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Spiral nanostructures, mainly in the 2D form, have been observed

in polymer self-assembly, while well-defined 3D spirals are rarely

reported. Here we report that a binary system containing polypep-

tide-based block copolymers and homopolymers can self-assem-

ble into well-defined spiral spheres (3D spirals), in which the

homopolymers form the core and the copolymers form the spirals.

Upon increasing the preparation temperature, meridian spheres

were obtained. Mixing polypeptide block copolymers with oppo-

site backbone chirality also leads to the formation of meridian

spheres. In the meridian patterns, a tighter packing manner of the

phenyl groups appended to the polypeptide blocks was observed,

which is responsible for the spiral-to-meridian transitions. This

work enriches the research of spiral assemblies and provides a

facile route to switch chiral/achiral nanostructures by regulating

the packing manner of the pendant groups.

The spiral form is a fundamental geometrical structure in
nature, which attracts broad interest of communities from
mathematics and physics to chemistry and materials.1–5 Spiral
structures possess both ordered and chiral characteristics
endowing them with advanced and amazing functions such as
magnetic properties, catalytic activity, signal enhancement of
devices, and optical properties.6–11 Self-assembly of block
copolymers (BCPs) gives rise to varieties of ordered and chiral
assemblies, such as helices and Moebius strips.12–16 Recently,
increasing attention has been paid to the spiral
assemblies;1,17–21 however, the formation mechanism of
spirals has not been well clarified, and in-depth studies are
desired to get well-defined spiral nanostructures. In addition,

2D spirals are observed in most cases, while the 3D forms, for
example, spiral spheres, are rarely reported.

A spiral sphere, a typical 3D spiral nanostructure, is a kind
of highly ordered form of stripe-pattern spheres. Usually,
stripe spheres self-assembled from polymers possess a rela-
tively low regularity.22–24 In a droplet confinement, block co-
polymers could self-assemble into ordered stripes on particles,
such as screw-like and ring-like stripes.25–27 Additionally, as an
achiral form of spiral spheres, meridian spheres, however,
have not been observed in polymer self-assembly systems. It is
a challenge to prepare highly ordered striped spheres in a
simple solution system, i.e., spiral spheres and meridian
spheres through polymer self-assembly. Moreover, accessing
various ordered nanostructures in a facile and gentle manner
is also an attractive topic, which can not only enhance under-
standing of the self-assembly mechanism but also provide a
facile route toward novel morphologies. Therefore, on a spiral
sphere system, it should be very appealing to seek the possi-
bility of accessing meridian patterns by regulating preparation
conditions and also elucidate the mechanism behind the mor-
phology transitions.

Herein, we report that a binary system containing poly
(γ-benzyl-L-glutamate)-block-poly(ethylene glycol) (PBLG-b-PEG)
rod-coil BCPs and polystyrene (PS) homopolymers is able to
self-assemble into spiral and meridian spheres. They were pre-
pared by a selective precipitation method. First, PBLG75-b-
PEG112 BCPs and PS62 homopolymers (the subscripts refer to
the degree of polymerization, DP, of the corresponding block)
were dissolved in a mixed solvent of tetrahydrofuran/N,N′-di-
methylformamide (THF/DMF). For the characterization of the
polymers, see Table S1 and Fig. S1 in the ESI.† The initial
polymer concentration was 0.2 g L−1, and the weight ratio of
PBLG-b-PEG to PS is usually 3/7. Then, to 4 mL of the polymer
solution, water (a selective solvent for the PEG blocks) was sub-
sequently added at a rate of 0.04 mL min−1 under stirring
(water content reaches 23.0 vol%), followed by dialyzing
against water to remove the organic solvents. The effect of
assembling temperature and the initial solvent composition
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(volume fraction of DMF, fDMF) on the surface pattern mor-
phology is studied. In the study of the effect of temperature,
all experimental procedures, including the processes of adding
water and dialysis, were performed at a constant temperature.

Results and discussion

Fig. 1 shows SEM images of the samples prepared with fDMF =
0.5 at various temperatures. Spherical aggregates with a dia-
meter of about 650 nm were formed under these conditions;
however, the surface pattern differs with each sample. As
shown in Fig. 1a, when prepared at 20 °C, spiral spheres were
obtained. The stripes, having a uniform width of about 38 nm,
fully cover the spheres and wind in a left-handed direction
indicating left-handed chirality of the spirals. Upon increasing
the preparation temperature to 40 °C, spiral patterns were also
observed (Fig. 1b); however, these spirals are straighter than
those prepared at 20 °C. Upon further increasing the tempera-
ture to 60 °C, as shown in Fig. 1c, rather than chiral spirals,
straight stripes on the spheres, i.e., achiral meridian surface
patterns, were observed. Though 3D spirals have been reported
in some studies,20 the meridian pattern, a special form of the
3D spiral, has not been observed in BCP self-assembly
systems.

Since these spirals are uniform in diameter and tightly
packed with each other, we infer that these spirals are
Archimedean spirals on spheres.28,29 The spirals were fitted

with the polar equation of Archimedean spirals on spheres.
The equation of Archimedean spirals on spheres in the spheri-
cal coordinates is given by:

φ� φ0 ¼ aðθ � θ0Þ ð1Þ

where θ is the polar angle from the positive z-axis and φ is the
azimuthal angle in the xy-plane from the x-axis, as shown in
Fig. 1d. φ0 and θ0 are the constants determining the start
point of the spiral. The increment ratio of φ to θ gives a spin-
ning speed (a). A smaller a value corresponds to a straighter
spiral, and for the meridian patterns, a = 0.

Fig. 1e–g show the fitting traces of various spirals. As can
be seen, these spirals are a good fit with the Archimedean
spiral model, which indicates a highly ordered arrangement of
these spirals on the surfaces of spheres. The slope of the
fitting trace corresponds to the spinning speed of the spirals
(the a value), which decreases from 4.5 to 2.6 and then to
0.011 with the preparation temperature increasing from 20 to
40 °C and then to 60 °C. Such a variation of the spinning
speed corresponds to the spiral-to-meridian morphology tran-
sition. Furthermore, by combining the a value, the diameter of
the sphere (Ds), and the width of spirals (w), we can obtain
structural parameters including screw pitch (p, p = πDs/a) and
strand number (n, n = p/w) of the spirals. The Ds and w values
were obtained by measuring the striped spheres in the SEM
images (the size of the spheres was also examined by dynamic
light scattering, for detailed information, see Fig. S2†). It was
found that all these spirals are multi-stranded, and both the p

Fig. 1 (a–c) SEM images of left-handed spiral and achiral meridian spheres self-assembled from PBLG75-b-PEG112 BCPs and PS62 homopolymers
with fDMF = 0.5 at various temperatures: (a) 20 °C; (b) 40 °C; and (c) 60 °C. (d) Scheme for the Archimedean spiral sphere. (e–g) Plot of the azimuthal
angle φ–φ0 versus the polar angle θ–θ0 for the surface patterns. The inset images in (e–g) correspond to samples shown in (a–c), respectively.
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and n values increase with the decrease of the a value. For
example, for the spirals with a = 4.5, the p and n values are
475 nm and 13, respectively, and with the decrease of the a
value to 2.6, the p and n values increase to about 797 nm and
21, respectively. For the meridians, according to the definition
of the spirals, they have infinite p and n values. The detailed
characteristics of these multi-strand spirals are summarized in
Table 1.

The initial solvent nature exerts a considerable effect on the
surface patterns. The results are presented in Fig. 2 and
Table 1. When prepared with fDMF = 0.3, spiral patterns can
also be observed which have an a value of 11.5 (Fig. 2a). When
prepared with fDMF = 0.7, straighter spirals with a smaller a
value (a = 2.4) were obtained (Fig. 2c). The fitting traces are
presented in the ESI (Fig. S3†). These results revealed that the
a value of the spirals decreases with increasing fDMF in the
initial solvent. In addition, among the spiral spheres prepared
with fDMF = 0.3, achiral latitudinal stripe spheres are occasion-
ally observed (Fig. 2b). By examining over 100 particles, latitu-
dinal spheres were found to account for about 4.7% of the
number. Note that the latitudinal spheres are usually prepared

through a confined self-assembly approach,30 which is the first
report regarding bulk solution self-assembly of latitudinal
spheres from block copolymers.

The effect of the DP of the polymers on the surface pattern
is also studied. The DP of both PBLG-b-PEG BCPs and PS
homopolymers exerts no significant effect on the overall mor-
phology of the assemblies. The width of the stripes increases
approximately linearly with the DP of the PBLG blocks. For
example, for the samples prepared with fDMF = 0.3 and T =
20 °C, the width of the stripes formed by PBLG75-b-PEG112 is
about 38 nm, narrower stripes of about 21 nm were formed by
PBLG41-b-PEG112 BCPs, and wider stripes of about 49 nm were
formed by PBLG111-b-PEG112 BCPs. From the length of the
BCPs and the width of the stripes, a head-to-head packing
mode of the BCPs in the stripes is deduced. Detailed results
are presented in the ESI (Fig. S4 and S5†).

As revealed above, the PBLG-b-PEG Archimedean spirals
possess left-handed chirality, which could be related to the
chiral feature of the PBLG blocks (the PBLG backbone takes a
right-handed α-helix conformation). Such assumption was veri-
fied by the formation of right-handed Archimedean spirals by
PBDG83-b-PEG112/PS62 mixtures [PBDG: poly(γ-benzyl-D-gluta-
mate) takes a left-handed α-helix conformation]. Fig. 2d shows
the right-handed spirals (a = −12.8, the “−” corresponds to
right-handed spirals) formed by PBDG83-b-PEG112/PS62 with
fDMF = 0.3 at 20 °C. The surface pattern can be regulated by
mixing PBLG75-b-PEG112 and PBDG83-b-PEG112 BCPs under
similar preparation conditions. For example, spiral spheres
formed by PBLG75-b-PEG112/PBDG83-b-PEG112/PS62 mixtures
(weight ratio: 1/2/7) have a smaller a value of −8.0 (Fig. 2e),
and achiral meridian spheres were formed by PBLG75-b-
PEG112/PBDG83-b-PEG112/PS62 mixtures (weight ratio: 1.5/1.5/7)
(Fig. 2f). When the weight ratio of PBLG75-b-PEG112 BCPs sur-
passes that of PBDG83-b-PEG112 BCPs in the mixtures, left-
handed spiral spheres were prepared. For more results, see
Fig. S6 and S7 in the ESI.†

Apart from the surface patterns, the inner structure also
should be explored. For the PBLG-b-PEG/PS spiral spheres, it is
deduced that the PS homopolymers form the inner core and
the PBLG-b-PEG BCPs self-assemble into the surface spirals.
To address such an issue, we first studied the self-assembly
morphology of PBLG75-b-PEG112 BCPs and PS62 homopoly-
mers, respectively (the assembly conditions: polymer concen-

Table 1 Parameter information of the surface stripes

Parameters
T = 20 °C T = 40 °C T = 60 °C T = 20 °C T = 20 °C
fDMF = 0.5 fDMF = 0.5 fDMF = 0.5 fDMF = 0.3 fDMF = 0.7

Morphology Spiral Spiral Meridian Spiral Spiral
a value 4.5 ± 0.1 2.6 ± 0.1 0.011 ± 0.006 11.5 ± 0.1 2.4 ± 0.1
Ds

a 681 ± 25 660 ± 23 630 ± 10 644 ± 17 660 ± 22
Screw pitch/nm 475 ± 3 797 ± 5 —b 176 ± 1 864 ± 5
Strand number 13 ± 1 21 ± 2 —b 5 ± 1 23 ± 2

a The size of the spheres was also characterized by dynamic light scattering (DLS), which gives a similar size to the SEM observations. b From the
definition, meridians have infinite p and n values.

Fig. 2 (a–c) SEM images of striped spheres self-assembled from
PBLG75-b-PEG112 BCPs and PS62 homopolymers with various fDMF

values: (a and b) fDMF = 0.3 and (c) fDMF = 0.7. T = 20 °C. (d–f ) Striped
spheres self-assembled from PBLG75-b-PEG112/PBDG83-b-PEG112/PS62
mixtures with various PBLG-b-PEG/PBDG-b-PEG weight ratios: (d) 0/3,
(e) 1/2, and (f ) 1.5/1.5. fDMF = 0.3, T = 20 °C.
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tration = 0.2 g L−1, T = 20 °C, fDMF = 0.3). It was found that
PBLG75-b-PEG112 BCPs form small spherical aggregates, and
PS62 homopolymers form large spheres. These results prove
that the formation of the spiral spheres is the result of the co-
assembly of PBLG-b-PEG BCPs and PS homopolymers, and the
surface spirals could be self-assembled by the BCPs.

We then conducted a two-step self-assembly experiment to
further confirm the structure of the spiral spheres (Fig. 3a). In
the first step, to solutions of PBLG75-b-PEG112 BCPs (1.2 mL,
0.2 g L−1, fDMF = 0.3) and PS62 homopolymers (2.8 mL, 0.2 g
L−1, fDMF = 0.3) respectively, 13.0 vol% of water was dropped at
a rate of 0.04 mL min−1. Note: the critical water contents of
PS62 homopolymers and PBLG75-b-PEG112 BCPs were 9.3 and
16.1 vol%, respectively (Fig. S8 in the ESI†). In this situation,
the PS homopolymers formed spheres (Fig. 3b), while the
PBLG-b-PEG BCPs were still dispersed in the solution. In the
second step, these two polymer solutions were mixed together,
and more water was added to reach the final water content of
23.0 vol%. After dialysing against water, as shown in Fig. 3c,
spiral spheres similar to those prepared with the direct self-
assembly process were obtained. By comparing the diameter
of the blank PS spheres and that of the PBLG-b-PEG/PS spiral
spheres, the thickness of the PBLG-b-PEG shell was deter-
mined to be about 24 nm (the inset of Fig. 3c). With the
decrease of the BCPs/homopolymer feeding weight ratio to 2/8
and 1/9, the thickness of the PBLG-b-PEG shell decreases to ca.
18 (Fig. 3d) and 9 nm (Fig. 3e), respectively. In addition, by
controlling the adding rate of water in the first step, the size of

the PS spheres as well as the spiral spheres can be readily
adjusted (Fig. S9 in the ESI†).

From these above-mentioned results, the overall structure
of the spiral spheres can be well explicated. As illustrated by
the cartoon on the right of Fig. 3a, the PS homopolymers and
BCPs respectively formed cores and surface spirals; in the
spirals, the BCPs pack in a head-to-head mode and the direc-
tion of the BCP axis is parallel with the sphere surface.

In the following content, the mechanisms for the transition
between chiral spirals and achiral meridians will be analysed.
Under the current assembly conditions (i.e., with THF and
DMF as solvents, and in the temperature range of 20–60 °C),
PBLG chain backbones retain their rigid α-helix
conformation.31,32 Therefore, the possibility that the PBLG
conformation transition induced the surface morphology tran-
sition can be ruled out. Consequently, the possible reason for
such surface pattern transitions could be the different packing
modes of the block copolymers under different conditions.

Synchrotron radiation wide-angle X-ray diffraction (WAXS)
is a powerful tool to check the chain packing information of
assemblies.33–36 In this work, various samples prepared under
different conditions were employed for the WAXS testing.
Fig. 4a shows the WAXS pattern of spiral spheres formed by
PBLG75-b-PEG112/PS62 with fDMF = 0.5 at 20 °C. The multiple
diffraction rings in the WAXS pattern indicate ordered periodic
nanostructures. As shown in Fig. 4b, the characteristic diffrac-
tion peak at q1 = 4.41 nm−1 corresponds to the distance d =
1.42 nm, which is ascribed to the distance between adjacent

Fig. 3 (a) Representation of the fabrication of PBLG75-b-PEG112/PS62 spiral spheres through a two-step self-assembly approach. The scheme on the
right presents a structure of the spiral sphere as well as the spiral. (b) SEM image of plain spheres assembled from PS homopolymers in the first step.
(c–e) SEM images of spiral spheres prepared in the second step with various BCP/homopolymer feeding weight ratios: (c) 3/7, (d) 2/8, and (e) 1/9.
The insets represent schemes of the assemblies, and the blue, green, and red layers represent PS, PBLG, and PEG chains, respectively.
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PBLG chains (dpolymer) in the spirals. As reported in the litera-
ture, the characteristic q value of the α-helix conformation of
PBLG segments (phelix) is usually around 11–13 nm−1.37–39

However, a flat-top peak (q2) at 12–14 nm−1 was observed,
which could be an overlap of both the higher order peak of
4.41 nm−1 (for example, q = 13.23 nm−1) and the characteristic
q value of the PBLG helix. Nevertheless, due to the broad
hump of the peak, the characteristic q value of the PBLG helix
could be confirmed. The definitions for dpolymer and phelix are
shown in Fig. 4d.

Similar WAXS patterns were observed for the samples pre-
pared under different conditions ( fDMF = 0.5 is fixed); however,
the q1 value varies for different samples. As shown in Fig. 4c,
the q1 value for spiral spheres formed by PBDG83-b-PEG112/
PS62 at 20 °C (PBDG spiral) is 4.41 nm−1, which is the same as
that of the PBLG75-b-PEG112/PS62 spirals prepared at 20 °C
(PBLG spiral), indicating a similar packing mode of the poly-
mers in the spirals prepared under similar conditions, while
for the meridian spheres formed by PBLG75-b-PEG112/PS62 at
60 °C (PBLG meridian), the q1 value is found at 4.61 nm−1

(dpolymer = 1.36 nm). A similar q1 value of 4.65 nm−1 (dpolymer =
1.35 nm) was observed for the meridian spheres formed by
PBLG75-b-PEG112/PBDG83-b-PEG112/PS62 mixtures at 20 °C
(PBLG/PBDG meridian). These results revealed that the poly-

peptide chains are packed more compactly in the meridians
than in the spirals.

Based on these above-mentioned experimental results, the
packing modes of the BCPs in the spirals and meridians are
proposed (Fig. 4e–g). For the PBLG spirals (or PBDG spirals),
as shown in Fig. 4e, the polypeptide blocks arrange in a chiral
manner forming spirals. Due to the opposite chirality of PBLG
and PBDG block backbones, the PBLG-b-PEG and PBDG-b-PEG
BCPs packed in opposite fashions resulting in spirals with
opposite chirality. For the achiral meridians formed by PBLG-
b-PEG/PBDG-b-PEG mixtures (PBLG/PBDG meridians), since
the distance between polypeptide chains (dpolymer) is slightly
smaller, the PBLG and PBDG chains are deduced to be packed
alternately, and the pendant phenyl groups from adjacent poly-
peptide chains should overlap with each other. Such a packing
mode is illustrated in Fig. 4f. Note that a compact packing of
chirality stereoisomers has also been reported in the
literature.40,41

Similar to that observed in the PBLG-b-PEG/PBDG-b-PEG
meridians, for the meridians formed by PBLG-b-PEG or PBDG-
b-PEG BCPs under a higher preparation temperature, the
dpolymer is also smaller than that in the PBLG-b-PEG or PBDG-
b-PEG spirals. Therefore, in the PBLG-b-PEG (or PBDG-b-PEG)
meridians, it is deduced that the pendant phenyl groups from

Fig. 4 (a) WAXS pattern and (b) WAXS spectrum of the spiral spheres formed by PBLG75-b-PEG112/PS62 mixtures with fDMF = 0.5 at 20 °C (PBLG
spiral). (c) WAXS spectra of various samples. Note: the PBDG spiral is formed by PBDG82-b-PEG112/PS62 mixtures with fDMF = 0.5 at 20 °C; the PBLG
meridian is formed by PBLG75-b-PEG112/PS62 mixtures with fDMF = 0.5 at 60 °C; and the PBLG/PBDG meridian is formed by PBLG75-b-PEG112/
PBDG82-b-PEG112/PS62 mixtures with fDMF = 0.5 at 20 °C. (d) Scheme of the parallel packing mode of PBLG chains (the phenyl groups are omitted in
the scheme for clarity). dpolymer and phelix represent the distance of adjacent PBLG chains and the pitch of the PBLG helix, respectively. (e–f )
Schemes for the packing manner of the PBLG backbone and pendant phenyl groups in different structures: (e) PBLG spiral, (f ) PBLG/PBDG meridian,
and (g) PBLG meridian. The dashed red lines in (e–g) indicate the packing areas of the phenyl groups.
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adjacent chains should also be overlapped. The reasons are
analysed as follows. At higher temperatures, the solvent solubi-
lity to polymers increases; therefore, the pendant phenyl
groups are more solvated. The higher solvated state of the
phenyl groups could facilitate their interchain overlapping. As
a result, as illustrated in Fig. 4g, the dpolymer value is decreased.
Such a tight packing of phenyl groups could restrain the chiral-
ity transfer from the polypeptide backbone to the stripes; as a
consequence, achiral meridians rather than chiral spirals were
formed. In addition, both THF and DMF are good solvents for
the BCPs, but the phenyl groups were more highly solvated in
DMF,31,42–44 which explains the formation of PBLG-b-PEG
spirals with a lower chirality using a DMF-rich initial solvent
(see Fig. 2a–c and Table 1).

Conclusions

In summary, uniform spiral spheres (3D spirals) were self-
assembled from a binary system containing PBLG-b-PEG BCPs
and PS homopolymers in a selective solvent. The PS homopoly-
mers formed an inner sphere, on which the PBLG-b-PEG BCPs
self-assembled into surface spirals. The chirality of the spirals
is readily adjusted for the preparation temperature and initial
solvent nature. Under higher preparation temperatures, the
surface morphology can transform from the chiral spirals to
achiral meridians. Mixing polypeptide block copolymers with
opposite chirality also induces the spiral-to-meridian tran-
sition. Synchrotron radiation WAXS testing revealed that the
distance between adjacent polypeptide chains in the meridians
is smaller than that in the spirals, which is induced by the
tighter packing manner of the phenyl groups appended to
polypeptide backbones. This work not only presents novel
surface-patterned assemblies including chiral spirals and
achiral meridians, but also enriches our toolbox in controlling
assembly morphologies by subtly adjusting the packing
manner of the pendant groups.

Methods
Preparation of assemblies

Spiral and meridian patterned assemblies were prepared by
the self-assembly of PBLG-b-PEG rod-coil BCPs and coil PS
homopolymers. First, PBLG-b-PEG BCPs and PS homopolymers
were dissolved in THF/DMF mixtures. The concentrations of the
PBLG-b-PEG BCPs and PS homopolymers were the same, 0.2 g
L−1. Then, 1.2 mL of the PBLG-b-PEG BCP solution and 2.8 mL
of the PS homopolymer solution were mixed together. To the
solution, 1.2 mL of deionized water, a selective solvent for PEG
blocks, was dropped at a rate of ca. 0.04 mL min−1 with stirring.
After being stabilized for about 30 min, the solution was dia-
lyzed against deionized water for 3 days to remove organic sol-
vents. After dialysis, an aqueous solution of assemblies with a
striped surface pattern was obtained. In the study of the effect
of temperature, all experimental procedures, including the pro-

cesses of adding water and dialysis, were performed at a con-
stant temperature. The polymer solutions, water for micelliza-
tion, and water for dialysis were stored at a corresponding temp-
erature for more than 4 h before use.

Characterization of assemblies

The morphologies of the assemblies were characterized by Field
Emission SEM (S4800, Hitachi). The sample was prepared by
placing drops of solution on a Si wafer and then dried at room
temperature. Before observation, the samples were sputtered
with platinum. Synchrotron radiation WAXS measurement was
performed at beamline BL16B1 of the Shanghai Synchrotron
Radiation Facility. The wavelength of the X-ray was 0.124 nm
(E = 10 keV), and the distance of the sample to a detector for
WAXS was calibrated to be 207.51 mm. The exposure time was
60 s. A two-dimensional WAXS pattern was collected with a
Mar165 CCD detector (2048 × 2048 pixels with a pixel size of
80 μm). The WAXS data were analyzed with Fit2D software from
the European Synchrotron Radiation Facility. The d-spacing
values were calculated from Bragg’s law d = 2π/q.33
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