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Helical Toroids Self-Assembled from a Binary System of Polypeptide
Homopolymer and its Block Copolymer
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Abstract: Toroids and helices are fundamental geometrical
structures in nature. Polymers can self-assemble into various
nanostructures, including both toroids and helices; however,
nanostructures combining toroidal and helical morphologies
(that is, helical toroids) are rarely observed. A binary system is
reported containing polypeptide homopolymer and its block
copolymer, which can hierarchically self-assemble into uni-
form helical nanotoroids in solution. The formation of the
helical toroids is a successive two-step process. First, the
homopolymers aggregate into fibrils and convolve into toroids,
thereby resembling the toroidal condensation of deoxyribonu-
cleic acid (DNA) chains. Second, the block copolymers self-
assemble on the homopolymer toroids and result in helical
surface patterns. Additionally, the chirality of the surface
helical patterns can be varied by the chirality of the polypeptide
block copolymers.

Nanotoroids have attracted considerable attention because
of their unique geometry and properties, such as serving as
nanoreactors or versatile templates for functional structures,
optoelectronic properties, and potential biological applica-
tions.[1] Polymer self-assembly allows the construction of
various nanostructures, including spheres, cylinders, vesicles,
and disks.[2] In terms of topological structures, toroids can be
viewed as ring-shaped cylinders or hollow disks. In fact,
toroidal nanostructures usually originate from cylinders,
vesicles, or disks with a complex morphology evolution
process.[3, 4] However, these routes usually suffer from ill-
defined morphology and less controllable process. Therefore,
it is desirable to find an efficient approach to prepare uniform
toroids.

Nature has the ability to create well-defined structures of
high order.[5] For example, in biological systems, DNA chains
in some viruses and sperm cells, as well as some semiflexible
biopolymers (for example, xanthan), are able to collapse into
uniform toroids through a unique loop-and-wind process.[6]

Mimicking nature is an effective and feasible approach to

prepare well-defined structures. However, to the best of our
knowledge, there are few reports on the formation of toroids
by synthetic polymers via such a highly efficient loop-and-
wind route.

In addition to toroids, helical structures are also intriguing
and ubiquitous in nature;[7] for example, DNA,[8a] collagen,[8b]

and tobacco mosaic virus (TMV)[8c] usually possess helical
structures on different size scales. Helical structures have
potential applications in diverse fields, such as chiral recog-
nition, enantioselective catalysis, and enantioseparation.[7,9]

As reported in the literature, a variety of helical nano-
structures with fiber-like, tubular, and spherical morphologies
can be self-assembled from various building blocks.[7, 10]

Considering the delicate morphologies and special functions
of the toroid and the helix, their combined morphology (that
is, a toroidal helical structure), could be of significant
fundamental interest. However, toroidal helical structures
have rarely been reported.

Herein, we report an intriguing finding of the formation of
uniform nanotoroids with helical surface patterns self-assem-
bled from poly(g-benzyl-l-glutamate) (PBLG) homopoly-
mers and poly(g-benzyl-l-glutamate)-block-poly(ethylene
glycol) (PBLG-b-PEG) block copolymers (BCPs) in solution.
In such a unique structure, PBLG homopolymers aggregate
into fibrils and then convolve into a toroid, while PBLG-b-
PEG BCPs self-assemble into helical patterns on the toroid.

Helical nanotoroids were prepared by a selective precip-
itation method. First, PBLG3744 homopolymer and PBLG78-b-
PEG45 block copolymer (the subscripts denote the degree of
polymerization of each block) were dissolved in a mixed
solvent of tetrahydrofuran : N,N�-dimethylformamide
(THF:DMF, 3:7 by volume). The weight ratio of PBLG-b-
PEG to PBLG was 1:1, and the initial polymer concentration
was 0.2 gL�1. To the polymer solution, water (a selective
solvent for PEG blocks) was subsequently added under
stirring, followed by dialyzing against water to remove the
organic solvents (experimental details are provided in Section
1 of the Supporting Information).

As shown in Figures 1a–c, scanning electron (SEM),
transmission electron (TEM), and atomic force (AFM)
microscopy observations revealed that uniform toroids with
helical surface patterns were obtained. Notably, the helical
patterns on the toroids exclusively possess a right-handed
chirality (Figure 1a inset), which should be related to the
right-handed chirality of the PBLG segment. As estimated
from the SEM images, the inner diameter (Dinner), outer
diameter (Douter), and width (dtoroid) of the helical toroids are
approximately 154 nm, 418 nm, and 132 nm, respectively. The
AFM height profile shows a height of approximately 108 nm
for the toroidal nanostructures (Figure 1c inset), which is
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close to the width of the helical toroids. Dynamic light
scattering (DLS) testing revealed that these nanostructures
have an apparent hydrodynamic radius (Rh) of approximately
145 nm (Figure 1d), and the Rh distribution is very narrow
(polydispersity index (PDI) = 0.05), which indicates high
unity in the size of these helical toroids.

To get insights into the
role of both the BCPs and
homopolymers in such
assemblies, we examined the
effect of the weight fraction
of PBLG-b-PEG in polymer
mixtures (fPBLG-b-PEG) on the
self-assembled morphologies.
Without the homopolymers
(that is, fPBLG-b-PEG = 1), spher-
ical structures are observed
for the PBLG-b-PEG BCPs
(Supporting Information,
Figure S2). It should be
noted that, apart from
spherical aggregates, PBLG-
b-PEG BCPs can self-assem-
ble into aggregates with
other morphologies (for
example, needle-like, worm-
like, and disk-like assem-
blies), depending on the
molecular weight, assembly
conditions, and methods.[11]

When homo-PBLG is added,

helical toroidal structures are formed. As shown in Fig-
ures 2a–c, as fPBLG-b-PEG decreases from 0.8 to 0.2 the helical
nanostructures on the toroids become less visible. Further-
more, in the absence of PBLG-b-PEG BCPs (that is, fPBLG-b-

PEG = 0), the PBLG homopolymers self-assemble into plain
toroids (Figure 2 d). The stability experiment revealed that
the helical toroids are stable in solution (Supporting Infor-
mation, Figure S3). The dependence of morphology on the
fPBLG-b-PEG suggests that the PBLG homopolymers form
toroids and they can serve as templates for the assembly of
PBLG-b-PEG BCPs.

To verify this proposition, we designed a two-step
assembly experiment (Figure 2e). In the first step, the
PBLG78-b-PEG45 BCPs and PBLG3744 homopolymers were
separately dissolved in THF/DMF (3/7 by volume), and then
10.0 vol % of water was added to these solutions. In this
situation, the PBLG homopolymers self-assemble into plain
toroids (Figure 2 f), while the PBLG-b-PEG BCPs still
dissolve in solution since the water content is lower than the
critical water content (CWC; the CWC values of homo-
PBLG and PBLG-b-PEG are 4.7 and 10.9 vol%, respec-
tively; Supporting Information, Figure S4). In the second
step, the two polymer solutions were mixed, followed by
adding more water and dialyzing against water. As shown in
the inset of Figure 2 f, helical toroids are observed which are
similar to those obtained via the direct coassembly approach.
Moreover, as the added water content in the first step
increases (higher than the CWC value of PBLG-b-PEG), the
helical nanostructures on the toroid surfaces become less
visible and small aggregates formed by PBLG-b-PEG were
observed (Supporting Information, Figure S5). Through such
a two-step self-assembly experiment, the proposed mecha-
nism is further confirmed; that is, the formation of helical
toroids is a hierarchical self-assembly process that involves

Figure 1. Helical nanotoroids self-assembled from the polymer mix-
tures. a) SEM image; inset is a scheme of helical nanotoroids. b) TEM
image; inset presents a representative magnified image. c) AFM image
of helical toroids self-assembled from the PBLG78-b-PEG45/PBLG3744

mixture; inset presents the AFM height profile along the white line.
d) Apparent hydrodynamic radius (Rh) distribution of the helical
toroids in water (scattering angle of 908). The weight fraction of BCPs
in the polymer mixtures (fPBLG-b-PEG) was 0.5. Scale bars: 400 nm.

Figure 2. Structure of the helical nanotoroids. a–d) SEM images of aggregates self-assembled from PBLG-b-
PEG/PBLG with various fPBLG-b-PEG values: a) 0.8, b) 0.6, c) 0.2, and d) 0; insets show schemes of the
aggregates. e) Representation for the fabrication of helical toroids through a two-step self-assembly
approach. f) SEM image of plain toroids assembled from PBLG homopolymers at a water content of
10.0 vol % in the first step; inset shows an SEM image of helical toroids assembled from PBLG-b-PEG/PBLG
mixtures through a two-step self-assembly experiment. g) SEM image of helical toroids self-assembled from
the PBDG82-b-PEG45/PBLG3744 mixture; insets show a representative magnified image and a schematic of the
helical nanotoroids. Scale bars: 400 nm.
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the formation of toroids and the formation of helical patterns
on the toroid surfaces.

Considering the fact that the BCPs assemble on the
toroidal template of homopolymers, the molecular character-
istics of the BCPs should be pivotal for the morphology of
surface patterns. The effect of the molecular weight of PBLG-
b-PEG was examined. It revealed that PBLG-b-PEG with
short PBLG length forms rough surfaces on the toroids, while
for PBLG-b-PEG with long PBLG length, the surface
patterns on the toroids adopt fewer helical features (Support-
ing Information, Figure S6). We also replaced PBLG blocks
with poly(g-benzyl-d-glutamate) (PBDG, which has opposite
chirality to PBLG) to examine the influence of the chirality of
polypeptide blocks. Under similar preparation conditions, the
PBDG-b-PEG/PBLG mixture self-assembled into helical
toroids with left-handed helical surface patterns that have
the opposite chirality to those formed from the PBLG-b-
PEG/PBLG mixture (Figure 2g). When a mixture of PBDG-
b-PEG and PBLG-b-PEG was used to co-assemble with
PBLG homopolymers (the weight ratio PBLG-b-PEG/
PBDG-b-PEG/PBLG = 1/1/2), toroidal structures with achi-
ral surface patterns were observed (Supporting Information,
Figure S7). Additionally, the chirality of the polypeptide
homopolymers exerts less effect on the chirality of the surface
nanostructures (Supporting Information, Figure S7). These
results suggest that the chirality of polypeptide blocks is an
important parameter determining the chirality of the assem-
bled nanostructures.

As revealed from the preceding results, the toroidal
template of homo-PBLG is fundamental for the formation of
a helical toroid. In the following content, we examined the
formation mechanism of homo-PBLG toroids by monitoring
the morphology evolution of the homo-PBLG assemblies
under various water additions. As shown in Figure 3a, when
4.7 vol% of water was added, slender fibrils were formed. The
diameter of the fibrils is estimated to be approximately 25 nm
and the length is up to several micrometers. When the water
content was increased to 4.9 vol%, a racquet structure
possessing a loop at one end of the fibril was observed
(Figure 3b). This unique structure is considered an inter-
mediate state for the formation of toroids. Upon further
increasing the water content, toroidal structures appeared
(Figure 3c). When the water content reached 6.0 vol %,
toroids with uniform size were produced exclusively (Fig-
ure 3d). Such morphology transitions are also confirmed by
TEM results (Supporting Information, Figure S8). Notably,
the length of the initial fibrils is much longer than the
circumference of the formed toroids, while the diameter of
the loop along the racquet structures (approximately 330 nm)
is close to the inner diameter of the toroids (approximately
320 nm). Therefore, it can be deduced that the toroids are
formed by convolving the fibrils around the loop of the
racquet structure.

To monitor the self-assembly process of homopolymer
toroids in situ, we measured the Rh values of the assemblies in
solution at various added water contents (Figure 3e). The
mean Rh of PBLG homopolymers in the original organic
solvent is approximately 23.7 nm (the water content is
0 vol%), suggesting that homo-PBLG are mainly in the

unimer form.[12a,13b] The broad distribution of the peak could
result from some association of the PBLG chains in solution
because of the p–p interactions of the side phenyl groups.[12]

With the addition of water, the peak maximum of Rh shifted
toward higher values, and the Rh distribution broadened,
indicating the formation of homopolymer fibrils. At a water
content of 5.0 vol%, a double peak distribution (that is,
46.1 nm and 390.2 nm) of Rh was observed. The peak with
a higher Rh value corresponds to the aggregates (that is, the
initial toroidal aggregates and fibrous aggregates shown in
Figure 3c), while the peak with a lower Rh value corresponds to
the homo-PBLG molecules. Upon increasing the water content
to 5.1 vol%, the peak attributed to the homo-PBLG molecules
disappeared, suggesting that most homo-PBLG molecules
form fibrils. Upon further increasing the water content, the Rh

distribution gradually narrowed, which indicates that the
fibrous aggregates gradually convolute into toroids (Fig-
ure 3d). These DLS results for the in situ toroidal formation
process are in good agreement with the SEM observations.

It is well known that when water is added to the homo-
PBLG solution, the driving force for aggregation of the
PBLG gradually increases because of hydrophobic interac-
tions. Subsequently, the homo-PBLG aggregate into fibril-
like structures several microns in length (Figure 3a). As the
added water content increases, a part of the slender fibril
prefers to curve into a loop (Figure 3b), which is attributed to
the change in the interfacial energy between the fibrous
aggregates and the solvent. It is known that the formation of
closed loops is a free-energy-favorable process for fiber-like
structures in a selective solvent.[3a–e,k] Because of the longer
length of the fibrils, it is difficult to form a closed toroid.
Instead, a partly closed loop of the fibril (for example, racquet
structure) is formed to reduce the free energy. The remaining

Figure 3. Formation process of the homo-PBLG toroids. a–d) SEM
images of the aggregates self-assembled from PBLG3744 homopolymers
at various water contents: a) 4.7 vol%, b) 4.9 vol%, c) 5.0 vol %, and
d) 6.0 vol%; insets show schemes of the corresponding aggregates.
Scale bars: 300 nm. e) Plots of the Rh distribution of aggregates
assembled from PBLG3744 homopolymers vs. water content.
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parts of the fibrils wind around the loop to form a toroid. This
process resembles the toroidal convolution of DNA chains.[6b]

As a result, toroids of uniform size are obtained (Figure 3d).
Indeed, we found using circular dichroism (CD) spectroscopy
that the interfacial energy between the fibrous aggregates and
solvent is increased with the addition of water (Supporting
Information, Figure S9). To lower the free energy of the
system, the fibrils wind up to form toroids.

In addition, the appropriate rigidity of chains is also an
important factor in affecting the toroidal morphology. It was
reported that polypeptide chains with an a-helical conforma-
tion possess integral rigidity at lower molecular weights but
exhibit semiflexibility at higher molecular weights.[13] In
a separate experiment, when the PBLG3744 was replaced by
PBLG776 with relatively rigid PBLG backbones, spindle-like
structures rather than toroids were obtained (Supporting
Information, Figure S10), suggesting that the semiflexibility of
homo-PBLG owing to its high molecular weight is crucial for
the formation of polypeptide toroids. We have also examined
the effect of initial solvent compositions on the self-assembled
structures from the PBLG-b-PEG/PBLG system. It was found
that toroidal structures can also be formed, while the size of the
toroid and surface nanostructures vary with the initial solvent
composition (Supporting Information, Figure S11).

To gain a deep understanding of the formation mechanism
of toroids, we performed Brownian dynamics (BD) simula-
tions on the self-assembly behaviors. Shown in Figure 4a is
the coarse-grained model of the homopolymer comprising
a rigid backbone (R beads) and multiple pendant groups (P
beads). The homopolymer PBLG3744 used in the experiments
was modeled as R50 (the subscript is the number of R beads).
A P bead was jointed to each R bead to represent the pendant
group of the PBLG backbone. The backbone rigidity was
realized by maintaining the angle between two neighboring
backbone bonds unchanged. The attractive potential was set
for R-R and P-P pairwise interactions to describe the
hydrophobic nature of PBLG backbones and the p–p

interaction between phenyl groups, respectively.[3k, 14a] The
repulsive potential was given for the R-P interaction.[14b–d]

Their interaction strengths were determined by the parame-
ters eRR, ePP, and eRP (simulation details are given in Section 2

of the Supporting Information). In the experiments, the
addition of selective solvent (water) leads to the enhancement
of hydrophobicity and the aggregation of homopolymers. To
simulate this situation, the interaction parameters were set as
follows: eRR = ePP = 5.0e and eRP = 1.0e ; where e is the energy
unit in the simulation. Toroidal structures are formed under
this condition (Figure 4b). In the toroidal structures, the
semiflexible backbones are bent. The cross-sectional view
revealed that the bent backbones are almost parallel to the
arc of the toroidal structure (Figure 4c).

The formation process of toroids was examined by tracing
the simulation morphologies. As shown in Figure 4 d, at the
initial stage (eRR = ePP = 5.0e), R50 homopolymers with
a length of 75s (s is the length unit) were randomly dispersed
in the simulation box. Under this condition, with increasing
simulation time, fibrous aggregates with a length of 342s were
observed. An initial loop formed by curving one end of the
fibrous aggregate with time. Finally, the remaining fibrous
part wound around the initial loop, resulting in the formation
of a toroidal structure with a diameter of 39s. These
simulation results correlate well with the experimental
observations through the comparison of the size of polymers,
fibrils, and toroids from experiments and simulations (details
are presented in Section 2.3 of the Supporting Information).

Note that the lengths of initial fibrous aggregates are
generally polydisperse, while the final toroidal structures
show low dispersity of diameter (see the SEM images and
DLS results in Figure 3). Such an interesting phenomenon
was also observed in the simulations. We found that the
diameter of the formed toroids is determined by the
interaction parameter ePP and the backbone rigidity, while it
is less dependent on the length and polydispersity of the initial
fibrous aggregates (Supporting Information, Figure S13). For
all the fibrous aggregates in the solution, the diameter of the
formed toroids is uniform, since both the interaction strength
between the rods and the rigidity of homopolymers remain
almost constant in the experiment.

As revealed by the experiments, the formation of helical
toroids contains two stages: the formation of toroidal
templates followed by the formation of helical patterns on
the template surfaces. After reaching a theoretical under-

standing of the formation of the toroidal
template, we simulated the formation of hel-
ical patterns on the toroid (Supporting Infor-
mation, Figures S14 and S15). In the system
containing a toroidal template and the ran-
domly dispersed rod–coil BCP R3C2 (C repre-
sents the coil PEG blocks), increasing simu-
lation time resulted in the adsorption of the
R3C2 on the toroids to form a smooth surface,
followed by gradual phase separation, result-
ing in a helical pattern on the toroidal template
(Supporting Information, Figure S15). The
simulation results qualitatively reproduce the
formation process of helical nanostructures.

The formation process of the polypeptide
toroidal template observed in the present
system shows some similarities with the tor-
oidal condensation of biopolymers such as

Figure 4. BD simulations for the formation of toroids. a) Coarse-grained model of
PBLG3744 in the simulation, denoted as R50. b) Top-view and c) cross-sectional view of the
typical toroids obtained at eRR = ePP = 5.0e. d) Simulation snapshots for the formation
process of the homopolymer toroid at various simulation times.
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DNA. Both toroids are produced by winding the remaining
parts around the initial loop, and their dimension is deter-
mined by the initial loop size, which is related to polymer
semiflexibility and self-attraction interactions and is less
dependent on the polydispersity of the winding objects.[6b,14e]

Such a loop-and-wind process can realize the uniformity of
toroids. The present work provides a good model for deeply
understanding biological phenomena.

In conclusion, uniform nanotoroids with helical surface
patterns were self-assembled from a binary system containing
PBLG-b-PEG BCPs and PBLG homopolymers. It was
discovered that the PBLG homopolymers formed toroidal
templates on which the PBLG-b-PEG BCPs self-assembled
into helical patterns. The toroidal templates originated from
the convolution of fibrous structures formed by PBLG
homopolymers, which resembles the toroidal condensation
of DNA chains. The formation of helical toroids exhibits
a hierarchical characteristic. Additionally, the chirality of the
surface helical patterns can be manipulated by the chirality of
the polypeptide BCPs. This work enhances our ability to
design polypeptide hierarchical assemblies and has potential
biological applications.
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