formed by of PLLA-b-PEO/PS-b-PEO. PLLA and PS have a
much stronger drive to phase separate, which could quickly
take place before PLLA crystallization (pathway 2, top). This
leads to PCSs with a small, uniform, and round pore mor-

phology.

In summary, we have shown a new, bottom-up approach
to fabricated porous hollow polymer nanoparticles. The
structure was formed by controlling the polymer phase sep-
aration and crystallization process in a miniemulsion sys-
tem formed by two amphiphilic BCPs. The competition be-
tween BCP phase separation and crystallization led to the
formation of unique porous crystalline capsules named as
PCSs. The crystalline domain forms the scaffold of the PCSs
and the pore sizes can be controlled by tuning BCP phase
separation and polymer crystallization. Further work will
be conducted to investigate the particle size control and po-
tential applications of these new porous particles.
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