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Abstract: Random polystyrene copoly-
mers grafted with complementary rec-
ognition elements were combined in
chloroform producing vesicular aggre-
gates, that is, recognition-induced poly-
mersomes (RIPs). Reflection interfer-
ence contrast microscopy (RICM) in
solution, coupled with optical micro-
scopy (OM) and atomic force micro-

the RIPs. Rather than a conventional
mono- or bilayer structure (~10 or
~20 nm, respectively) the RIP mem-
brane was 43+7 nm thick. Structural
arrangement of the polymer chains on

Keywords: hydrogen bonds . mo-
lecular recognition - nanotechnolo-
gy - self-assembly - supramolecular

the RIP wall were characterized by
using angle-resolved X-ray photoelec-
tron spectroscopy (AR-XPS). The inte-
rior portion of the vesicle membrane
was found to be more polar, containing
more recognition units, than the exteri-
or part. This gradient suggests that a
rapid self-sorting of polymers takes
place during the formation of RIPs,

scopy (AFM) on solid substrates, were

. . chemistry
used to determine the wall thickness of

Introduction

Application of specific recognition processes to the control-
led aggregation of synthetic macromolecules, such as poly-
mers!!l and dendrimers,” is a versatile strategy due to the
precise “lock-and-key” control over molecular-level interac-
tions,””! as well as the inherent reversibility and self-healing
properties of the resulting supramolecular materials. The
noncovalent interactions that define the self-assembly pro-
cess are responsible for the highly ordered, diverse systems
found in nature; providing inspiration for the creation of
new self-assembled structures.!

Vesicles or liposomes are versatile supramolecular sys-
tems with unusual stability and great potential as functional
materials. The closed bilayer structure inherent within vesic-
ular systems provides an effective barrier between the fluid
internal medium and the external bulk environment, while
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providing the likely mechanism for
vesicle self-assembly.

still allowing selective transport across the membrane and
opening a variety of applications. As such, these systems
have generated much interest for their broad utility in fields
as diverse as drug delivery,?! encapsulation of active
agents,”! microreactivity,”! and biomodels.’! Significant ad-
vances in synthetic polymer chemistry have allowed for the
advent of highly analogous vesicular architectures composed
of well-defined amphiphilic polymers, that is, polymer vesi-
cles (referred to as “polymersomes”)"”! and peptide—polymer
conjugates, called “peptosomes”.'”! In recent years, numer-
ous researchers have contributed to this growing field with a
variety of polymers."!! Notably, Discher and co-workers,
who coined the term polymersome,'?! originally constructed
polymersomes from diblock copolymers of polyethylene-
glycol-polyethylethylene™ and polyethyleneglycol-poly-
butadiene" (the former employed to allow membrane
crosslinking) and demonstrated the resulting polymersomes
to be nearly an order of magnitude stronger owing to the
larger membrane thickness (~8 nm) relative to liposomes
(~3-4 nm). Additionally, Eisenberg and co-workers have in-
vested considerable effort to demonstrate the thermody-
namics of formation,'™ stabilization,'” and size control;l'”}
the kinetics of fusion;' and other vesicle transforma-
tions."! Taken as a whole, these vesicular systems have
broadened our capability to develop pragmatic devices for
these applications.

In recent studies, we have reported the construction of
giant vesicular aggregates, or recognition-induced polymer-
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somes (RIPs), from spontaneous assembly of randomly sub-
stituted, complementary copolymers.”! Upon combination
in noncompetitive solvents, the covalently attached diamido-
pyridine (DAP) and thymine (Thy) recognition elements on
random polystyrene copolymers (Figure 1) form a three-
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Figure 1. a) Random complementary DAP and Thy polymers. b) Sche-
matic illustrating formation of vesicular aggregates.

point hydrogen bonding recognition dyad. This self-assem-
bly is unprecedented, as there is no directionality inherent
in the polymer components. While we have established that
these specific three-point hydrogen bonds were necessary
for the formation of vesicular structures,”! the origin of the
formation of vesicular structures from these random copoly-
mers and the actual structure of the vesicle wall remained
unknown. Understanding the mechanism of formation and
the structure of the vesicle membrane will potentially lead
to new technologies that incorporate a “lock-and-key” motif
to control transport across the membrane and gain reversi-
ble control over the assembly process. Herein, we report our
recent investigations on the structure of the RIP walls, pro-
viding insight into the vesicle wall structure, including thick-
ness and the arrangement of the polymer chains in the RIP
membrane. From the latter, we are able to provide a mecha-
nism for RIP formation based on the self-sorting of the
random polymer chains.

Results and Discussion

We performed freeze—fracture (FF) on a vitrified sample of
RIPs to confirm the retention of the vesicular structure and
visualized the replica with TEM (Figure 2). In recent years,
researchers have performed FF-TEM in organic solvents;?*
however, to the best of our knowledge, this is the first ac-
count of freeze—fracture reported in chloroform. The micro-
graphs in Figure 2 provide a definite confirmation of the ve-
sicular morphology; however, the shadowing process ob-
scured the quantitative determination of the vesicle mem-
brane thickness.
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Figure 2. Freeze—fracture TEM images of polymersomes. Samples were
vitrified in chloroform five minutes after combination of DAP and Thy
polymers.

Our studies were focused on the quantitative characteriza-
tion of the thickness of the polymersome membrane. Reflec-
tion interference contrast microscopy (RICM) was used to
quantify the wall thickness in solution.”® In the RICM tech-
nique, interference occurs between light reflected at the
glass/vesicle interface and at the interior chloroform/mem-
brane interface (Figure 3a). This interference between light
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Figure 3. a) Schematic illustration of the RICM setup, b) RICM image,
and c) intensity profile change with the radial distance from the center.
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from the RIP membrane and light reflected by a planar sub-
strate provides image contrast with spatial sensitivity of
~2nm.”¥ By plotting the intensity change with radial dis-
tance from the center of the micrograph, the thickness of
the vesicle membrane was found to be 52 nm (see Support-
ing Information).

In further studies, we focused on the deposition of RIPs
on the planar silica substrates to exploit quantitative surface
characterization techniques on the vesicle membrane. RIPs
were slowly deposited onto oxidized silicon substrate, by
dipping into 3 mgmL~! polymersome solution and removal.
These surfaces were dried under high vacuum overnight. Ini-
tial optical microscopy studies confirmed that RIPs retained
their shape (see Supporting Information).

The average mean diameter of the vesicles in solution was
3.3+0.9 um, after depositing them on silica substrate; the
average mean diameter was 4.3+1.3 um. The diameters of
RIPs placed on the surface were 1 um larger than those in
solution, and the overall size distribution profile was pre-
served in the deposition process (Figure 4).
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Figure 4. Size distributions of polymersomes in solution and after deposi-
tion on silica substrate.

Remarkably, optical microscopy images of the collapsed
RIPs evidenced a consistent blue color indicating a uniform
wall thickness corresponding to 70-100 nm. We used a more
sensitive surface characterization method, atomic force mi-
croscopy (AFM), which has already been used as a comple-
mentary tool for determining the thickness of the vesicle
walls™™! with <1 nm vertical resolution. Surface-deposited,
collapsed spherical RIP membranes have a thickness equal
to twice the wall thickness (2d) of the vesicles in solution.
Half of this vertical distance from the AFM analysis provid-
ed the vesicle membrane thickness (Figure 5). We analyzed
thirty different vesicles and the average thickness of the
vesicle membrane is 43 +7 nm.

Taken together, these determinations of wall thickness on
substrates and in solution indicate that the walls of our RIPs
are of uniform thickness. Moreover, the RIP wall thickness
changed relatively little upon drying, indicating that these
walls are dense, as opposed to open gels that would be ex-
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Figure 5. a) Atomic force microscopy (AFM) height image of RIPs on sil-
icon substrate; the arrows indicate the position at which height measure-
ments were made. b) AFM phase image and c) height profile of the
AFM image: vertical distance at the center is equal to twice the wall
thickness of the vesicle in solution.

pected to exhibit greater shrinkage upon drying. Of particu-
lar interest is the fact that the wall thickness is not commen-
surate with either a monolayer or bilayer structure (~10 or
20 nm, respectively, for extended chains). The origin of this
unanticipated yet highly uniform wall thickness provides an
interesting goal for future structural and modeling studies
that are currently being undertaken.

Phase segregation, and hence directionality, is a prerequi-
site for the formation of vesicular structures. The lack of
well-defined head groups on our random copolymers makes
the formation of vesicles in these systems unique. However,
we believe that the randomness inherent within our poly-
mers provides a “pseudo-blocky” structure (Figure 6). The

a)
I P : ! A o ,«:: ‘IJ

T g

sparse functionality,
low polarity

dense functionality,
high polarity

Figure 6. a) Schematic representation of random copolymer, in which one
of four monomers is functional, and b) proposed self-sorting of random
copolymers illustrating the “pseudo-blocky” structure of DAP and Thy
polymers.
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random dispersion of recognition elements creates regions
of high and low polarity. It is these regions of high polarity
that would self-assemble in such a way as to minimize con-
tact with the nonpolar bulk medium (chloroform), effective-
ly forming a wall. Curvature is then imparted to the system
by the greater flexibility of the low polarity segments in to
the bulk chloroform. While solvophobicity contributes to
the microstructure, specific three-point hydrogen-bonding
interactions are required for formation, as the unfunctional-
ized parent poly(styrene-p-(chloromethyl)styrene does not
assemble; neither do the individual polymers assemble on
the micron scale. This fashions a system in which specific
molecular-recognition processes modulate nonspecific phase
separation.

To validate the self-sorting hypothesis, angle-resolved X-
ray photoelectron spectroscopy (AR-XPS) was performed
on the vesicle membrane.”) AR-XPS is based on acquisition
of series of spectra at various values of the photoelectron
takeoff angle (measured from the sample surface); at lower
takeoff angles (< 15°) sampling depth is 1-2 nm, as the take-
off angle increases (>75°) sampling depth reaches to 6—
8 nm from the top layer of the surface.””’ We modified the
RIP deposition process to obtain densely packed RIP surfa-
ces, by dipping silica substrates into a more concentrated
45mgmL™" RIP solutions and slowly taking them out.
These surfaces were then dried under high vacuum over-
night. Optical microscopy images demonstrated that the
densely packed RIP coverage on these surfaces retained the
structure observed in our previous studies (see Supporting
Information). XPS was performed and recorded with vary-
ing takeoff angles in the range 5-75° by rotating the sample
on these surfaces (Figure 7).

The amount of nitrogen was used as a marker to link the
density of DAP and Thy functional groups. The increase in
nitrogen/carbon ratio from 3.958 to 6.361, by changing the
takeoff angle from 15° to 75° and the increase in the nitro-
gen amount from 2.18% to 5.49 %, by changing the takeoff
angle from 5° to 75°, verified that the interior part of the
vesicle membrane is more polar; therefore it contains more
recognition units than the exterior nonpolar part. In other
words, there are more recognition-element-rich chain parts
localized inside the vesicle wall, while the less-functionalized
parts segregated to the exterior.

The XPS data indicate that a self-sorting process occurs
during the formation of RIPs. This process provides the
likely mechanism for phase segregation, hence vesicle for-
mation. What is surprising is the rapidity of the self-sorting
event: vesicle formation is instantaneous upon mixing of the
solutions of the two complementary copolymers. Clearly
these systems are highly dynamic, an area we will explore in
future studies.

Conclusion

In summary, RICM in solution, and optical microscopy and
AFM on solid substrates demonstrate that RIP walls have a
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Figure 7. a) and b) Schematic illustration of the decrease in sampling
depth by changing the takeoff angle from 75° to 15° in angle-resolved
XPS. ¢) XPS atomic concentration (nitrogen) for polymersomes on silica
substrate, recorded with takeoff angles from 5° to 75°.

uniform thickness of ~50 nm. Additionally, we have shown
that the statistical distribution of recognition units on the
polymers generated varying degrees of “pseudo-blocky”
structure, and hence directionality for the vesicle formation.
Angle-resolved XPS studies show that there are more recog-
nition-element-rich chain parts localized within the vesicle
wall, while the less-functionalized parts segregated to the ex-
terior. Further research on gelation properties, membrane
mechanical strength, and functional nanoparticle—polymer-
some conjugates are currently underway and will be report-
ed in due course.

Experimental Section

For details of the experimental procedures, please see the Supporting In-
formation.
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