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Abstract

We report the size-controlled self-assembly of polymersomes through the cooperative self-
assembly of nanoparticles and amphiphilic polymers. Polymersomes densely packed with
magnetic nanoparticles in the polymersome membrane (magneto-polymersome) were fabricated
with a series of different sized iron oxide nanoparticles. The distribution of nanoparticles in a
polymersome membrane was size-dependent; while small nanoparticles were dispersed in a
polymer bilayer, large particles formed well-ordered superstructure at the interface between the
inner and outer layer of a bilayer membrane. The yield of magneto-polymersomes increased with
increasing the diameter of incorporated nanoparticles. Moreover, the size of polymersomes was
effectively controlled by varying the size of incorporated nanoparticles. This size-dependent self-
assembly was attributed to the polymer chain entropy effect and the size-dependent localization of
nanoparticles in polymersome bilayers. The transverse relaxation rates (r,) of magneto-
polymersomes increased with increasing the nanoparticle diameter and decreasing the size of
polymersomes, reaching 555 #+ 24 s~ImM~1 for 241 + 16 nm polymersomes, which is the highest
value reported to date for superparamagnetic iron oxide nanoparticles.
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Vesicles made of amphiphilic polymers (polymersomes) have received significant attention
in recent years for a number of applications such as /n vivo imaging and drug delivery due to
their structure and properties mimicking biological membranes!3 as well as their chemical
versatility.#~ For successful implementation of polymersomes in many of the applications,
it is critical to fabricate size-controlled polymersomes loaded with desired functional
encapsulates.2 & 9 In nature, biological vesicles can adopt a broad range of membrane
curvatures and sizes through the intricate and dynamic interactions between phospholipid
bilayers and nanometer-scale cellular components (e.g., membrane proteins),1? which is
important in many biological processes.!! Here, we show that a similar structural behavior
occurs in the binary self-assembly of amphiphilic polymers and artificial nanoparticles, and
demonstrate that size-controlled polymersomes can be formed by the incorporation of
nanoparticles in the polymersome membrane.

It is indeed a challenging task to prepare uniform sized polymersomes with a desirable
diameter. Commonly used fabrication techniques typically produce polydisperse assemblies
with broad size distributions'2: 13 because vesicle formation depends much on
nonequilibrium aspects of the assembly process.1* For example, polymersomes formed by
the film hydration method possess a size distribution ranging from ~ 100 nm to ~ 10 um.
Therefore, post-assembly processes such as membrane extrusion, sonication, freeze-thaw
cycles are typically used to narrow the size distribution.1>-18 Recently, a few elegant
approaches have been developed to fabricate uniform sized polymer vesicles.1® 20 For
example, Ryan et al. reported that micrometer-sized polymersomes with low polydispersity
can be fabricated by the hydration of lithographically patterned block-copolymer films.19
Weitz and coworkers showed that highly monodisperse polymersomes can be fabricated
using a microfluidic device.2% For smaller submicrometer-sized polymersomes, which are
much needed for Jn vivo applications,® inkjet,2! microfluidics,?2 and nanoprecipitation23-25
methods have been successively utilized to make polymersomes with narrow size
distribution.

Herein, we report a novel approach to fabricate size-controlled sub-micrometer
polymersomes based on the cooperative self-assembly of inorganic nanoparticles and
amphiphilic polymers and show how the size of nanoparticles influences the binary self-
assembly. We show that the incorporated nanoparticles in polymersome membranes control
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the membrane curvature and the size of polymersomes through the size-dependent
localization of nanoparticles in the polymersome membrane. Based on the approach, we
fabricated uniform submicrometer sized superparamagnetic polymersomes loaded with iron
oxide nanoparticles (magneto-polymersomes) in controllable diameters, and achieved
exceptionally high transverse relaxation rates.28

RESULTS AND DISCUSSION

In typical experiments, magneto-polymersomes were formed by inducing the self-assembly
of amphiphilic polymers in the presence of oleic acid-stabilized iron oxide nanoparticles by
the slow water addition method, following our previously reported procedure (Figure 1a).2’
A series of different sized iron oxide nanoparticles (5.6 £ 0.5 nm, 5.8 + 0.7 nm, 6.4 £ 0.5
nm, 9.9+0.8nm, 10.8 £ 0.7 nm, 15,5+ 0.8 nm, 16.3 + 1.1 nm, and 19.9 + 1.3) were
synthesized by a modified literature procedure?® 29 to study the nanoparticle size effect on
the self-assembly of magneto-polymersomes. The as-synthesized nanoparticles were
assembled with an amphiphilic polymer of poly(acrylic acid) and polystyrene (PAA-5-PS)
without any surface modification (Figure 1a).27 Briefly, PAAsg-5-PS75 in 1,4 dioxane
(dioxane, 1500 z4) and nanoparticles in tetrahydrofurane (THF, 50 £L) were first mixed
together at 25 nanoparticle weight percent (np wt%). Then, 600 £L of water was slowly
added to the solution at the rate of 10 £A./30 sec for 30 min to induce self-assembly of
amphiphilic polymers and nanoparticles. Resulting co-assemblies were dispersed in water by
dialysis and centrifugation and characterized by dynamic light scattering (DLS) and
transmission electron microscopy (TEM).

The TEM images showed well-defined polymersomes densely loaded with nanoparticles in
the polymersome membrane (Figure 1). Cryo-TEM images (Figure 1c—d and f—g) revealed
that the broken polymersomes shown in normal TEM images (Figure 1e) are actually intact
when dispersed in water (Figure 1f—g). They also show that large nanoparticles (19.9 nm,
Figure 1f—g) form well-ordered curved two-dimensional superlattices3?: 31 in the
polymersome membrane (vide infra).

To confirm the hollow structure of polymersomes, magneto-polymersomes assembled with
10.8 nm and 16.3 nm particles were imaged by TEM tomography (Figure 2, Movie 1, and
Movie 2). At roughly the half-way slicing through the vesicle containing 10.8 nm particles
(Figure 2a.v, Movie 1), clear polymer edges are seen on both sides of nanoparticles. The
three-dimensional (3-D) surface rendering of the tomographic volume (Figure 2b) also
confirms the hollow structure with nanoparticles located in the vesicle wall. The tomography
data of magneto-polymersomes containing 16.3 nm particles (Figure 2c, Movie 2) shows
well-ordered arrays of nanoparticles as well as the hollow structure.

In order to investigate the nanoparticle size effect on the self-assembly of magneto-
polymersomes, a range of different sized nanoparticles were self-assembled with a micelle-
forming polymer with a relatively short PS, PAA3g-6-PS73 at a constant nanoparticle weight
percent (25 np wt%) (Figure 3). The incorporation of nanoparticles induced a micelle-to-
vesicle morphology change, consistent with our previous result,2” yielding mixtures of
magneto-polymersomes (Figure 3a—c, blue arrows) and magneto-micelles (Figure 3a—c, red
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arrows) in varying ratios. Interestingly, the population of polymersomes increased with the
size of nanoparticles and reached 82% polymersome yield for 16.3 nm particles (Figure 3d),
revealing that the diameter of incorporated nanoparticles is an important factor that affects
the polymersome formation. We hypothesize that the size-dependent polymersome yield is
due to the entropic cost of inserting large nanoparticles in a polymer domain. This factor
should be especially important for amphiphilic polymers with a relatively short hydrophobic
block used in this study. As mentioned above, cryo-TEM and TEM tomography data showed
that large nanoparticles form ordered two-dimensional superlattices (Figure 2c, Figure 4c)
presumably at the PS-PS interface between the inner and outer layer of the polymersome
membrane (Figure 4d (right)). The formation of ordered superlattices is believed to be the
result of the large entropic cost caused by inserting large nanoparticles within a PS domain.
Small particles on the other hand can be dispersed in a polymer domain of polymersomes
(Figure 4a, Figure 4d (left)) or micelles (Figure 1c) without causing too much entropic
penalty. Similar behavior has been observed in thin film self-assembly studies of A-B block
copolymers and A-grafted nanoparticles, where large nanoparticles were segregated to the
center of A domain of a lamella phase while small particles were embedded within a
polymer domain.32 Note that in solution phase self-assembly studied here, a large area A-A
polymer interface is obtained by adopting vesicle or bilayer structures. Therefore, the
addition of large particles can induce effective micelle-to-vesicle morphology changes.

To further understand the nanoparticle-induced morphology change, we modeled our system
in two dimensions using a variation of polymer self-consistent field theory (SCFT)33. 34
known as the hybrid particle-field theory.3> Polymer chains were treated on a coarse-grained
scale as A-B diblock copolymers immersed in a solvent that is chemically identical to the
hydrophilic A block of the copolymer. The interactions between the hydrophilic components
(A), hydrophobic polymer block (B), and the nanoparticles were each captured through a set
of distinct Flory x parameters to ensure strong phase separation between A and B
components and preferential wetting of nanoparticles by the hydrophobic B block of the
copolymer. The relative free energy and polymer chain entropy were calculated under a
variety of nanoparticle loading conditions for two different nanoparticle sizes and varying
volume fraction of the hydrophilic polymer (7). Representative images of nanoparticle-
loaded micelles and polymersomes used in the calculations are shown in supporting
information (Figures S5 and S6). The calculated free energy and entropy values are plotted
as a function of 74 in Figures 3e and 3f. In the absence of nanoparticles, micelles were found
to be more stable than vesicles for a wide range of 74 (4 > 0.3) (Figure 3e, black). Upon the
incorporation of nanoparticles, the free energy of vesicles (/A/) became substantially lower
than that of micelles (/) at all calculated values of 7 (Figure 3e, green and red), indicating
that the vesicle structure becomes more stable than micelles with the addition of
nanoparticles. The entropic penalty of forming polymersomes relative to that of forming
micelles is significantly reduced with the incorporation of nanoparticles (Figure 3f),
supporting that the polymer entropy indeed contributes to the nanoparticle-induced
polymersome formation. While these calculations do not necessarily predict that the
simulated polymersomes are the most stable structure, they clearly show how the
polymersome formation can be favored over micelles in the presence of nanoparticles.

ACS Nano. Author manuscript; available in PMC 2017 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hickey et al.

Page 5

Furthermore, the stabilization of polymersomes was found to be more pronounced for larger
particles (Figure 3e, f), which explains the experimentally observed size-dependent
polymersome yield shown in Figure 3d. When the nanoparticle radius (4}) was increased
from 1.34 Ry to 2.24 R, where Ry is the radius of gyration of the block copolymer, the free
energy difference between the polymersomes and micelles became significantly larger
(Figure 3e, green and red). The entropic cost for incorporating nanoparticles in micelles
compared to that in vesicles was also found to be substantially larger for larger particles for
a wide range of 75 (Figure 3f). These results are consistent with our hypothesis that the
entropic cost of incorporating nanoparticles in a polymer matrix is responsible for the
micelle-to-vesicle morphology change.

Interestingly, we found that the size of polymersomes can be effectively controlled by
varying the size of incorporated nanoparticles. The TEM (Figure 3g) and DLS (Figure S2)
measurements revealed that the polymersome size gradually decreased with increasing the
size of nanoparticles, as illustrated in Figure 3h. We attribute the size-controlled assembly of
polymersomes to the asymmetric layer structure of vesicle membranes and the size-
dependent nanoparticle distribution in the membrane. The bilayer making up the vesicle
membrane is composed of an inner and an outer layer of amphiphilic polymers with distinct
molecular packing structures; the outer layer has a smaller relative volume for the
hydrophobic block while the inner layer has a larger relative volume for the hydrophobic
block. This distinct layer structure is shown to be important for the formation of vesicles.
For example, Eisenberg and coworkers have reported that a mixture of different length PAA-
b-PS tend to assemble into polymersomes by segregating polymers with longer PS chains
(or shorter PAA chains) in the inner layer of polymersomes.38: 37 In the binary self-assembly
of nanoparticles and amphiphilic polymers studied here, nanoparticles are expected to
preferentially partition in the inner layer to support the asymmetric layer structure of
polymersome membranes. As mentioned above, small particles (5.8 nm, Figure 4a) are
dispersed throughout the membrane presumably with more particles concentrated in the
inner layer. For large nanoparticles forming a monolayer at the PS-PS interface of the
polymersome wall, a larger fraction of each nanoparticle should be immersed in the inner
layer to support the asymmetric layer structure (Figure 4c, Figure S3). The selective
localization of nanoparticles in the inner layer should be more pronounced for larger
particles. Therefore, the curvature of the membrane becomes higher with the incorporation
of larger particles, resulting in smaller polymersomes, as illustrated in Figure 4d. In a related
work, Einsenberg and coworkers previously showed that the self-assembly of poly(amido
amine) dendrimers and PAA-b-PS resulted in the incorporation of PS-coated dendrimers into
vesicle wall.38: 39 |n that work, the size of polymersomes became larger with larger
dendrimers due to thicker vesicle wall. The size trend observed with a vesicle forming
polymer and PS-coated dendrimers is the opposite of the size dependence observed here
with a short polymer and alkyl-terminated hard nanoparticles. It indicates that the polymer
entropy plays an important role in the morphology change and the unusual size dependence
observed here with a micelle-forming polymer with short PS. On the other hand, the
nanoparticle weight percent did not significantly affect the size of polymersomes (Figure 5),
supporting that the change in the polymersome size with the dimension of incorporated
nanoparticles is not due to the simple hydrophobic volume effect.
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To evaluate the magneto-polymersomes for their potential use as an MRI contrast agent,
transverse relaxivity rates (72) were measured for magneto-polymersomes prepared from
different sized nanoparticles and are plotted in Figure 6 along with the size of
polymersomes. The r, of water surrounding nanoparticle assemblies is known to increase
with increasing the nanoparticle size*? or increasing the size of nanoparticle

assemblies.2?: 41743 |n magneto-polymersomes studied here, the 7, values gradually
increased with increasing the nanoparticle diameter and decreasing the polymersome size,
indicating that the nanoparticle size effect is dominant.28 This result is ideal as both smaller
sized polymersomes and higher 7, values are desirable for MRI applications. Polymersomes
assembled with 15.5 nm particles had an average hydrodynamic diameter of 241 + 16 nm
(DLS), which is comparable to the size of typical polymersomes (~ 300 nm) made by the
thin film hydration and membrane extrusion.2® The , value of the 241 nm magneto-
polymersomes was determined to be 555 + 24 s~ImM™~1, which is the highest value reported
thus far for superparamagnetic iron oxide particles.28

CONCLUSIONS

In summary, polymersomes densely loaded with iron oxide nanoparticles were fabricated by
the cooperative self-assembly of nanoparticles and amphiphilic polymers of PAA-56-PS. It
was found that the yield of polymersomes increases with the size of incorporated
nanoparticles as well as nanoparticle weight fraction when a micelle-forming polymer was
used for the self-assembly. The size-dependent morphology change was explained by the
entropic cost caused by incorporating large nanoparticles in a polymer domain. Furthermore,
we found that the size of nanoparticles determines the size of polymersomes. This size-
controlled self-assembly was explained by the partitioning of large nanoparticles towards the
inner layer of polymersome membranes, which results in a large membrane curvature. This
behavior is reminiscent of how protein binding and clustering affect the curvature of cell
membranes. Based on the approach, we were able to reduce the polymersome diameter from
513 + 76 nm to 257 + 90 nm by increasing the nanoparticle diameter from 5.8 nm to 16.3
nm. Note that controlling the size of polymersomes is a challenging task because typical
fabrication techniques rely on kinetic processes. The nanoparticle-induced self-assembly of
polymersomes reported here provides a new and reliable way to form size-controlled hollow
polymer assemblies possessing the functionalities of nanoparticles.

METHODS AND MATERIALS

Materials and instrumentation

Sodium oleate (TCI, 95%), oleic acid (Aldrich, 90%), 1-octadecene (Aldrich, 90%), 1,4-
dioxane (99 +%, Extra Pure, Stabilized, Acros Organics) were used as received without
further purification. THF was freshly distilled prior to use from sodium/benzophenone under
nitrogen. Iron oxide nanoparticles were synthesized by a modified literature procedure.28: 29
Block copolymers of PAA-6-PS;, were synthesized by the reversible addition
fragmentation chain transfer (RAFT) polymerization following a previously reported
procedure.*4 Magnetic relaxivity measurements and iron concentrations were determined
following a previously reported procedure.2” Magneto-polymersomes were characterized by
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cryo-TEM following a previously reported procedure.*> Conventional TEM images were
taken using a JEOL 1400 electron microscope, cryo-TEM images where taken using both a
JEOL 2010 and JEOL 2010F, and STEM images were acquired using a JEOL 2010F
electron microscope. Dynamic light scattering (DLS) measurements were taken with a
Malvern Zetasizer Nano Series.

Self-assembly

To generate magneto-polymersomes, iron oxide nanoparticles and PAAzg-6-PS73 were self-
assembled by the slow addition of water to dioxane/THF (96.8% dioxane) solution of
nanoparticles and polymers. In typical experiments, a THF solution of 5.8 nm nanoparticles
(50 £ of a 3.0 mg/mL) was mixed with a PAAzg-6-PS73 in dioxane (500 £, 0.9 mg/mL) at
25 np wt%. Here, the weight percent of nanoparticles is defined by 100 % times the mass of
nanoparticles over the combined mass of nanoparticles and polymers. The total volume of
the nanoparticle/polymer solution was adjusted to 1.55 mL by adding additional dioxane.
Then, water (600 z1.) was slowly added (10 zL per 30 s) to the mixture of nanoparticles and
block copolymers while stirring. The mixture was kept under stirring for 15 hours before
adding additional water (1.5 mL) over 15 minutes. Then, the sample was dialyzed against
water for 24 hours, and concentrated by centrifugation (14,000 rpm, 30 min). The purified
assemblies were redispersed in 200 gL of deionized water.

TEM tomography

For electron tomography, tilted projection images collected at 1° tilt intervals from —76° to
78° were recorded with a Gatan 4K x 4K charge-coupled device (CCD) camera (Gatan Inc.,
Pleasanton, CA) mounted on a Tecnai F20 electron microscope (FEI Corporation, Hillsboro,
OR) equipped with a field emission gun (FEG) operating at 200 kV. An ultra-high tilt room
temperature tomography holder Gatan 916 (Gatan Inc., Pleasanton, CA) was used to access
high tilt angles. A series of images were recorded at a nominal magnification of 29,000 x
and at under-focus value of 1.5um along the tilt axis. A back-projection algorithm, as
implemented in the IMOD reconstruction package,*6 was used to convert the information
present in the series of tilted projection images into three-dimensional density maps. The
surface rendering was generated using the Chimera software.*’

Self-consistent field theory

A two-dimensional polymer field theory was used to model nanoparticle-loaded vesicles and
micelles.33. 34 We used a coarse-grained model of A-B diblock copolymers in a solvent that
is chemically identical to the hydrophilic A block of the copolymer. As we are primarily
concerned with relatively short polymers, we employed the discrete Gaussian chain model
for the diblock copolymers. Each chain was consisted of 30 total segments (N = Na+Np).
The composition of the diblock copolymer given as £4 (= Na/ N) was varied by changing
N4 while keeping N constant. Nanoparticles were introduced using the hybrid particle-field
theory reported by Sides et a/3° The repulsion between A and B components was captured
by setting the Flory chi parameter of the A/B pair (x ag) to 2.0. The chi parameters of A/
nanoparticle pair (x ap) and B/nanoparticle pair (x gp) were set to 0 and 5.0 respectively to
enforce the preferential wetting of nanoparticles by the hydrophobic polymer block. The
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detailed derivation of our model and our numerical approach is presented in the Supporting
Information.

Supplement
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic representation of the self-assembly of magneto-polymersomes from iron

oxide nanoparticles and amphiphilic block copolymers. Light gray lines, dark gray lines, and
red dots represent PAA, PS, and iron oxide nanoparticles, respectively. (b—d) Conventional
TEM (b) and cryo-TEM (c) and cryo-STEM (d) images of magneto-polymersomes
assembled with 10.8 nm particles. Blue and red arrows indicate polymersomes and micelles,
respectively. (e-g) Conventional TEM (e), cryo-TEM (f), and cryo-STEM (g) images of
magneto-polymersomes assembled with 19.9 nm particles. Cryo-TEM images show intact
magneto-polymersomes, indicating that the broken polymersomes observed in normal TEM
(e) are due to the drying process.
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Figure 2.
TEM tomography of magneto-polymersomes assembled with 10.8 and 16.3 nm iron oxide

particles. (a) 0.23 nm thick X-Y computational slices (i-vi) of the 3-D tomographic volume
containing magneto-polymersomes assembled with 10.8 nm iron oxide particles, shown in
every 60 slices (13.8 nm) through the volume. The scale bar is for 200 nm. (b) 3-D surface
rendering of the polymersomes shown in a, viewed from side (i), bottom (ii) and as a slab
(iii). (c) 3-D surface rendering of a magneto-polymersome assembled with 16.3 nm iron
oxide particles, showing nanoparticles form ordered arrays in the polymersome. The
magneto-particles are colored red to yellow according to the radial position from the center
(top) or red to blue according to the height (bottom). The scale bar is for 100 nm.
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Figure 3.

(a—c) TEM images of magneto-polymersomes assembled with (a) 6.4 nm, (b) 10.8 nm, and
(c) 16.3 nm iron oxide particles at 25 np wt %. Blue and red arrows indicate polymersomes
and micelles, respectively. (d) TEM analysis of polymersome number percent, which is
defined by 100% times the number of polymersomes over the number of assemblies
(polymersomes and micelles). Over 200 assemblies were counted for the analysis. (€) The
calculated relative Helmholtz free energy of nanoparticle-free (black) or nanoparticle-loaded
(green and red) polymer assemblies as a function of £4 for two different nanoparticle radii
(green: 1.34 Ry, red: 2.24Ry). (f) The average entropy per diblock copolymer chain in
vesicles (Sy) minus that in micelles (Sy). The error bars in (e) and (f) represent the standard
error averaged over three different micelle configurations for the larger particle system
(2.24Ry), and five configurations for the smaller particle system (1.34/). In all calculations,
f4 was varied while keeping the chain length A/ of the polymer constant. (g) Size histogram
of magneto-polymersomes determined by TEM. (h) A pictorial description showing how the
nanoparticle size affects the polymersome population and dimension.
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Nanoparticle size

Figure 4.
Reconstructed 3-D surface rendering of the tomographic volume and X-Y computational

slices (0.23 nm) at the mid-point of magneto-polymersomes assembled with (a) 5.8 nm, (b)
9.9 nm, and (c) 16.3 nm iron oxide particles. Scale bars are 100 nm. (d) Pictorial
representation showing how the nanoparticle size affects the curvature of polymersome
membranes.
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(a) The diameters of magneto-polymersomes incorporating 5.6, 5.8, 6.4, 9.9, 10.8, 15.5,
16.3, and 19.9 nm particles determined by DLS at two different nanoparticle weight percent.
The standard deviation was calculated from three different measurements. (b) The
hydrodynamic diameter of magneto-polymersomes formed with 5.6 nm particles as a

function of nanoparticle weight percent.
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Figure 6.
Transverse relaxivity rates (1) for magneto-polymersomes loaded with different sized iron

oxide nanoparticles at 25 np wt %. The 7, values (black) were calculated to be 295 + 24
sImM™1, 378 + 35 sImM~1, 561 + 38 sTImM 1, and 555 # 24 s~'mM~1 for magneto-
polymersomes made from iron oxide nanoparticles of diameter 5.6 nm, 6.4 nm, 10.8 nm,
and 15.5 nm, respectively. The sizes of the magneto-polymersomes (red) from Figure 5b
were plotted along with the 7, values. The standard deviations of the r, values were
determined from at least three separate samples. The plots of inverse transverse relaxation
time (1/7;) versusiron molar concentration are provided in the supporting information.
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