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We report here a discovery that amphiphilic polypeptide block
copolymers and polypeptide homopolymers are able to aggregate
together into super-helical structures of rods and rings, in which
polypeptide chains form the core and PEG chains form the shell.

Self-assembly of multi-components into specific functional
structures is ubiquitous and pivotal in nature. For example,
tobacco mosaic virus has a rod-like helical structure with
coated proteins aggregated around a nucleic acid. As nature
provides many inspirations for material science,! developing
strategies for virus-mimetic hierarchical polymer assembles
have been attempted for novel biological materials.”

Block copolymer self-assembly has been studied extensively
and provides many opportunities for various nanostructures.’
Several recent researches indicated that, by introducing a
second component, hierarchical well-defined superstructures
could be achieved.* This progress offered many hopes for the
construction of complicated biological analogues in the future.
To this end, understanding subtle interplays between two
polymers for structure determination is especially important
and is becoming the focus of the research in the area.

Herein, we report for the first time that poly(y-benzyl-L-
glutamate)-block-poly(ethylene glycol) (PBLG-b-PEG)
and homo-poly(y-benzyl-L-glutamate) (homo-PBLG) can
co-operatively self-assemble into hybrid helical rods and rings
in water. The superstructures possess a PBLG axis coated by
PEG chains. We also discovered that, unlike many other helix
systems,” interfacial tension is a driving force responsible for
the formation of the helices.

The aggregates were prepared by a selective precipitation
method. First, PBLG3 ¢9o-b-PEG>p00 and PBLGs,( g9 homo-
polymers (subscripts denote the molecular weight for each
segment) were dispersed in a mixed solvent of THF-DMF
(3:7 by volume), the weight ratio of PBLG-b-PEG and PBLG
was 100:15 and the concentration of the polymers was
0.35¢g L~". To the solution, deionized water, a selective solvent
for PEG, was added at a rate of ca. 1 mL min~" with vigorous
stirring. When water content reached ca. 25% (by volume) of
original polymer solution, dialysis process was applied to
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remove organic solvents, leading to superstructures of
PBLG-b-PEG/PBLG in water. "H NMR spectra revealed that
the characteristic signals due to PBLG block relative to those
due to PEG are reduced markedly when the PBLG-6-PEG and
PBLG self-assemble into these superstructures (see ESIT). This
indicates that the aggregates have PEG shells, which maintain
the colloidal stability of the assemblies.

The morphology of the hybrid aggregates was examined
using SEM (see Fig. la). As shown in the figure, helices
including rods and rings were formed. The rings probably
were formed through a head-to-tail connection of the helical
rods.>¥ AFM measurement also verified the helical structures
(see Fig. 2). To confirm the structures, we performed
HRTEM, in which right-handed helical sense is clearly
revealed (see Fig. 3). As shown in the figure, the diameter of
the helices is ca. 140 nm with a screw pitch of ca. 80 nm. In a
control experiment, we self-assembled PBLG-»-PEG under
the same conditions with the absence of PBLG homo-
polymers. In this case, spheres were observed exclusively
(see Fig. 1b), which suggests that interplay between the block
copolymers and PBLG homopolymers played an important
role in the construction of the helices.

We, therefore, examined the effect of molecular weight of
PBLG homopolymers on the aggregation. PBLG with mole-
cular weights of 40000, 110000, and 520000 were used to

Fig. 1 SEM images of (a) super-helical rods and rings self-assembled
from PBLG3] 000-b-PEG2000 and PBLGSZOOOO; (b) pure PBLG31 000-]7-
PEG;g00 micelles.
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Fig. 2 AFM images of super-helical rods self-assembled from
PBLG3 g00-h-PEGj000 and PBLGsyg000. (a) Length profile; (b) cross
section profile.

Fig. 3 HRTEM images of super-helical rods and rings self-assembled
from PBLG‘;] 000-b-PEG2000 and PBLG520 000-

aggregate with PBLG-b-PEG, respectively. The resulting
aggregates were characterized using TEM. As shown in
Fig. 4, one can see that the molecular weight of PBLG
influenced morphologies. For the system containing lower
molecular weight of PBLG, spheres were observed (Fig. 4a).
Helices start to appear when PBLG with higher molecular
weight was used for the aggregation (Fig. 4b and c). For the
sample with PBLG molecular weight of 110000, shorter
helices were observed. Further increase in molecular weight
of PBLG to 520000 generated long helical rods. The long
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Fig. 4 TEM images of the aggregates self-assembled from
PBLG3 gg0-b-PEGj0090 and PBLG with various molecular weights of
(a) 40000; (b) 110000; (c) 520000. The scale bars represent 200 nm.

helical rods are relatively flexible and, as a result, some helical
rings were created by connecting two ends of the rods.
Since pure PBLG-b-PEG aggregates into spheres in water
(see Fig. 1b), the observed morphological variation as a
function of PBLG molecular weight suggested that PBLG
acted as a scaffold determining the structures of the hybrid
aggregates.

It is well known that the rigid o-helix PBLG usually
aggregates into rods in many solvents, this ordered packing
of the PBLG chains are stabilized by the strong dipolar n—n
interactions between the phenyl groups in PBLG. As a matter
of fact, we indeed observed that PBLG homopolymers existed
as aggregates in THF-DMF. The structures of the aggregates
also related to the molecular weight of PBLG (see ESI¥). Long
and short rods were observed for PBLGsy000 and
PBLGj 900, respectively. PBLGyg oo formed irregular struc-
tures (see ESIT). Therefore, in the presence of PBLG-b-PEG,
PBLG segments in the block copolymers tend to be involved
with the rods formed from PBLG homopolymers, while PEG
segments remain soluble and prevent the fusion of the fibres
(see Fig. 5a). In this way, PBLG homopolymers determined
the overall structures of the hybrid systems.

To further understand what is the force driving the aggrega-
tion of PBLG and PBLG-5-PEG co-operatively into helices,
we studied the effect of water content on the aggregation
behavior of the mixed system. As shown in Fig. 5, the polymer
mixture formed rod-like structures with a diameter of about
50 nm in the original organic solvent (see Fig. 5a). Once water
was added to the solution of the mixed system, a helical
structure was induced. Fig. 5b shows that, with the water
content up to 15 wt%, the helical structure become visible. The
diameter and pitch distance are ca. 80 nm and ca. 120 nm,
respectively. Increasing the water content up to 23 wt%
increased the diameter of the helix to ca. 120 nm, as shown
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Fig. 5 TEM images of aggregates of PBLGg;;¢0-b-PEGyy and
PBLGs;0 000 With various added water contents: (a) 0 wt%; (b) 15 wt%;
(c) 23 wt%; (d) 5 wt% after adding organic solvents to water solution of
the aggregates. The scale bars represent 200 nm.
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Scheme 1 Schematic representation of the formation of a super-helix.
The green lines represent the PEG blocks, and the brown lines
represent PBLG blocks.

in Fig. 5c. For the final helices in pure water after dialysis, a
diameter of ca. 140 nm and a pitch distance of ca. 80 nm are
observed (see Fig. 3). Interestingly, the helices can return
to the original starting morphologies upon the addition of
organic solvents to the solution to lower the overall water
content to 5 wt% (see Fig. 5d).

Based on these studies, we proposed a possible mechanism
to illustrate how PBLG-b-PEG and PBLG interact each other
for the helices (see Scheme 1). It is known that the rodlike
chains of PBLG in solution favour ordered packing with their
long axes aligned due to the volume exclusion effect
and intermolecular interaction when its concentration is
increased.®” In THF-DMF, the rigid PBLG blocks from both
copolymers and homopolymers aggregate to form the core of
the hybrid aggregates. The local PBLG concentration in the
core could be relative higher and therefore PBLG chains tend
to align with characteristics of liquid crystal structure.>® The
PEG chains, which have relatively good solubility, stay soluble
in solution and provide colloidal stability for the aggregates.
This packing mode of rigid rod homopolymer and rod—coil
block copolymer was further confirmed by a molecular
dynamics (MD) simulation (see ESI¥).

When water, a selective solvent for PEG, was added, the
interfacial tension of the surface areas of the PBLG rod core
increases.® To depress this effect, the PBLG rodlike cores,
which act as a scaffold for the supramolecular aggregates,
would rearrange themselves to minimize the surface area
between the cores and solvents (solvents can enter the PEG
shell). Due to the rigid nature of PBLG chains, they can not
shrink to a globular form. However, twisting into a helix could
be a preferred manner, since the helical structure can reduce
the interfacial area effectively.9 As a result, we found in our
experiments that PBLG rods twisted into helices to compen-
sate the increment of interfacial tension. Such kinds of super-
helix structures are also supported by a recent theoretical
work. It predicts that helical arrangement is a free energy
favorable manner for biomacromolecules such as poly-
peptides.” In addition to the twist of the rods, end-to-tail
connection of the long rods also helps to lower the free
energy of the system,>? therefore, rings were observed.
Based on this discussion, we illustrate a possible mechanism
in Scheme 1 for the formation of the helices upon the addition
of water.

In summary, we discovered that PBLG-b-PEG/PBLG could
self-assemble co-operatively into super-helices in water, while
PBLG-b-PEG alone forms spherical aggregates. The helices
have a PBLG axis covered by PEG chains, which is reminis-
cent of the structure of tobacco mosaic virus. We also identi-
fied that, unlike many other systems, interfacial tension is a
major reason responsible for the helical structures. This report
enriched our knowledge in the supramolecular chemistry of
multi-component systems and will have potential applications
in virus-mimetic materials.
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