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Self-assembly of block copolymers pro-
vides an effective way to produce ordered 
nanostructures.[14,15] To prepare chiral 
assembly nanostructures, confinement 
is usually necessary. When self-assembly 
occurs in a confined space, such as 
spheres, cylinders (nanopores), and cir-
cles, the block copolymers are able to form 
diverse chiral nanostructures, including 
helices, helical balls, and spirals.[16–23] 
However, there are very limited exam-
ples to date regarding the self-assembly 
of block copolymers into 2D well-defined 
chiral nanoarchitectures on a confined 
substrate. Recent works have shown that 
well-ordered nanopatterns of block copoly-
mers can be constructed by introducing 
chemical or topological confinement to a 

substrate,[15,24,25] but these nanopatterns rarely possess chirality 
characteristics. It is still a challenge to create 2D chiral nano-
architectures from synthetic polymer systems, especially large 
nanopatterns with controllable chirality.

Herein, we report the formation of chiral stripe nanopatterns 
on microstripes through surface self-assembly of poly(γ-benzyl-
L-glutamate)-block-poly(ethylene glycol) (PBLG-b-PEG) block 
copolymers in which PBLG is a rigid helical polypeptide block. 
The nanopatterns possess clockwise chirality, which is closely 
related to the confinement effect of the microstripes and the 
chirality of the polypeptide blocks.

The typical experimental procedure involves two consecu-
tive assembly steps, as illustrated in Scheme  1. First (Step 1), 
polystyrene (PS) microstripes were prepared via controlled 
evaporative self-assembly of PS toluene solution confined in a 
“cylinder-on-Si” geometry.[26,27] After heat treatment (tempera-
ture: 160  °C) and extensive rinsing with toluene, alternating 
hydrophobic ultrathin PS microstripes formed on the Si sub-
strate. The PS microstripes were irreversibly adsorbed on the 
substrate.[28,29] In Step 2, the PS microstripes on the substrate 
were used as templates to direct the surface self-assembly of 
PBLG-b-PEG (temperature: 20 °C).[23,30] Typically, PBLG-b-PEG 
copolymers were dissolved in a mixed solvent of tetrahydro-
furan (THF) and N,N′-dimethylformamide (DMF) (THF/DMF, 
7/3 v/v), and the substrate was immersed in the polymer solu-
tion with the PS microstripes facing up. Then, water, a selec-
tive solvent for PEG blocks was added. The addition of water 
gives rise to the adsorption and assembly of PBLG-b-PEG on 
the hydrophobic PS microstripes. By fluorescently labelling the 

Chiral nanoarchitectures usually possess unique and intriguing proper-
ties. However, the construction of 2D chiral nanopatterns through polymer 
self-assembly is a challenge. Reported herein is the formation of chiral stripe 
nanopatterns through surface self-assembly of polypeptide-based rod-coil 
block copolymers on microstripes. The nanostripes align oblique to the 
boundary of the microstripes, resulting in the chirality of the nanopatterns. 
The chirality of the nanopatterns is closely related to the width of the micro-
stripes, i.e., a narrower width results in higher chirality. Besides, the chiral 
sense of the nanopatterns can be regulated by the chirality of the polypeptide 
blocks. This work demonstrates the transmission of chirality from polymer to 
nanoarchitecture on a confined surface, which can guide the preparation of 
nanopatterns with tuned chiral features.

Chiral structures are ubiquitous in nature from the molecular 
to the macroscopic level.[1] For example, the rotation direction of 
mollusk shells is right-handed, and many vine plants also tend 
to grow along the right-handed direction. Basically, such macro-
scopic chiral structures are generated in the presence of chiral 
biomolecules. Inspired by nature, chiral molecules and other 
chiral motifs have been used as building blocks to construct 
multifarious chiral supramolecular assemblies.[2–4] Among the 
chiral assembly structures, 2D chiral nanoarchitectures have 
recently attracted increasing attention.[5–9] Due to their special 
topological features and intriguing functions, 2D chiral nano-
structures show broad potential applications in the fields of 
catalysis, sensors, protein adsorption, and cell adhesion.[8,10–13]
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PBLG block of the copolymer, alternating light (green, block 
copolymer domain) and dark (blank Si domain) microstripes 
were observed in the confocal laser scanning microscopy image 
(see Scheme 1, bottom middle panel), which proved the depo-
sition of PBLG-b-PEG on microstripes. In these microstripes, 
the block copolymers form well-ordered stripe nanopatterns 
(Scheme 1, bottom left panel; see the discussion below).

Figure 1a,b shows the representative 3D atomic force micros-
copy (AFM) image and the corresponding height profile of 
the ultrathin PS microstripes formed on the Si substrate. The 
PS microstripes have a nearly smooth surface and a height of 
≈9  nm. In addition, the width of the PS microstripes ranges 
from ≈1.1 to ≈2.5  µm in gradient (see Figure S2 in the Sup-
porting Information). Figure  1c shows the AFM image of the 
stripe nanopatterns self-assembled from PBLG12k-b-PEG5k (the 
subscripts denote the number-average molecular weight, Mn, 
for each block) on the PS microstripes. By comparing the height 
of the original PS microstripes (≈9  nm) and that of the films 
(≈15 nm, Figure 1d), the average height of the nano patterns was 
determined to be ≈6 nm. The stripe nanopatterns were regular 
with a periodicity of ≈50 nm. The ordered stripe nanopatterns 
covered the entire area of the PS microstripes, which can be 
several millimeters in length. From grazing-incidence small-
angle X-ray scattering (GISAXS) testing, as shown in Figure 1e, 
apparent scattering spots at the qy value of 0.129 nm−1 were 
observed, which suggests the in-plane order of the stripe nano-
patterns with a periodicity of 48.8  nm. The GISAXS result is 
consistent with the AFM measurements.

Figure 1f–h shows the AFM phase images of the stripe nan-
opatterns self-assembled from PBLG12k-b-PEG5k on PS micro-
stripes with widths of 1.1, 1.5, and 2.5  µm. As indicated by 
the red lines in Figure 1f–h, the block copolymer nanostripes 

are well-ordered and align obliquely on the PS microstripes. 
In the fast Fourier transform (FFT) images (the insets of 
Figure  1f–h), the connection lines of the scattering spots are 
nonhorizontal, suggesting that the nanostripes are not par-
allel to the PS microstripes. By combining the AFM obser-
vations and FFT results, a clockwise chiral characteristic of 
these asymmetric nanopatterns is determined. To give a clear 
description of the orientation of block copolymer nanostripes, 
we define an orientation angle (θ) between the long axis of 
nanostripes and the boundary of the PS microstripes (see the 
inset of Figure 1i). Here, when θ = 0°, the nanostripes adopt a 
parallel alignment relative to the boundary of PS microstripe, 
displaying no chirality. A diagram referring to the average θ 
(measured from FFT images) versus the width of the PS micro-
stripe is plotted in Figure 1i. As can be seen, all the θ values 
are positive, indicating that the chirality of all these nanopat-
terns is clockwise. The average θ decreases with increasing 
width of the PS microstripe, suggesting that the nanostripes 
are less inclined to tilt toward the right boundary of the micro-
stripe when the width of PS microstripe is broader. Therefore, 
it is deduced that when self-assembling on a wide PS micro-
stripe, the block copolymers should form stripe nanopatterns 
with no chirality. Such a perspective has been confirmed by 
a control experiment using a wide PS microstripe and a mil-
limeter-scale PS film as the substrate (Figure S3, Supporting 
Information). These results suggest that the chirality expres-
sion of nanopatterns is related to the confinement of the PS 
microstripes.

The inner structures of the block copolymer nanostripes 
were then analyzed. The AFM images reveal that the width of 
the nanostripes is ≈22 nm and the height is ≈6 nm. Considering 
the geometrical structure of the nanostripes and the assembly 

Scheme 1. Schematic illustration of the formation of chiral stripe nanopatterns on microstripes. Upper panel: PS microstripes were prepared via 
controlled evaporative self-assembly of PS toluene solution confined in a “cylinder-on-Si” geometry. Lower panel: the PS microstripes on the sub-
strate were used to direct the surface self-assembly of PBLG-b-PEG. The addition of water induces the assembly of PBLG-b-PEG on the hydrophobic 
PS microstripes, forming well-ordered chiral stripe nanopatterns. The image consisting of alternating green and dark microstripes was captured by 
confocal laser scanning microscopy.
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mechanism of amphiphilic block copolymers in selective sol-
vents, the inner structures of nanostripes could be assigned 
to surface micelles.[30,31] In the surface micelles, hydrophobic 
PBLG blocks form the core, and hydrophilic PEG blocks form 
the corona. This assumption of structures was further verified 
by dissipative particle dynamics (DPD) simulations. In the DPD 
methods, PBLG12k-b-PEG5k was mapped into R6C6 block copol-
ymers, where the PBLG rod blocks and the PEG coil blocks 
are represented by R and C beads, respectively (Figure 2a). To 
model the PS microstripes on the substrate, a coarse-grained 
planar substrate covered by homopolymer microstripe (P) was 
constructed, as shown in Figure 2b. The selective solvents were 
denoted by S beads (not shown). To model the self-assembly 
of PBLG-b-PEG block copolymers on PS microstripes in the 
experiments, the interaction parameter between the rod blocks 
and the microstripes (aRP) was set as 25. The interaction para-
meter between the hydrophobic rod blocks and the solvent 
(aRS) was set as 70. More details about the model mapping and 
the parameter settings can be found in Section S2 in the Sup-
porting Information. After the simulation system reached the 
equilibrium state, as seen in Figure  2c, stripe nanopatterns 
were formed on the surface of the microstripe. The cross-sec-
tional image reveals that the nanostripes have a hemicylindrical 
micelle structure, where the hydrophobic rod blocks (R) form 

the core, and the hydrophilic coil chains (C) form the corona 
extending to the solution (Figure  2d). Furthermore, because 
of the rigidity of the R blocks, they tend to align in a head-to-
head manner perpendicular to the long axis of the nanostripes 
(Figure 2e).[32–34] These simulations confirmed the assumption 
that the inner structure of the nanostripes is surface micelles 
formed by the PBLG-b-PEG block copolymers.

As revealed above, the stripe nanopatterns possess identical 
clockwise chirality in all the PS microstripe regions. This could 
be related to the chirality of helical polypeptide blocks.[4,22,35] 
To verify this assumption, we examined the self-assembly of 
PBDG12k-b-PEG5k (PBDG: poly(γ-benzyl-D-glutamate)) on PS 
microstripes. PBLG and PBDG are a pair of enantiomers that 
possess secondary structures (α-helix conformation) with oppo-
site helical sense (Figure S4a, Supporting Information). As 
shown in Figure 3a, under similar experimental conditions, the 
PBDG12k-b-PEG5k copolymers self-assembled into stripe nano-
patterns with anticlockwise chirality (indicated by the blue line). 
Additionally, the chirality of nanopatterns can be regulated by 
mixing PBLG12k-b-PEG5k and PBDG12k-b-PEG5k copolymers in 
various mixing ratios. Figure 3b shows the plot of the average 
orientation angle θ of stripe nanopatterns as a function of the 
weight percentage of PBDG12k-b-PEG5k in the mixtures. As can 
be seen, with increasing content of PBDG12k-b-PEG5k in the 

Figure 1. a,c) 3D AFM images and b,d) the corresponding height profiles of the ultrathin PS microstripes and the stripe nanopatterns, respectively. The 
bottom right insets of (a) and (c) show the side-view cartoon of PS microstripes and the nanopatterns on a microstripe, respectively. e) 2D GISAXS 
pattern of the film. The inset shows the 1D profile of the pattern. f–h) Representative AFM phase images of the well-ordered stripe nanopatterns self-
assembled from PBLG12k-b-PEG5k on the PS microstripes with widths of 1.1, 1.5, and 2.5 µm, respectively. The red lines indicate the oblique orientation 
of nanostripes with respect to the right boundary of the PS microstripe. The insets show the fast Fourier transform (FFT) of the images in which the 
yellow dashed lines connect the bright scattering spots. Scale bars: 500 nm. i) The dependence of the average θ on the width of the PS microstripe. 
The inset shows the definition of the angle θ. The values of average θ were measured from FFT images.
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polymer mixtures, the angle θ gradually decreases and becomes 
nearly 0° when the PBDG12k-b-PEG5k content reaches ≈50 wt%, 
resulting in the formation of achiral stripe nanopatterns. Upon 
further increasing the content of PBDG12k-b-PEG5k, stripe 
nanopatterns with anticlockwise chirality are observed. These 
results demonstrate a chirality transmission process from the 
molecular chirality (helical backbone) of polypeptide blocks to 
nanopatterns on a confined surface.

To further explore how the PBLG-b-PEG copolymers 
assemble into chiral stripe nanopatterns on PS microstripes, 
we examined the dynamic process of the formation of nano-
patterns by monitoring the morphological evolution on PS 
microstripes. In the experiments, self-assembling systems with 
various added water contents were incubated for more than 
2 h to ensure that equilibrium structures were obtained. Then, 
the substrates were taken out from the solution, and the mor-
phologies were observed from AFM. When the added water 
content was 9.1 vol%, as shown in Figure 4a, no characteristic 
morphology was observed on the surface of the microstripes. 
When the added water content was increased to 16.7 vol%, dis-

ordered structures were observed, suggesting the deposition of 
PBLG-b-PEG (Figure  4b). Upon further increasing the water 
content to 23.1 vol%, nanopatterns with local-ordered struc-
tures were formed (Figure  4c). Furthermore, the orientations 
of the nanostripes on both boundaries of the PS microstripes 
tilted toward the right side (indicated by dashed rectangles). 
Finally, when the added water content reached 28.6 vol%, well-
ordered chiral nanopatterns were formed (Figure 4d). The crit-
ical water content for the formation of chiral structures on PS 
microstripes is determined to be ≈24.3 vol% (Figure S5, Sup-
porting Information). These observations suggest that the for-
mation of chiral stripe nanopatterns is a self-assembly process, 
including the adsorption of PBLG-b-PEG copolymers on PS 
microstripes and the subsequent structural reconstruction of 
copolymers into ordered nanopatterns. This disorder-to-order 
transition was accompanied by rearrangement of the rod-coil 
block copolymers to minimize the energetically unfavorable 
surface area between the hydrophobic PS/PBLG segments and 
solvents.[36] Additionally, due to the rigid nature of the PBLG 
blocks, the tendency for the ordered packing of rod blocks 

Figure 2. DPD model of a) the R6C6 rod-coil block copolymer, and b) the microstripe on a substrate. The rod and coil blocks and the microstripe are 
colored by green, red, and blue, respectively. c) Simulation prediction of the stripe nanopatterns formed on the microstripe. d) Cross-sectional image 
of the block copolymer nanostripes along the red line in panel (c). e) Cross-sectional image of the nanostripes along the yellow line in panel (d).
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Figure 3. a) AFM topographic image of the stripe nanopatterns with anticlockwise chirality (oblique alignment relative to the left boundary of the 
PS microstripe, indicated by the blue line) self-assembled from PBDG12k-b-PEG5k copolymers on PS microstripes. The inset shows the cartoon of the 
anticlockwise chiral stripe nanopatterns. b) Dependence of the average angle θ of the stripe nanopatterns assembled on PS microstripes on the weight 
percentage of PBDG12k-b-PEG5k.

Figure 4. a–d) AFM topographic images of the morphological evolution process of the stripe nanopatterns on PS microstripes at various water contents 
of 9.1, 16.7, 23.1, and 28.6 vol%, respectively. The dashed rectangular regions in c mark the local stripe nanopatterns at the boundary of the PS micro-
stripe. The inset of (d) shows the cartoon of the clockwise chiral stripe nanopatterns. Scale bars: 500 nm. e) 2D GISAXS pattern evolution for samples 
with increasing water content from 9.1 to 28.6 vol%. The cross of the black dashed lines in the patterns mark the scattering spots. f) Corresponding 
1D profiles calculated from the GISAXS measurements. The dashed arrow indicates the shift of the scattering peaks.
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could promote the formation of well-aligned nanostructures 
during self-assembly.[30,37]

GISAXS analysis was also used to trace the ordering process 
of nanopatterns. As shown in Figure  4e, the scattering inten-
sity in the qy direction became stronger with increasing water 
content, which indicates an increase in the in-plane order degree 
of stripe nanopatterns. Figure  4f shows the relative intensity 
profiles along the y-direction obtained from the GISAXS pat-
terns. The main peaks of the curves shifted to a larger qy value 
(from 0.103 to 0.127 nm−1), corresponding to a decrease in the 
periodicity of the nanopatterns from 61.0 to 49.4 nm. In addi-
tion, the peaks became narrower, which suggests an increase 
in the ordering of the nanopatterns. Such GISAXS results dem-
onstrate the disorder-to-order self-assembly process of the block 
copolymers on microstripes.

A possible mechanism underlying the formation of chiral 
stripe nanopatterns on PS microstripes is proposed in light 
of the above experimental and simulation results. The PBLG-
b-PEG copolymers are well dissolved in the THF/DMF mixture. 
When water is added, the copolymers are selectively adsorbed 
on PS microstripes to reduce the interfacial energy of hydro-
phobic PS and PBLG blocks. This behavior essentially results 
from the strong interactions (such as hydrophobic interactions, 
and π–π interactions) between the hydrophobic PBLG blocks 
and PS microstripes. With the continuous addition of water, the 
adsorbed block copolymers self-assemble into nanostripes on 
the PS microstripes, and these nanostripes gradually undergo 
a structural reconstruction to further reduce the free energy of 
the system.[30,38] The PS microstripes act as confined surface 
to direct the self-assembly of PBLG-b-PEG block copolymers, 
and facilitate the formation of well-oriented nanostripes on PS 
microstripes with widths of 1.1–2.5 µm (Figure 1f–h). The con-
finement of PS microstripes not only promotes the formation of 
well-ordered nanopatterns, but also provides the prerequisite for 
the chirality expression of nanopatterns. Furthermore, the chiral 
sense of the nanopatterns in the present system mainly depends 
on the chirality of polypeptide blocks, which results from the 
chirality transmission process from polymers to nanopatterns.

In summary, we discovered the formation of chiral stripe 
nanopatterns through surface self-assembly of polypeptide-
based rod-coil block copolymers on microstripes. The mole-
cular chirality of the polypeptide blocks determines the chiral 
sense of nanopatterns. The chirality of the nanopatterns can be 
regulated by tuning the width of the PS microstripes as well 
as by mixing the PBLG12k-b-PEG5k and PBDG12k-b-PEG5k block 
copolymers. The information obtained from this work enriches 
our knowledge of the hierarchical chiral self-assembly of block 
copolymers containing helical segments, and may guide the 
design of 2D nanopatterns/nanostructures with tuned chiral 
features. Moreover, the resulting ordered chiral nanopatterns 
may find potential applications in bio-related fields.

Experimental Section
Polymer Synthesis: PBLG-b-PEG was synthesized in anhydrous 1, 

4-dioxane solution using ring-opening polymerization of γ-benzyl-L-
glutamate-N-carboxyanhydride (BLG-NCA) initiated by anhydrous 
mPEG-NH2 macroinitiator.[39] The reaction was performed in a flame-
dried reaction bottle under a dry nitrogen atmosphere for 3 d at 15 °C. 

At the end of the polymerization, the reaction mixture was poured into 
a large volume of anhydrous ethanol. The precipitates were collected 
and dried under vacuum. The resulting products were purified twice by 
repeated precipitation from a chloroform solution into a large volume of 
anhydrous methanol. PBDG-b-PEG (PBDG: poly(γ-benzyl-D-glutamate)) 
was synthesized using the same method. PBLG(FITC)-b-PEG copolymer 
was synthesized by partially replacing benzyl groups with fluorescein 
isothiocyanate (FITC). Details about the polymer synthesis are provided 
in Section S1.2 in the Supporting Information.

Preparation of the PS Microstripes: The PS microstripes on the 
substrate were prepared by using a controlled evaporative self-assembly 
method.[26,40,41] 10  µL of PS solution (Mn  = 537  kg mol−1, polymer 
concentration = 0.5 g L−1) was trapped in a confined “cylinder-on-Si” 
geometry. As the solvent evaporated, regular PS microstripes were 
formed on the Si substrate. The obtained PS microstripes were then 
processed by heat treatment at ≈160  °C for 4 d followed by rinsing 
with large volumes of toluene ten times, leaving behind the ultrathin 
PS microstripes on the substrate.[28] Details about the preparation and 
characterization of the PS microstripes are available in Section S1.3 in 
the Supporting Information.

Preparation of the Stripe Nanopattern: For the self-assembly of PBLG-
b-PEG on the PS microstripes, the copolymers were first dissolved in a 
THF/DMF mixture (7/3 v/v). The polymer concentration was 0.2 g L−1, 
and the assembly temperature was 20 °C. Then, 3 mL of polymer solution 
was added to a beaker, and the substrate was immersed in solution 
with the PS microstripes facing up. To avoid solvent evaporation, the 
beaker was then sealed. Afterwards, 1.2 mL of water was added dropwise 
into the polymer solution by an injection pump. After self-assembly, 
the samples were rinsed with plenty of water to quickly remove the 
remaining organic solvent. Last, the samples were dried in vacuum for 
12 h before further characterization.

Characterizations: The morphologies of the stripe nanopatterns were 
characterized by AFM and GISAXS measurements. AFM images were 
obtained with an XE-100 AFM instrument (Park Systems), employing 
noncontact mode. To gain clear images, the images were set by 256 × 
256 pixels, and a scan rate of 0.5 Hz was employed. The images were 
analyzed using professional software (XEI, Park Systems). GISAXS 
experiments were performed at the Shanghai Synchrotron Radiation 
Facility (SSRF). The wavelength of the X-ray was 0.124 nm (E = 10 keV). 
For each sample, the incident angle was 0.3° and the exposure time 
was 100 s. The scattered intensity was collected by a detector (2048 × 
2048 pixels, pixel size of 80 × 80 µm2) placed at a distance of 1909 mm 
away from the sample. The CLSM image was captured by the Nikon A1R 
measurement. The signal of the fluorochromes was excited by an argon 
laser operating at 488 nm. The resulting outputs were obtained as digital 
false-color images.

Simulation Methods: Dissipative particle dynamics (DPD) simulation 
was used to study the structure of the stripe nanopatterns. In the DPD 
simulations, a volume of several molecules or parts of molecules were 
represented by a coarse-grained DPD bead. Corresponding to the 
molecular structure of the PBLG-b-PEG, a coarse-grained RC model 
consisting of a rod R block and a flexible C block was constructed. 
Neighbouring beads were connected via a harmonic spring force. In the 
DPD methods, all the units were scaled by the bead mass m, cut-off 
radius rc and thermal energy kBT. The equation of motion is integrated 
with a modified velocity Verlet algorithm with δt  =  0.04τ, where the time 
unit τ  = (mrc

2/kBT)1/2 . All the simulations were performed in an 80 × 
80 × 40 simulation box, where the NVT ensemble and periodic boundary 
conditions were adopted. More than 2 × 107 DPD steps were performed 
so that the computing time was long enough for the system to achieve 
an equilibrium state. More details about the simulation parameter 
settings can be found in Section S2.2 in the Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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