
Helical Structures

Superhelices Self-Assembled from Polypeptide-Based Polymer
Mixtures: Multistranded Features

Xingyu Zhu, Jiaping Lin,* and Chunhua Cai*[a]

Abstract: Poly(g-benzyl-l-glutamate)-block-poly(ethylene
glycol) (PBLG-b-PEG) rod–coil block copolymers and poly(g-

benzyl-l-glutamate) (PBLG) homopolymers can cooperatively

self-assemble into superhelical structures in aqueous solu-
tion. Herein, we discovered that the helices can have multi-

ple strands with tunable characteristics. The strand number
was dependent on the initial polymer concentration of the

self-assembly, the self-assembly temperature, and the weight
fraction of the block copolymers in the mixture. Higher ini-

tial polymer concentrations or lower weight fractions of the
block copolymers induced the formation of helices with

larger diameters and higher strand numbers, and helices

prepared at higher temperatures had higher strand num-
bers. Based on an analysis of the correlation between the

geometric parameters of the helices and the strand number,
a possible mechanism for the formation of multistranded su-

perhelices is suggested.

Introduction

Helical structures exist widely in natural biological systems.[1]

For example, the tobacco mosaic virus has a core–shell super-
helical structure with RNA as the core and helically warped

coating proteins as the shell.[2] The strand number is one of

the basic features of a helical structure. In addition to single
helices, multistranded helices are also observed. DNA, the fun-

damental material of life, consists of two nucleic acid strands
that are twisted into a double helix.[3] Triple-stranded nucleic

acid helices are also observed under certain conditions.[4] Colla-
gen is a type of triple-stranded helix that is generated by three
protein chains screwed together.[5] Inspired by these biological

helical structures in nature, researchers have paid considerable
attention to self-assembled superhelical structures in solution
because of their potential applications in bionics and advanced
functional materials.[6]

Ho et al. reported that poly(styrene)-b-poly(L-lactide) (PS-
PLLA) block copolymers self-assemble into helical structures

through scrolling of the polymer ribbons.[6c] Novak et al. pre-
pared superhelical structures from mixtures of a polycarbodii-
mide-b-PEG (PEG = poly(ethylene glycol)) block copolymer and

polycarbodiimide homopolymer.[6d, 7] In their work, superhelices

with defined chirality were formed when the rod blocks and

rod homopolymers in the mixtures possessed the same chirali-
ty. In several reports, superhelical structures with multistranded

features were obtained.[8] For example, through the coassem-
bly of poly(acrylic acid)-block-poly(methyl acrylate)-block-poly-

styrene (PAA-b-PMA-b-PS) triblock copolymers with different

multiamines, Pochan and co-workers prepared a mixture of
single and double superhelices.[8b] The double helices were

composed of two individual helical cylinders with a pitch that
was twice that of the single helices. Liu et al. discovered that

poly(n-butyl methacrylate)-block-poly(2-cinnamoyloxyethyl
methacrylate)-block-poly(tert-butyl acrylate) (PBMA-b-PCEMA-b-

PtBA) triblock copolymers can self-assemble into both double

and triple helices.[8a] However, in these reports, the formation
mechanism of the multistranded superhelices was not fully dis-
cussed. Specifically, the significant factors that induced the for-
mation of helices with various strand numbers were not re-

vealed, and the strand number of the superhelices was not
controllable.

In previous works, we obtained superhelical structures
through the coassembly of poly(g-benzyl-l-glutamate)-block-
poly(ethylene glycol) (PBLG-b-PEG) block copolymers and

poly(g-benzyl-l-glutamate) (PBLG) homopolymers.[9] With the
assistance of simulations, it was found that the homopolymers

formed a rigid bundle and the rod–coil block copolymers
screwed onto the bundle to form a helical shell.[10] The chirality

of the helices can be tuned by the self-assembly temperature

and initial solvent nature.[11] The ordered packing of the rigid
PBLG blocks of the copolymer is believed to be significant for

the formation of structures, and the packing mode of the
pendant phenyl groups of the PBLG side chains is responsible

for the superhelical chirality. In addition to the superhelical
chirality, the strand number is another important characteristic
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of helical structures. Although polymeric supramolecular heli-
ces have been reported in several cases,[12] the mechanism

behind the control of the strand number of a multistranded
superhelix has not been fully explored.[13] Herein, we extend

our previous work to explore the multistranded features of su-
perhelical structures formed by self-assembly of the polypep-

tide-based polymer mixture system.
Herein, we discovered that PBLG-b-PEG/PBLG mixtures can

self-assemble into multistranded superhelices. The strand

number of the superhelices was found to be dependent on
certain parameters, such as the initial polymer concentration,

self-assembly temperature, and molecular weight of the block
copolymers in the polymer mixtures. Based on the analysis of

the relationship between the geometric parameters in the heli-
cal structure (diameter, helical angle, pitch, and strand
number) and the experimental factors, a possible mechanism

was proposed to illustrate how these factors control the self-
assembled superhelical structures.

Results and Discussion

Multistranded Superhelical Structures

PBLG-b-PEG block copolymers and PBLG homopolymers can
cooperatively self-assemble into superhelical structures. In the

self-assemblies, the homopolymers form a rigid bundle and

the rod–coil block copolymers screw onto the bundle to form
a helical shell.[9b, 10b] Without the homopolymers, the PBLG-b-

PEG block copolymers self-assemble into uniform spheres ap-
proximately 250 nm in diameter (Figure S1). Figure 1a shows

a typical SEM image of the superhelical structures self-assem-

bled from the PBLG-b-PEG/PBLG polymer mixture. The initial
solvent was THF/DMF (3:7 v/v) and the initial polymer concen-

tration was 0.5 g L@1. The superhelices have left-handed chirali-
ty (CD spectra for the superhelices can be found in Figure S2

in the Supporting Information), and the pitch of the screwed
structure is almost uniform. Careful examination of the strands

on the helices revealed that some of the self-assembled struc-
tures have the characteristics of double or triple helices. Fig-

ure 1b shows the magnified image of the superhelix indicated

in the red square in Figure 1a. The strands of the helix are
marked by dotted curves, which reveal the triple-helical struc-

ture. A multistranded structure with a different strand number
can be observed in one helical aggregate. As shown in Fig-

ure 1c (magnified image of the helical structure marked by the
green square in Figure 1a), a dislocation appears at the point
at which the helix transforms from double strand to triple

strand (details of the dislocations are discussed below). To fur-
ther confirm the multistranded feature of the helices, a cross-

sectional image of ultramicrotomed superhelices was charac-
terized by using TEM. Figure 1d, insets, shows schematic illus-

trations of cross sections of single (blue lines) and double (red
lines) helical structures. As shown in Figure 1d, the cross sec-

tion of the single helix shows a feature of one strand (blue

circle), whereas the cross section of the double helix shows
a feature of two strands (red circle). The observed structures

match well with the cross section of superhelices with multiple
strands. Moreover, the cross section of the helices is shown in

the contrast-enhanced TEM image (Figure S3). The existence of
superhelical structures with multiple strands was further veri-

fied by a microtome section under TEM.

Figure 2 compares images of single and double helices, from
which the difference in strand number between the helices

can be determined. The basic feature of a helix is that the tan-
gent line at any point of the strand makes a constant angle

(helical angle a) with the central axis of the helix.[14] Based on
this feature, we determined the number of strands in the helix
from the SEM images (Figures 2a and e). The strand number of

the helices was further confirmed by comparing the TEM, AFM,
and cryo-TEM images of single and double helices. As revealed
by the TEM images, the helical angle is about 70.88 for the
single helix in Figure 2b and around 61.98 for the double helix

in Figure 2f. From the three-dimensional AFM images (Figur-
es 2c and g), we determined the difference between these two

types of helices, that is, the double helix has a larger helical

angle. Moreover, note that the pitches of the single and
double helices are almost equal (&73 nm). As shown in the

cryo-TEM images (Figures 2d and h), the single and double
helices have different characteristics and the double helix con-

sists of two strands with the same axis. Cryo-TEM images con-
firmed that the multistranded helices existed in solution and

ruled out changes in morphology during the drying process.

To deepen our understanding of the formation mechanism
of multistranded helical structures, we further examined the

variation in the structural parameters of superhelices as a func-
tion of the initial polymer concentration (C), the self-assembly

temperature (T), and the weight fraction of the PBLG-b-PEG
block copolymer (fPBLG-b-PEG) in the polymer mixtures. Figure 3a–

Figure 1. a) SEM images of helical aggregates self-assembled from PBLG20 000-
b-PEG5000/PBLG528 000. b, c) Magnified images of the helical structures marked
by b) a red square and c) a green square in a). The numbers in the images
represent the strand number of the helical structures. d) TEM cross-sectional
image of ultramicrotomed superhelices. Top-right inset: Illustrations of
a single and double helix that correspond to the blue and red circles. The
self-assemblies were prepared at 50 8C. The initial polymer concentration
was 0.5 g L@1 and the weight fraction of PBLG-b-PEG (fPBLG-b-PEG) in the poly-
mer mixture was 0.8. Scale bars: 400 (a), 100 (b and c), and 200 nm (d).

Chem. Asian J. 2017, 12, 224 – 232 www.chemasianj.org T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim225

Full Paper

http://www.chemasianj.org


d shows typical multistranded helical structures self-assembled
under various experimental conditions. For the detailed mor-

phologies of the helical structures, refer to Figure S4 in the
Supporting Information. In addition to rod-like helical struc-

tures, toroidal aggregates can also be seen in the SEM images.

The formation mechanism of the toroidal structure is also an
interesting research subject,[15] and more details regarding the

toroids are available in the Supporting Information, Section 5.

Dependence of the Strand Number on the Initial Polymer
Concentration

Figure 3a and b show the morphologies of helical aggregates
self-assembled at different initial concentrations. As the initial

polymer concentration was increased from 0.50 to 1.00 g L@1,
superhelices with larger strand numbers were observed. To

show the dependence of the strand number on the initial

polymer concentration quantitatively, the average number of
strands on each superhelical aggregate was measured based

on approximately 100 helices. Figure 3e shows the strand
number distribution of the superhelices formed from samples

with various initial concentrations. The columns represent the
length percentage of each type of superhelix, which is the
measured length of the superhelical assembly with the same
strand number as a percentage of the total length of the self-

assembly. The stand number was deduced from the SEM
images by considering the geometrical property of the helical
structure, which is represented in Figure 2a and d. As shown in
Figure 3e, most of the superhelical structures were single
stranded (&69.0 %) at an initial concentration of 0.25 g L@1,

and the rest of the helices were zero stranded (&31.0 %; the
abacus-like structure can be considered a specific case of

a helix with a strand number of 0, as discussed below). When

the initial concentration was increased to 0.5 g L@1, a few
double helices were observed (&17.6 %). Most of the helices

still possessed single strands (&81.3 %), and the percentage of
zero-strand helices decreased (&1.1 %). At a higher initial con-

centration of 0.75 g L@1, both double (&50.7 %) and single heli-
ces (&48.5 %) became dominant. Triple helices (&12.2 %)

mixed with double (&57.9 %) and single helices (&29.9 %)
were obtained when the concentration reached 1 g L@1. The

dependence of the average strand number on the initial con-
centration is shown in Figure 3f. The error bars represent the

dispersity of the strand number of the superhelices. It clearly

reveals that the average strand number increases as the initial
polymer concentration was increased. At even higher concen-

trations the polymers precipitated, which indicated the forma-
tion of large aggregates that could net be suspended in the

aqueous solution.

Dependence of the Strand Number on the Self-Assembly
Temperature

In addition to the initial concentration, we examined the influ-
ence of the self-assembly temperature (T) on the strand

number of the superhelical structures. On comparing Figure 3a

and c, we observed superhelices with more strands at higher
temperatures (for more details, see the SEM images of the su-

perhelical structures formed at temperatures of 20–50 8C in the
Supporting Information, Figure S2 e–h). The distributions of

multistranded superhelices were examined at various tempera-
tures. As shown in Figure 3g, most of the superhelical struc-
tures were single helices (&77.4 %) at 20 8C. The percentage of
zero- and double-stranded helices was approximately 16.8 and

5.8 %, respectively. When the temperature was increased to
30 8C, the percentage of single helices decreased to about
44.8 % and the percentage of double helices increased to
around 46.0 %. At higher temperatures of 40 and 50 8C, most
of the superhelical structures became double helices, and
triple helices were also obtained. The relationship between the
average strand number and self-assembly temperature is

shown in Figure 3h, which reveals an increase in average
strand number with temperature.

As reported in our previous work,[11] the morphology of the

helical structure was sensitive to temperature and exhibited
switchable characteristics before being frozen by dialysis. We

prepared assemblies by adding water (15.0 vol % of the initial
solvent) to the polymer solution (initial solvent: THF/DMF, 3:7

Figure 2. Comparison of a)–d) single and e)–h) double helices : a, e) SEM; b, f) TEM; c, g) AFM; and d, h) cryo-TEM images of helical aggregates self-assembled
from PBLG20 000-b-PEG5000/PBLG528 000. a, e) Illustrations of single and double helices, respectively, are also shown. The self-assemblies were prepared at 50 8C. The
initial polymer concentration was 0.5 g L@1 and the weight fraction of PBLG-b-PEG (fPBLG-b-PEG) in the polymer mixture was 0.8. Scale bars: 100 nm.
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v/v) at 20 8C. Before dialysis against water to freeze the nano-
structures, we heated the solution to 50 8C and then cooled it

to 20 8C to investigate the effect of temperature on the strand

number of the helices (the annealing time at each temperature
was no less than 10 h). Figure 4a–c shows the SEM images of

the helical structure in this process, and Figure 4, insets, repre-
sent the strand number distributions. As shown in Figure 4a,

most of the self-assembled structures were single helices at
20 8C (&77.4 %). After annealing at 50 8C for more than 10 h

(Figure 4b), most of the helices were converted to double heli-

ces (&69.7 %). When the samples were cooled to 20 8C (Fig-

ure 4c) after annealing at 50 8C, the helices were converted
back to single helices and the strand number distribution was

nearly the same as the distribution before annealing. The data
on the average strand number as a function of annealing tem-

perature are shown in Figure 4d. The strand number of the su-
perhelical structure is reversible based on the temperature.

Before the organic solvent was totally removed, the packing of

the PBLG blocks on the homopolymer bundle was not frozen
and could reorganize according to the temperature change to

reach thermal equilibrium. These observations clearly demon-
strate that the multistranded superhelices have switchable fea-
tures. Moreover, it was noted that the multistranded helical
structures can be equilibrated in a short time after the addition
of water but before being frozen by dialysis. The annealing

time had a negligible effect on the strand number of the self-
assembled helices (Figure S6).

Dependence of the Strand Number on the Block Copolymer
Fraction in the Mixture

The weight fraction of PBLG-b-PEG (fPBLG-b-PEG) also influences

the strand number of the superhelices. The helical aggregates
shown in Figure 3d were self-assembled from polymer mix-

tures with a lower fPBLG-b-PEG value, and images of the multi-
stranded helical structures self-assembled with various weight

fractions of PBLG-b-PEG are shown in the Supporting Informa-
tion, Figure S4 i–l. Notably, the diameter of the helices in-

Figure 3. SEM images of helical aggregates self-assembled from PBLG20 000-b-
PEG5000/PBLG528 000 under various experimental conditions: a) C = 0.5 g L@1,
T = 20 8C, fPBLG-b-PEG = 0.8; b) C = 1.0 g L@1, T = 20 8C, fPBLG-b-PEG = 0.8;
c) C = 0.5 g L@1, T = 50 8C, fPBLG-b-PEG = 0.8; and d) C = 0.5 g L@1, T = 50 8C, fPBLG-b-

PEG = 0.5. Scale bars: 400 nm. Strand number distribution of superhelices self-
assembled under various experimental conditions: e) initial concentration,
g) temperature, and i) weight fraction of PBLG-b-PEG (fPBLG-b-PEG). Relationship
between the average strand number and various experimental conditions:
f) initial concentration, h) temperature, and j) weight fraction of PBLG-b-PEG
(fPBLG-b-PEG).

Figure 4. Temperature-induced reversible transition of multistranded super-
helices : a) helical structures self-assembled at 20 8C; b) multistranded helices
obtained by heating the 20 8C solution to 50 8C; and c) superhelices ob-
tained by cooling the 50 8C solution to 20 8C. Insets : The corresponding
strand number distribution. d) Dependence of the average strand number
on temperature. At each temperature, the solution was equilibrated for at
least 10 h. The added water content in the initial solvent was 15.0 vol %. The
initial polymer concentration was 0.5 g L@1 and the weight fraction of PBLG-
b-PEG (fPBLG-b-PEG) in the polymer mixture was 0.8. To obtain clear images, we
froze the equilibrated samples by using dialysis at each observation point.
Scale bars: 400 nm.
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creased as the PBLG-b-PEG weight fraction was decreased.
From the strand number distributions (Figure 3i), we can see

that the polymer mixtures tended to form helical structures
with more strands at lower weight fractions of PBLG-b-PEG.

Figure 3j shows the dependence of the average strand number
on fPBLG-b-PEG and reveals that the average strand number in-
creased as the was fPBLG-b-PEG decreased, which is similar to the
results for increased initial polymer concentration.

Geometric Parameters of the Multistranded Superhelical
Structures

To understand the multistranded features of the superhelices,
we first stated the relationship between the strand number

and the basic geometric parameters of the helix. Figure 5a and
b shows typical schematic illustrations of double helices. There

are four basic geometric parameters, l, p, d, and a, which rep-
resent the lead, pitch, diameter, and helical angle, respectively.

The lead (l) is the axial advance of a helix in one complete turn
(3608). The pitch (p) is the axial distance between adjacent

threads on a helix. For a single helix, the lead and pitch are the
same. For a multistranded helix, the lead is equal to the pitch

multiplied by the number of strands (l = np, n represents the
number of strands, details are given in the Supporting Infor-

mation, Figure S3). The helical angle (a) is the angle between
the axis and the tangent line at any point on the helix. The re-

lationship between the strand number and these parameters

on a helix follows Equation (1):[16]

l ¼ np ¼ pd cot a ð1Þ

When the helical angle was 908, the aggregate appeared to
have an abacus-like structure, which was reported in our previ-
ous work, and the strand number was calculated to be 0 ac-

cording to Equation (1).[9b] Therefore, the abacus-like structure
can be considered a specific case of a helix with a strand

number of 0.
Based on the geometric principle discussed above, we then

analyzed the dependence of the three basic geometric param-

eters, that is, pitch (p), diameter (d), and helical angle (a), on
the initial concentration (C) to explain the observation of multi-

stranded superhelices at higher initial concentrations. Figure 5c
shows the dependence of the pitch and diameter on the initial

concentration. Figure 5d represents the variation in helical
angle as a function of the initial concentration. The average di-

ameter was calculated based on more than 50 helical assem-

blies. Every point of the pitch and helical angle was taken into
statistical analysis with 50 points measured from SEM images.

Figure 5c shows that the average diameter of the helices in-
creased from 112 to 182 nm as the initial concentration was in-

creased from 0.25 to 1 g L@1. At the same time, the average
pitch remained at approximately 125 nm and the helical angle

remained at about 76.68. At higher initial polymer concentra-

tions, more aggregates could be formed in the system, which
led to a larger interface between hydrophilic and hydrophobic

domains and less stable aggregates with higher interface
energy. To reduce the interface energy, larger assemblies with

larger aggregation numbers were formed at higher initial con-
centrations.[17] Therefore, helices with larger diameters could
be formed. According to Equation (1), the increase in diameter
(d) led to an increased strand number (n). As a result, helices

with a larger numbers of strands could be obtained at higher
initial concentrations.

Moreover, the dependence of the pitch (p), diameter (d), and
helical angle (a) on the self-assembly temperature (T) were ex-
amined to clarify the temperature-dependent variation in the

strand number. As shown in Figure 5e, the average pitch and
helical diameter remained almost constant as the temperature

was increased. Figure 5f represents the dependence of the
average helical angle on the self-assembly temperature. At
20 8C, the average helical angle of the helices was approxi-
mately 81.98, and when the temperature was increased to
50 8C, the average helical angle decreased to about 64.98. As

revealed in a previous work,[11] the packing mode of pendant
phenyl groups in the side chains of the PBLG blocks are re-

Figure 5. a) Schematic illustration and b) SEM image of the basic geometric
parameters of the helical structure. c) Dependence of the diameter (d) and
pitch (p) on the initial concentration. d) Dependence of the helical angle (a)
on the initial concentration. e) Dependence of the diameter (d) and pitch (p)
on the self-assembly temperature. f) Dependence of the helical angle (a) on
the self-assembly temperature. g) Dependence of the diameter (d) and pitch
(p) on the weight fraction of PBLG-b-PEG (fPBLG-b-PEG). h) Dependence of the
helical angle (a) on the weight fraction of PBLG-b-PEG (fPBLG-b-PEG).
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sponsible for the helical angle of the screwed helix. Higher
temperatures induce arrangements of the phenyl side groups

with higher chirality, which result in a smaller helical angle in
the superhelices. According to Equation (1), the decrease in

helical angle (a) leads to an increased strand number (n). Thus,
helices with more strands can be obtained at higher tempera-

tures.
Similar to the effect of the initial concentration, the average

helical diameter increased linearly as the weight fraction of

PBLG-b-PEG (fPBLG-b-PEG) was decreased (Figure 5g). As shown in
Figure 5g and h, the average pitch and helical angle remained
constant with the decrease in fPBLG-b-PEG. In self-assembled sys-
tems, the amphiphilic diblock copolymers can be considered

as a dispersant to stabilize the template bundle, which consists
of hydrophobic PBLG homopolymers. Decreasing the weight

fraction of PBLG-b-PEG (fPBLG-b-PEG) in the polymer mixtures re-

sults in the formation of aggregates with a larger aggregation
number to reduce the interface area. Therefore, helices with

larger diameters can be obtained with lower fPBLG-b-PEG values.
The increase in diameter (d) results in an increased strand

number (n) according to Equation (1). Consequently, the poly-
mer mixtures tend to form helical structures with larger strand

numbers at lower weight fractions of PBLG-b-PEG.

From the above observations, we can see that the helical
pitch always remains constant, independent of the initial con-

centration, the self-assembly temperature, and the weight frac-
tion of the block copolymers. To understand why the helical

pitch remained unchanged, we examined the helical pitch of
superhelices self-assembled from mixtures that contained

PBLG-b-PEG with different PBLG lengths. The average pitch (p)

of the helices is plotted as a function of the PBLG block molec-
ular weight in Figure 6. In the self-assembled helices, the ho-

mopolymers formed a template bundle and the strands were
formed by the screwed arrangement of the block copolymers.

Moreover, because the block copolymers form the screwed
strands on the homopolymer template bundle to prevent ex-

posure of the hydrophobic homopolymer, the pitch (p) of the

helices was determined by the length of the PBLG blocks.
Therefore, an increase in the molecular weight of the PBLG

blocks led to increased strand widths. In this case, except for
the molecular weight of the PBLG blocks, the concentration,
temperature, and weight fraction of block copolymers hardly
influenced the pitch (p) of the helices.

Dislocations in the Multistranded Superhelical Structures

As discussed above, the strand number of the helix is deter-
mined by geometric parameters, such as the pitch (p), diame-

ter (d), and helical angle (a). In general, the number of strands
on an integrated helix should be an integer. However, the co-
influences of the geometric parameters do not always result in
an integer strand number. In this case, dislocations appear in
the helical structure. Through such a dislocation, the helical

strand number can change within a single aggregate. Figure 7
shows the SEM and TEM images of self-assembled helical struc-
tures with dislocations marked by red arrows. Figure 7a shows
the transition of a single helix to an abacus structure (a specific
case for a strand number of zero) at the dislocation site. Addi-
tionally, the strand numbers on the helix change from 2 to

1 and 3 to 2 through dislocations (Figure 7b–d). As shown in
Figure 7c and d, the helical structures have spindle-like mor-
phologies, which means that the diameter of the helix be-

Figure 6. Dependence of the pitch (p) on the molecular weight of the PBLG
block. The self-assemblies were prepared at 50 8C. The initial concentration
was 0.5 g L@1 and the weight fraction of PBLG-b-PEG (fPBLG-b-PEG) was 0.8.

Figure 7. a)–c) SEM and d) TEM images of helical aggregates self-assembled
from PBLG20 000-b-PEG5000/PS528 000. The red arrows in the images mark the po-
sition of dislocations. The numbers in the images represent the strand num-
bers of the helical structures. Inset: A magnified dislocation. Scale bars :
100 nm (a–d) and 50 nm (inset). e) Schematic illustration of a dislocation in
a helical structure. Dislocation number per unit length as a function of f) ini-
tial concentration, g) temperature, and h) weight fraction of PBLG-b-PEG
(fPBLG-b-PEG).
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comes smaller close to the end of each helix. In this case, dislo-
cations appear close to the end of each helix due to the

change in diameter.
The dislocations in the superhelices are an interesting find-

ing of this work. The existence of defects, such as dislocations,
is an important natural geometrical phenomenon in striped

patterns.[18] The distributions and dynamics of defect features
in two-dimensional (2D) striped patterns have been studied by
both simulation and experimental methods.[19] When striped
patterns appear on spherical or curved surfaces, the curvature
of the substrates imposes a topological requirement on the
equilibrium structure with defects, which includes dislocations,
+ 1 disclinations, and :1/2 disclinations.[20] These defects in

the system can minimize the free energy and equilibrate the
structure. The multistranded helix formed in our system is

a specific case of strands confined on a cylindrical substrate.

Compared with the appearance of defects on planar and
spherical surfaces, the defects in multistranded helices have

new features. From the schematic illustration of the dislocation
structure in the helix (Figure 7e), we can observe that the helix

changes from double stranded to single stranded at the dislo-
cation. Additionally, only dislocations are formed in the present

case. This observation is in good agreement with the theoreti-

cal predictions made by Xing.[21] Dislocation is produced in the
helical strands on cylinder substrates on which the strand

number of helices is changed, so that the system can maintain
the state with lowest free energy. This prediction is, for the

first time, verified by our experiments. Figure 7f shows the de-
pendence of the average dislocation number on the initial

concentration. The average dislocation number represents the

dislocation number per unit length of the helical structures. As
observed, the average dislocation number of superhelices ob-

tained at 0.25 g L@1 was larger because their average length
was shorter than those formed at higher concentrations and

the dislocations usually appear near the end of each helix. As
the initial concentration was increased from 0.50 to 1 g L@1, the

average dislocation number remained constant. Additionally,

changes in the temperature or PBLG-b-PEG weight fraction
hardly influenced the average dislocation number (Figure 7g
and h). We also examined the effect of annealing on disloca-
tion and found that the dislocations were stable. The disloca-

tion number remained almost unchanged after the samples
were annealed at various temperatures before being frozen by

dialysis. Deduced from the above results, dislocation cannot be
eliminated in the self-assembled superhelical system. Due to
the topological restriction of the aggregates, dislocation is nec-

essary to support multistranded helical strips on a cylinder
substrate.

Formation Mechanism of the Multistranded Superhelical
Structures

Based on the above investigation and discussion, the forma-

tion mechanism of the multistranded superhelical structure is
illustrated in Figure 8. The PBLG-b-PEG block copolymers and

PBLG homopolymers dissolved well in the initial solution. With
the addition of water, the PBLG homopolymers aggregated

into fibers first because of the lower critical water content
(CWC).[11] When further water was added to the solution, the

PBLG-b-PEG block copolymers self-assembled on the pre-ag-

gregated PBLG homopolymer fiber-like substrates and formed
superhelical shells. Finally, the polymer mixtures self-assembled

into superhelical structures with uniform pitch and chirality.
The strand number is related to the geometric parameters of

the helices. At higher initial concentrations of the polymer so-
lution and lower weight fractions of block copolymers in the

mixture, the polymer mixtures tended to form helices with

larger diameters and a greater number of strands. At higher
temperatures,[11] helices with smaller helical angles and a great-

er number of strands could be obtained because the packing
of pendant phenyl side groups had a higher degree of chirality.

Additionally, dislocation appears to support the multistranded
helical strips due to topological restriction of the aggregates.

The existence of dislocations can minimize the free energy in

the system and cause strand number transitions within
a single helical aggregate.

As reported in our previous work,[11] right-handed helical
structures can also be obtained from the self-assembly of

PBLG-b-PEG/PBLG mixtures. In the right-handed helical system,
multistranded helical structures were also observed. The strand

number of the helices increased with increasing initial concen-

trations, which agrees with the variation of the strand number
of superhelices with left-handed chirality (Figure S7).

This work provides a facile self-assembly method to prepare
multistranded superhelical structures with controllable charac-

teristics. In our systems, the multistranded helix is a very spe-
cific case of strands confined on a cylindrical substrate. On

planar and curved surfaces, defects are present in various
forms, such as + 1 disclinations, :1/2 disclinations, and dislo-
cations. However, in the multistranded superhelical system,

only dislocations were observed. The investigation of multi-
stranded features based on self-assembled superhelices can

deepen our understanding of topological dislocations on cylin-
drical substrates. The superhelices formed in our system have

morphologies similar to some natural biological structures. The

information gained from this work may provide guidance for
revealing the underlying formation mechanism of multistrand-

ed helical structures in biological systems in nature. The appli-
cation of self-assembled multistranded helices as biomimetic

particles can help to understand the function of microstruc-
tures in biological behavior.

Figure 8. Schematic illustration of the formation of multistranded helices.
Scale bars: 100 nm.
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Conclusion

In summary, PBLG-b-PEG rod–coil block copolymers and PBLG
homopolymers can self-assemble into hierarchical superhelical

structures with multiple strands. The strand number of the su-
perhelices can be manipulated through the experimental con-

ditions, such as the initial concentration, self-assembly temper-
ature, and weight fraction of the block copolymers. Higher ini-

tial polymer concentrations or lower weight fractions of the

block copolymers induce the formation of helices with larger
diameters and higher strand numbers. The helices prepared at

higher temperatures possess smaller helical angles, which lead
to higher strand numbers. Dislocations, an important topologi-

cal structure in striped patterns, were found in the helical
structures. The strand number transition within a single helical
aggregate was realized at the dislocations. Finally, a possible

mechanism was proposed to illustrate how the initial concen-
tration, temperature, and block copolymer weight fraction in-
fluence the multistranded features of the self-assembled super-
helical structures. This work provides guidance for the fabrica-

tion of superhelical structures with tunable strands.

Experimental Section

Materials

a-Methoxy-w-amino poly(ethylene glycol) (mPEG-NH2, Mn = 5000)
was purchased from Sigma–Aldrich. The mPEG-NH2 macroinitiator
was dried by dissolving it in toluene and then removing the tolu-
ene under high vacuum before use. Analytical-grade hexane and
1,4-dioxane were heated at reflux and distilled over sodium imme-
diately before use. Acetic ether was heated at reflux and distilled
over CaH2. Dialysis bags (Membra-cel, 3500 molecular-weight
cutoff) were provided by Serva Electrophoresis. All other reagents
were purchased from Adamas-beta and used as received. Deion-
ized water (resistance 18.2 MW cm) was obtained by using a Milli-
pore Super-Q Plus Water System.

Synthesis of PBLG Homopolymer

g-Benzyl-l-glutamate-N-carboxyanhydride (BLG-NCA) was synthe-
sized according to a previously reported method.[22] PBLG was ob-
tained by ring-opening polymerization of BLG-NCA, which was ini-
tiated by using triethylamine with 1,4-dioxane as the solvent. The
reaction was performed in a flame-dried reaction bottle under
a dry nitrogen atmosphere at 15 8C. After 3 d, the viscous reaction
mixture was poured into a large volume of anhydrous ethanol. The
precipitated product was dried under vacuum and then purified
twice by repeated precipitation from solution in chloroform into
a large volume of anhydrous methanol. Gel permeation chroma-
tography (GPC; PL-GPC, Varian) with DMF as the eluent showed
that the number-average molecular weight of the PBLG homopoly-
mer was 528 000.

Synthesis of PBLG-b-PEG Block Copolymer

PBLG-b-PEG block copolymers were synthesized by ring-opening
polymerization of BLG-NCA in anhydrous 1,4-dioxane, which was
initiated by the mPEG-NH2 macroinitiator as discussed in our previ-
ous work.[23] The reaction was performed in a flame-dried reaction
bottle under a dry nitrogen atmosphere for 3 d at 15 8C. At the

end of the polymerization, the viscous reaction mixture was
poured into a large volume of anhydrous ethanol. The precipitated
product was filtered and then dried under vacuum. The molecular
weight of the block copolymers varied from 12 100 to 32 000, and
the distributions of PBLG-b-PEG ranged from 1.13 to 1.26. Detailed
results from the polymer characterizations are shown in Table S1 in
the Supporting Information.

Preparation of Helical Structures

Inspired by the strategy of polymer multicomponent self-assem-
bly,[24] we prepared superhelical structures from a solution of PBLG-
b-PEG/PBLG mixtures. First, PBLG-b-PEG block copolymers and
PBLG homopolymers were dissolved in a mixture of tetrahydrofur-
an (THF) and N,N’-dimethylformamide (DMF; 3:7, v/v) with stirring.
Then, the block copolymer and homopolymer solutions were
mixed at the designated volume ratio (e.g. , for a ratio of 4:1, PBLG-
b-PEG block copolymer solution (3.2 mL) and PBLG homopolymer
solution (0.8 mL) were mixed). To prepare the self-assemblies, de-
ionized water (1.5 mL) was added to the initial polymer solution
(4 mL) with vigorous stirring. After the addition of water, the color-
less solution developed a blue tint, which indicated the formation
of self-assembled structures.[9b] After stabilization for at least 1 h,
the solution was dialyzed against deionized water for 3 d to ensure
that all the organic solvents were removed. The superhelical aggre-
gates were stable in water after dialysis and the storage tempera-
ture had a negligible effect on the structures of the self-assembled
aggregates. After storing the solution at a different temperature
for more than three months, no morphological changes were ob-
served.

The effect of concentration was evaluated by using initial polymer
concentrations of 0.25, 0.50, 0.75, and 1.00 g L@1. The self-assembly
temperature was fixed at 20 8C, and the weight fraction of PBLG-b-
PEG (fPBLG-b-PEG) in the polymer mixtures was 0.8. All of the experi-
ments, including the addition of water and dialysis, were per-
formed at a constant temperature. The effect of the self-assembly
temperature was evaluated at temperatures of 20, 30, 40, and
50 8C. The polymer concentration was fixed at 0.5 g L@1 and the
weight fraction of PBLG-b-PEG (fPBLG-b-PEG) was 0.8. The polymer solu-
tions and water used for the self-assembly procedures were stored
at the corresponding temperature for at least 12 h, and all of the
experimental procedures were performed at the relevant tempera-
ture. To investigate the effect of the block copolymer weight frac-
tion, the block copolymer and homopolymer solutions were mixed
with a series of PBLG-b-PEG weight fractions of 0.8, 0.7, 0.6, and
0.5. The polymer concentration was 0.5 g L@1 and the self-assembly
temperature was fixed at 50 8C.

Scanning Electron Microscopy (SEM)

The morphology of the aggregates was observed by using field-
emission SEM (S4800, HITACHI) at an accelerating voltage of 15 kV.
The samples were prepared by placing drops of solution on
a copper grid coated with carbon film, which were then dried at
RT. Before the observations, the samples were sputtered with gold.

Transmission Electron Microscopy (TEM)

The morphology of the aggregates were examined by using field-
emission TEM (JEM-2100F, JEOL) at an accelerating voltage of
200 kV. Drops of solution were placed on a copper grid coated
with carbon film and then dried at RT. For the ultramicrotomed
sample, an aqueous solution of superhelices was freeze-dried and
the powdered sample was then embedded in epoxy resin and ul-
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tramicrotomed. The thickness of the ultramicrotomed sample was
approximately 40 nm.

Atomic Force Microscopy (AFM)

AFM measurements were performed at RT in air by using an XE-
100 (Park Systems) instrument in noncontact mode. The samples
were prepared by placing drops of solution on a silicon wafer sur-
face and allowing the drops to dry in air.

Cryo-TEM

Cryo-TEM samples were prepared in a controlled-environment vitri-
fication system (CEVS). One drop of solution was placed on
a copper grid coated with carbon film and excess solution was
blotted with a piece of filter paper before the grid was quickly
dipped into liquid ethane, which was cooled with liquid nitrogen.
The vitrified samples were then stored in liquid nitrogen until they
were transferred to a cryogenic sample holder (Gatan 626) and ex-
amined by using a JEM-2200FS TEM instrument at an accelerating
voltage of 200 kV and at approximately @174 8C.
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