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ABSTRACT: Due to various applications enabled by diverse
morphologies of self-assembled sequence-defined polymers, con-
trolling the self-assembly of synthetic peptidomimetics into
designed morphologies has emerged as a promising route for the
development of bioinspired functional materials. Herein, we report
morphological control over the assembly of a series of short
peptoids, or poly-N-substituted glycines, that contain asymmetric
hydrophobic domains. We demonstrate that the inherent flexibility
of amphiphilic peptoid bilayers drives assembly polymorphism,
resulting in the coexistence of nanosheets, twisted ribbons, and
nanofibers�three distinct morphologies. By tuning peptoid
molecular interactions through variations in sequence design,
solution pH, and temperature, we demonstrate precise control over the twisting and folding of peptoid bilayers, enabling the
formation of well-defined nanosheets and nanohelices. Molecular dynamics simulations further unravel how the introduction of
asymmetric hydrophobic domains enables the flexibility of peptoid bilayers and results in peptoid assembly polymorphism. By tuning
peptoid molecular interactions through heating, we further demonstrate the transformation of nanosheets into nanohelices. We
envision that our mechanistic investigation of peptoid assembly polymorphism provides a strong foundation for leveraging peptoid
sequences and chemistries to achieve controlled molecular interactions, driving the creation of biomimetic materials with tailored
morphologies and functionalities.
KEYWORDS: sequence-defined polymers, peptoids, assembly polymorphism, morphological control, biomimetic materials

■ INTRODUCTION
Living organisms use sequence-specific biomolecules like
proteins and peptides to create sophisticated functional
biomaterials.1−5 To accomplish a wide range of crucial
functions in vivo, these biomolecules need to go through
specific changes in conformation and assembly morphology to
reach their final supramolecular structures.5−8 These processes,
similar to the bottom-up self-assembly of synthetic macro-
molecules, are often dominated by noncovalent interactions,
which include hydrophobic interactions (e.g., π−π stacking),
hydrogen bonding, van der Waals forces, and electrostatic
interactions.1,5,7,9 The assembly conditions, such as temper-
ature, solution pH, concentration, and ionic strength, can
significantly influence the outcome and pathway of macro-
molecular assembly processes.5,9,10 Taken together, these
molecular interactions can change the flexibility of assembled
nanostructures from biopolymers or synthetic polymers, either
in conformational flexibility11,12 or in mechanical flexibil-
ity,13,14 thereby resulting in assembly polymorphism. There-
fore, identifying dominant interactions to achieve precise
control over macromolecular assembly polymorphism through
flexibility variation can significantly benefit the development of
bioinspired functional materials and understanding their
corresponding structure−function relationships.5,15−17

Peptoids, or poly-N-substituted glycines, are sequence-
defined synthetic macromolecules that mimic the structure of
peptides by having side-chain groups on nitrogen instead of α-
carbon positions. These macromolecules retain the sequence-
programmability and side-chain diversity inherited from
peptides but lack backbone hydrogen bond donors and
chirality.5,9,18,19 Therefore, peptoid−peptoid and peptoid−
substrate interactions can be controlled by varying the side-
chain chemistry for the development of functional materi-
als.5,9,15,20,21 Amphiphilic peptoids have been designed and
synthesized to assemble functional materials with diverse
morphologies, including nanotubes,22−26 nanosheets,25−36 and
nanohelices.37,38 While significant progress has been made in
unraveling the molecular interactions that govern peptoid
assemblies and transitions among these nanostructures,39−41
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precisely controlling these interactions to achieve specific
morphologies remains a challenging task.
Herein, we present controlled supramolecular polymorphism

in the assembly of a series of short amphiphilic peptoids
featuring asymmetric hydrophobic domains. We demonstrate
that these peptoid sequences self-assemble into defined
nanostructures, including nanosheets, twisted nanoribbons,
and nanohelices, by modulating their molecular interactions
through variations in the hydrophobic domain length and
assembly conditions. Molecular dynamics (MD) simulations
reveal that introducing an asymmetric hydrophobic domain
into self-assembling peptoids drives the formation of a flexible
bilayer composed of tightly packed amphiphilic peptoids. The
flexibility of peptoid bilayers leads to the observation of
assembly polymorphism. In addition, MD simulations predict
the process of splitting large nanosheets into individual fibers.
Both experimental results and MD simulations support the
notion that the helical fiber structure is the critical intermediate
for the formation of nanosheets and helical bundle structures.
This work further highlights the critical role of hydrophobic
interactions among amphiphilic peptoids in driving the
formation of self-assembled materials with specific morpholo-
gies. Manipulating molecular interactions through peptoid
side-chain chemistry provides a versatile platform for creating
bioinspired materials with tailored morphologies and engi-
neered functionalities.

■ RESULTS AND DISCUSSION

Design of Amphiphilic Peptoids with Asymmetric
Hydrophobic Domains
In our previous studies, we reported that amphiphilic, lipid-like
peptoids containing six N-[(4-bromophenyl) ethyl]glycine
(Nbrpe) groups form membrane-mimetic nanosheets20,21,42−46

while those containing six N-[(4-bromophenyl)methyl]glycine
(Nbrpm) form nanotubes.21−24,46 These studies,5,9,15 along
with related works by others,32,47 have shown that the
organized packing of peptoid hydrophobic domains is essential

for stabilizing the interdigitated bilayer structure of amphiphilic
peptoids, enabling the formation of distinct assembly
morphologies. On the other hand, while previous experimental
and computational results suggested that the formation of
helical structures, nanotubes, and nanosheets could be related
to each other through the peptoid bilayer structure,43,48

controlling the polymorphism in the assembly of peptoid
sequences has not been reported. For that purpose, we
designed and synthesized a series of peptoids with an
asymmetric hydrophobic domain composed of three alternat-
ing Nbrpe and Nbrpm groups. In contrast to aliphatic side
chains,30,49 these aromatic residues24,32,44 are known to
stabilize peptoid assemblies through enhanced hydrophobic
interactions including π−π interactions.50−54 We hypothesized
that the alternating Nbrpe and Nbrpm groups in the
hydrophobic domain of these peptoids would generate local
packing frustration43 and facilitate the formation of a flexible
bilayer structure, promoting polymorphism in peptoid
assembly. All peptoids were synthesized following the
previously reported submonomer solid-phase synthesis meth-
od,21,24,30 and the detailed synthesis protocol, peptoid
sequences, and peptoid characterizations and simulations are
described in Supporting Methods and Figures S1−S10.
Assembly and Characterizations of Peptoid
Nanostructures

To initiate peptoid assembly, lyophilized powder of
(NbrpeNbrpm)3Nc6 (Figure 1a; sequence shown from C-to-
N terminus) was dissolved in water and acetonitrile (v/v =
1:1) to obtain a 5.0 mM clear solution, with the solution pH at
4.0. The obtained solution was then left undisturbed at 4 °C
for slow crystallization. After approximately 3 days, gel-like
materials consisting of numerous peptoid assemblies were
formed (see the Supporting Information for details). Atomic
fo rce mic roscopy (AFM) re su l t s showed tha t
(NbrpeNbrpm)3Nc6 assembled into nanostructures, displaying
a coexistence of three distinct morphologies: nanosheets (2D
nanostructures), twisted ribbons (1D nanostructures with the

Figure 1. Self-assembly of peptoid sequences with asymmetric hydrophobic domains. (a) Structures of (NbrpeNbrpm)nNc6 (n = 2, 3, and 4). (b)
Schematic illustrating the interdigitated peptoid bilayer structure with molecular packing distances identified from XRD peaks. (c) Flexibility of the
peptoid bilayer promotes self-assembly into various morphologies, such as nanosheets, twisted ribbons, and helical fibers. (d−f) AFM images of
various morphologies of peptoid assemblies: (d) Nanosheets from (NbrpeNbrpm)4Nc6; (e) coexistence of nanosheets, twisted ribbons, and fibers
from (NbrpeNbrpm)3Nc6; and (f) helical fibers from (NbrpeNbrpm)2Nc6. (g) XRD spectra of the assembled materials from (NbrpeNbrpm)nNc6.
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width-to-height ratio larger than 10), and nanofibers (1D
nanostructures with width-to-height ratio smaller than 10)
(Figure 1e). AFM results showed that nanosheets and twisted
ribbons have a height of approximately 2.5 nm, while
nanofibers have a height of approximately 5.0 nm. Assembled
(NbrpeNbrpm)3Nc6 nanosheets have a comparable height to
those of Nbrpe6Nc6 (Figure S11a,b), which suggests that
(NbrpeNbrpm)3Nc6 forms a similar interdigitated bilayer
structure within peptoid assemblies. The coexistence of three
different morphologies within (NbrpeNbrpm)3Nc6 assemblies
could be due to the increased flexibility of the peptoid bilayer
as a result of packed asymmetric hydrophobic domains (Figure
1b,c). To confirm the essential role of asymmetric hydrophobic
side-chain packing in governing assembly polymorphism,
peptoids with varying numbers of (NbrpeNbrpm) side-chain
pairs were synthesized and utilized to explore their impact on
assembly morphology. As shown in Figure 1d,1f, while peptoid
(NbrpeNbrpm)4Nc6, with an increased number of hydro-

phobic side-chain pairs, assembles exclusively into nanosheet
s t r u c t u r e s ( F i g u r e s 1 d a n d S 1 2 a ) , p e p t o i d
(NbrpeNbrpm)2Nc6, characterized by reduced hydrophobic
interactions, forms helical nanofibers (Figures 1f and S12b,c).
AFM results show that (NbrpeNbrpm)4Nc6 nanosheets have a
height of 3.0 ± 0.3, and nanohelices of (NbrpeNbrpm)2Nc6
show heights varying from 10 to 50 nm. The height fluctuation
of nanohelices indicates the multilayer stacking of helical
peptoid assemblies.
To further investigate the molecular packing of these

peptoids containing (NbrpeNbrpm) side-chain pairs, we
performed synchrotron-based X-ray diffraction (XRD) meas-
urements of these assembled peptoid materials. XRD results
s howed th a t t h e nano shee t s a s s emb l ed f r om
(NbrpeNbrpm)4Nc6 exhibited the sharpest peaks, suggesting
the highest crystallinity (Figure 1g). The first low-q peak (d =
3.02 nm) corresponds to the thickness of the peptoid sheet,
which is consistent with the height obtained from the AFM

Figure 2.Molecular simulations predict the twisting of interdigitated peptoid bilayers. (a−c) Snapshots of the initial and 40 ns configurations of the
bilayer structures of peptoids (a) (NbrpeNbrpm)3Nc6, (b) Nbrpe6Nc6, and (c) Nbrpm6Nc6. (d−f) Time evolution of the twisting angles of the
peptoid bilayer for (d) (NbrpeNbrpm)3Nc6, (e) Nbrpe6Nc6, and (f) Nbrpm6Nc6, calculated from red (3−4) and blue (2−5) vectors at the upper
and lower edges of the fibrils as illustrated in panel (a): the red vectors connect the centers of columns 3−4 on the top and bottom leaflets, while
the blue vectors connect columns 2−5. Four independent runs were performed for each system and we observed consistent trends. The time
evolution of the twist angles for other systems are shown in Figure S10.
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measurement. The 1.73 nm spacing corresponds to the
distance between two packed peptoid backbones along the y-
axis with hydrophobic side chains facing each other. However,
the specific molecular packing of how Nbrpe and Nbrpm face
each other in that direction remains uncertain. From previous
works, for the amphiphilic peptoid with six Nbrpe groups as
the hydrophobic domain, the antiparallel molecular packing is
dominating because the positively charged σ-holes from the
covalent bond between the halogen atom and carbon could
disrupt the stabilization of parallel packing and favor the
antiparallel one.32,55 Therefore, if we apply the antiparallel
molecular packing to the peptoid with alternating Nbrpe and
Nbrpm side chains as the asymmetric hydrophobic domain,
the MMEE packing should be dominating (Figure S9). We
believe this nonuniform lateral packing is crucial for the
twisting and morphological changes of the assembled
materials, which will be elucidated later with the help of MD
simulations. The peak at 4.5 Å corresponds to the space of the
alignment of peptoid chains along the x-axis. XRD peaks with
spacings of 4.3 and 3.8 Å suggest the existence of extensive
π−π interactions among these Nbrpe and Nbrpm groups.50−54

Our MD analysis (Figures S7 and S8) shows that backbone
N−N, carbonyl C−C, and α-carbon (CA)−CA distances all
produce broad peaks in the 3.0−4.0 Å range, with none
forming a sharp ∼3.0 Å spacing; thus, the absence of a 3.0 Å
reflection reflects the lack of an underlying ordered 3.0 Å
backbone periodicity in these assemblies. The 3.0 Å spacing
has been identified as the distance between adjacent residues
along the backbone chain in the cis-conformation of a
peptoid42,56 (Figure S13). Compared with the peptoids having
different numbers of hydrophobic groups, peptoid assemblies
from those n = 4 give much sharper d-spacing peaks, indicating
the higher crystallinity of assembled peptoid nanosheets. In
contrast, the broader peaks observed for peptoid assemblies
from those n = 2 or 3 suggest lower crystallinity and higher
flexibility of the peptoid bilayer (Figure 1g).
To further emphasize the role of the asymmetric hydro-

phobic domain composed of three alternating Nbrpe and
Nbrpm groups in enhancing the flexibility of the peptoid
bilayer, we compared the XRD spectra of (NbrpeNbrpm)3Nc6
assemblies with those assembled from peptoids containing
either six Nbrpe or Nbrpm groups (Figure S13). The similarity
in their XRD spectra indicates that all of these peptoid
assemblies exhibit comparable bilayer packing of amphiphilic
peptoids. We then specifically analyzed the second low-q peak,
which provides insights into the packing arrangement of Nbrpe
and Nbrpm side chains along the y-direction. In this direction,
the d spacing is 1.80 nm for nanosheets assembled from
peptoids containing six Nbrpe groups,20,21,27,42,45 while
nanotubes assembled from those containing six Nbrpm groups
give a d spacing of 1.67 nm.24,26 The presence of a broad 1.73
nm peak in the XRD spectrum of self-assembled
(NbrpeNbrpm)3Nc6 suggests a possible mixture of Nbrpe
and Nbrpm groups packed in the y-direction (Figure S9). Such
molecular packing thus leads to the high flexibility of the
peptoid bilayer suitable for further twisting and folding into
different morphologies.
Computational Simulation Predicts the Flexibility of
Peptoid Bilayers

Experiments reveal that peptoid assemblies can adopt a range
of morphologies, including flat sheets, twisted ribbons, and
fibers, depending on the sequence (Figure 1). To elucidate the

nonuniform lateral packing hypothesized from XRD analysis
and the potential role in controlling ribbon twisting, we
performed MD simulations of initially flat peptoid ribbons to
assess their intrinsic stability and measure the spontaneous
emergence of any inherent twisting or splitting of the ribbon.
This simulation strategy builds on our previous work,37,43

where a similar approach successfully connected molecular-
level packing information to macroscopic assembly behavior.
We conducted MD simulations of three representative

sequences: the polymorphic (NbrpeNbrpm)3Nc6, the focus of
this work (Figure 2a); the sheet-forming Nbrpe6Nc6 (Figure
2b); and the tube-forming Nbrpm6Nc6 (Figure 2c), both
previously reported.43,48 Each preassembled bilayer ribbon
contained six columns of 40 peptoid chains and was simulated
in an explicit solvent for 40 ns. For the alternating sequence,
two initial packing patterns were imposed to represent
plausible registry arrangements consistent with the XRD-
derived intercolumn spacing: MEME (Nbrpm−Nbrpe−
Nbrpm−Nbrpe) and MMEE (Nbrpm−Nbrpm−Nbrpe−
Nbrpe). The homopolymers were constructed in both parallel
(V) and antiparallel (anti-V) interchain orientations to assess
the influence of packing symmetry on ribbon stability. These
controlled configurations allowed us to systematically probe
how small variations in sequence and registry affect bilayer
flexibility and the propensity for twisting. Full simulation
details, including force field parameters, system construction,
and MD protocols, are provided in the Supporting
Information. Snapshots of the initial and 40 ns configurations
are shown in Figure 2a−c. In these snapshots, Nbrpe residues
are colored yellow, Nbrpm in green, and Nc6 tails in blue.
The evolution of ribbon twisting was quantified by tracking

the twisting angles (θ) formed between two pairs of edge
vectors: the top-edge red vector (3−4) and the bottom-edge
red vector (3′−4′), and likewise between the top-edge blue
vector (2−5) and the bottom-edge blue vector (2′−5′)
(Figure 2a,d−f). These vectors were defined from the center-
of-mass (COM) positions of the terminal monomers along
each ribbon edge. Because each ribbon consists of six columns,
the 3−4 pair represents the two middle columns, while 2−5
captures the second-inner pair adjacent to the center. The twist
angle

=
·

| || |
V V

V V
cos 1 top bottom

top bottom (1)

was computed over the simulation trajectory using the “gmx
gangle” command within the Gromacs 2024.4 simulation
suite.57,58 The time evolution of θ served as a quantitative
measurement of both the magnitude and spatial asymmetry of
twisting across the ribbon. Mean values and standard
deviations were determined using block averaging over 2 ns
intervals. Comparing the evolution of 2−5 and 3−4 twisting
angles helps to expose whether twisting occurs uniformly
across the span of the ribbon.
The twisting-angle analysis (Figure 2d−f) reveals that both

the magnitude and uniformity of ribbon twisting depend
strongly on the sequence and packing pattern. For the
alternating sequence (NbrpeNbrpm)3Nc6, the MMEE pattern
exhibits pronounced and progressively asymmetric twisting:
the red (3−4) and blue (2−5) twisting angles increase and
diverge with time and reach distinct stable values, indicating
uneven deformation across the ribbon width. In contrast, the
MEME configuration remains relatively flat with smaller
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twisting angles and nearly overlapping red and blue traces that
reflect a more symmetric morphology (Figure 2a,d). These
behaviors mirror those seen in the symmetric systems, where
the antiparallel V configurations of Nbrpe6Nc6 (Figure 2b,e)
and Nbrpm6Nc6 (Figure 2c,f) develop larger twisting angles
and evolve more slowly toward stable values, whereas the
parallel V configurations remain more stable and reach their
terminal twist rapidly with minimal asymmetry. For Nbrpe6Nc6
fibrils, both antiparallel and parallel V configurations showed
symmetric twisting with similar angles from both peptoid pairs.
Interestingly, the antiparallel V fibril of Nbrpe6Nc6 reached
equilibrium within just 5 ns, much faster than that of
(NbrpeNbrpm)3Nc6 fibrils. Nbrpe6Nc6 in the parallel V
pattern retains a less twisted geometry.43,48 In Nbrpm6Nc6
fibrils, the parallel fibrils also rapidly reach stable twist angles;
however, an ∼15° difference in twist angles between two
peptoid pairs indicates a persistent asymmetric twisting
behavior consistent with its known preference to form
nanotubes.23,24,43 Finally, the Nbrpm6Nc6 antiparallel V fibril
exhibited the most pronounced twisting, characterized by slow
convergence of the twist angle and high asymmetry between
the 2−5 and 3−4 twist angles that ultimately resulted in
splitting of the fibril over the course of the simulation.
Overall, the MD simulations demonstrate that the twist

angle of a preassembled ribbon, and indeed the stability of the
ribbon itself, can be controlled by both the peptoid sequence
and the supramolecular organization. We observe that while
the MD simulations herein are designed to probe the stability
of an initially flat ribbon, and that a more extensive study
would be required to evaluate the relative stability of
competing morphologies (e.g., extended sheets, gels, dis-
assembled states) and probe the molecular mechanisms
underpinning the full assembly pathway, the results are
consistent with experimental observations of experimentally
observed polymorphism and suggest how atomic-scale
variations in side-chain geometry can dictate mesoscale
morphology in sequence-defined peptoid assemblies. Our
previous AFM and MD study43 showed that peptoid
nanosheets have bending and indentation moduli on the
order of ∼1 GPa, far higher than typical lipid bilayer-like
structures.59 Yet, the alternating Nbrpe/Nbrpm hydrophobic
domain introduces sufficient packing mismatch to reduce the
effective bending rigidity and enable the twisting behavior
observed here. In particular, the relative packing and flexibility
of the Nbrpe and Nbrpm side-chain groups, stemming from
the two-carbon versus one-carbon tether lengths, strongly
dictate the supramolecular structure. Alternating side-chain
lengths in NbrpeNbrpm3Nc6 promote twisting, whereas

uniform side-chain lengths favor either flat (Nbrpe6Nc6) or
symmetrically curved (Nbrpm6Nc6) assemblies. The simu-
lation also predicts the spontaneous splitting of nanofibers in
the presence of antiparallel Nbrpm packing, which suggests the
potential transformation of 2D nanosheets into 1D nanostruc-
tures.
pH-Controlled Assembly of Nanosheets and Nanohelices

The molecular-level understanding of the flexibility of the
(NbrpeNbrpm)3Nc6 bilayer inspired us to modulate the
twisting of the peptoid bilayer and control peptoid assembly
morphology by varying assembly conditions. We hypothesized
that the subtle change of assembly solution pH would lead to a
significant change in molecular interactions, thus leading to
different assembly outcomes.37 Here, we performed the self-
assembly of (NbrpeNbrpm)3Nc6 at three different pH
conditions�pH 2, pH 6, and pH 10�as the amino groups
of the peptoids would be fully protonated, partially protonated,
and nonprotonated, respectively,60,61 because the pKa of this
N-terminal amino side chain is estimated to be around 9−10.62
As shown from AFM and annular dark-field (ADF) scanning
transmission electron microscope (STEM) images (Figures 3
and S14−S16), solution pH had a significant impact on the
peptoid assembly morphologies. At pH 2, (NbrpeNbrpm)3Nc6
(Figures S14a,d and S15), with the protonated state of amino
groups, assembled into nanosheets with 2.5 ± 0.3 nm in height
(measured from 20 nanosheets from AFM images in Figures 3a
and S14d), which is similar to the height of Nbrpe6Nc6
nanosheets with bilayer packing of amphiphilic peptoids
(Figure S11).27,48 At pH 10 (Figures 3c and S14c,f), where
the amino groups remain unprotonated, AFM images revealed
the formation of nanohelices with a height of 5.0 ± 0.7 nm
(measured from 20 nanohelices from the AFM image in Figure
S14f)�double that of peptoid nanosheets�suggesting the
interdigitated bilayer stacking of (NbrpeNbrpm)3Nc6 to form
nanohelices. Both left- and right-handed helices are observed
(Figure S14f). Interestingly, at pH 6, the peptoid assembly
results in the coexistence of nanosheets, twisted ribbons, and
helical fibers (Figures 3b, S14b,e, and S16). These results
further confirm that the transition between nanosheets and
nanohelices can be controlled by varying the assembly solution
pH. We reasoned that the protonation of amino groups led to
the formation of a charged polar domain, enhancing the water
solubility of peptoid molecules62 and thereby favoring the
formation of 2D nanosheets. When the amino groups of
peptoids are not protonated, the reduced solubility of the polar
domain makes the flat 2D nanostructure less favorable. As a
result, the peptoid bilayer undergoes twisting and stacking to
effectively shield the hydrophobic blocks from the aqueous

Figure 3. pH-dependent assembly of (NbrpeNbrpm)3Nc6. (a−c) AFM images showing the morphological transition at varying pH levels: (a)
nanosheets at pH 2, (b) coexistence of nanosheets and nanohelices at pH 6, and (c) nanohelices at pH 10.
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environment.37 In this scenario, twisted nanoribbons and
nanohelices with increased height become the preferred
nanostructures.
To further validate the critical role of the peptoid polar

domain in determining the assembly morphology of
(NbrpeNbrpm)3-containing peptoids, we designed and
synthesized two additional peptoids: (NbrpeNbrpm)3Nc2
(Figure S2) and (NbrpeNbrpm)3Tren (Figure S6). We then
carried out the self-assembly of these peptoids under pH
conditions of 2 and 10 (Figure S17). With enhanced water
solubility due to the presence of three amino groups,
(NbrpeNbrpm)3Tren self-assembled into flat nanosheets
both at pH 2 (Figure S17a) and pH 10 (Figure S17b), with
a height of approximately 2.5 nm. In both cases, the polar
domains of the peptoids were sufficient to shield the
hydrophobic side chains from the aqueous solvent, eliminating
the need for twisting or stacking of the peptoid bilayers. In
contrast, (NbrpeNbrpm)3Nc2, which possesses a single amino
group, exhibited self-assembly behavior similar to that of
(NbrpeNbrpm)3Nc6. At pH 2, where the amino groups were
protonated, it formed nanosheets with a height of approx-
imately 2.5 nm (Figure S17c). At pH 10, (NbrpeNbrpm)3Nc2
formed helical bundles with various heights ranging from 7 to
18 nm (Figures S17d and S18), indicating that the non-
protonated amino groups were insufficient to completely shield
the hydrophobic side chains from the aqueous solvent in the
flat bilayer form, resulting in twisting and stacking.
A similar effect was observed in the self-assembly of

(NbrpeNbrpm)3Dig (Figures S19 and S20) at two different
solution pH levels, where the carboxyl groups exhibited varying
degrees of deprotonation. As shown in Figures S19a and S20a,
at pH 7, the low degree of deprotonation of carboxyl groups
resulted in the formation of nanohelices with a height of 5.4
nm, reflecting the twisting of multistacked bilayers of
amphiphilic peptoids. In contrast, at pH 9, the negatively
charged, fully deprotonated carboxyl groups promoted the
formation of nanosheets with a height of 3.2 nm (Figures S19b
and S20b). Together, these findings demonstrate that the
inherent flexibility of the bilayer in peptoids containing
(NbrpeNbrpm)3 hydrophobic domains allows for precise
control over the assembly morphology by modulating the
peptoid polar domains and solution pH.
Transformation of Nanosheets into Nanohelices Triggered
by Thermal Annealing

Building on the flexibility of bilayers of amphiphilic peptoids
containing (NbrpeNbrpm)3 hydrophobic domains and the

diverse assembly morphologies observed at varying solution
pH, we aim to further explore the morphological trans-
formations among these distinct nanostructures of peptoid
assemblies. Herein, we opted to heat the peptoid nanosheet
solution to study the morphology transformation, leveraging
thermal annealing as a widely adopted technique for tuning the
morphologies of supramolecular assemblies.63 The
(NbrpeNbrpm)3Nc6 nanosheets were heated at 90 °C for 30
or 60 min, and they were then cooled to room temperature. As
shown in Figure 4, the nanosheets showed a clear trend to
transform into nanohelices. We started with the nanosheets of
(NbrpeNbrpm)3Nc6 formed at pH 2 (Figure 4a). After heating
the sheet solution at 90 °C for 30 min, we observed the
coexistence of nanosheets and nanohelices (Figure 4b),
suggesting a partial morphological transition from sheets to
helices. Interestingly, only nanohelices were observed in AFM
images after the sheet solution was heated at 90 °C for 60 min
(Figure 4c). A large-scale AFM image shows the coexistence of
both left- and right-handed helices (Figure S21). XRD results
showed that these nanosheets and nanohelices exhibit a similar
bilayer packing of amphiphilic peptoids (Figure 4d). The
transformation of these nanosheets into nanohelices is likely
driven by the thermodynamic preference for helical twisting of
peptoid bilayers over the flat sheet morphology, as this
configuration more effectively shields the hydrophobic
domains of peptoids from the surrounding aqueous environ-
ment.
When the heating temperature was lowered to 60 °C, the

transformation of nanosheets into nanohelices significantly
slowed, as shown in Figure S22a. After 60 min of heating, only
a partial conversion of nanosheets into nanohelices was
observed. Lowering the heating temperature further to 40 °C
resulted in negligible morphological transformation, even after
over 6 h of heating the nanosheet solution (Figure S22b). Such
thermal annealing-induced transformation of nanosheets into
nanohelices was also observed in the nanosheets assembled
from (NbrpeNbrpm)3Dig and (NbrpeNbrpm)3Nc2 (Figure
S23). In contrast, no such transformation was observed for the
nanosheets assembled from Nbrpe6Nc6 (Figure S24a),
(NbrpeNbrpm)3Tren (Figure S24b), and (NbrpeNbrpm)4Nc6
(Figure S24c), further highlighting the important role of
peptoid bilayer flexibility in the control over assembly
morphologies.
Based on our MD simulation results, which suggested that

the flexibility and asymmetric packing of Nbrpm and Nbrpe
side chains in peptoid bilayers may drive the splitting of

Figure 4. Morphological transition of (NbrpeNbrpm)3Nc6 assemblies from nanosheets to nanohelices induced by thermal annealing. (a) AFM
image of nanosheets assembled from (NbrpeNbrpm)3Nc6. (b) AFM image showing a partial transition from nanosheets to nanohelices after 30 min
of heating. (c) AFM image illustrating the complete transformation of nanosheets into nanohelices after 60 min of heating. (d) XRD spectra of the
nanosheet before heating (from a) and nanohelices obtained after 60 min of thermal annealing (from panel (c)).
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assembled nanostructures into single fibers, we further
examined the time-dependent thermal annealing-induced
transformation of nanosheets into nanohelices. As shown in
Figure 5, time-dependent thermal heating experiments
validated the transformation of nanosheets into nanofibers.
Heating the nanosheets of (NbrpeNbrpm)3Nc6 at 60 °C for 1
h resulted in their transformation into parallel-packed single
strands, as shown in Figure 5a. The sheets and strands had the
same height of 3.0 nm, suggesting that the single strand
originated from the disassembly and splitting of the nano-
sheets. A detailed mechanistic explanation for why the sheets
break apart is beyond the scope of the present work; however,
our previous theoretical modeling43 indicates that curvature in
homopolymer peptoids arises from a balance of π−π stacking
and interfacial energies, and for this alternating sequence,
additional intercolumn side-chain mismatch may introduce
packing frustration that predisposes the sheets to fragment into
strands. After 3 h of heating, the parallel-packed strands split
into individual strands, which subsequently began twisting into
helical structures, as shown in Figure 5b. Subsequently, the
single helical strands further bundled together, forming final
nanohelices with heights of 9.0 nm (Figure 5c) or larger helical
bundles after 6 h of heating (Figure S25). The z-directional
stacking of helical fibers enhances the packing of aromatic
motifs and effectively shields the hydrophobic domain from
solvent exposure. The study of the transition from sheets to
helices revealed how the increasing temperature drives the
morphological transformation, first by splitting the nanosheets
into single strands and subsequently facilitating the formation
of helical bundles. The pitch distances of these nanohelices are
nonuniform. As shown in Figure S26, the pitch distances can
vary significantly even within a single helix. For example, the
nanohelix depicted in Figure S26a displays pitch distance
ranging from 47 to 86 nm, while another helix from the same
sample, shown in Figure S26b, exhibits pitch distances ranging
from 111 to 159 nm.

■ CONCLUSION
In summary, this study highlights the ability to control the self-
assembly of synthetic peptidomimetics into diverse morphol-
ogies by tuning molecular interactions through sequence
design, solution pH, and temperature. The observed poly-
morphism, including the coexistence of nanosheets, twisted
ribbons, and nanofibers, underscores the critical role of
asymmetric hydrophobic domains in enabling the flexibility
of amphiphilic peptoid bilayers. Molecular dynamics simu-

lations further reveal the mechanisms by which these domains
mediate morphological transitions such as the transformation
of nanosheets into nanohelices. This mechanistic under-
standing offers a versatile platform for designing bioinspired
functional materials by linking the peptoid sequence and
chemistry to specific molecular interactions and assembly
behaviors. The findings pave the way for the advancement of
biomimetic materials with tailored structures and function-
alities.
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