P L OYAL SOCIETY
OF CHEMISTRY
Nanoscale -

View Article Online

View Journal | View Issue

M) Check for updates Multi-stimuli responsive nanomaterials assembled

from spiropyran-containing peptoids

Cite this: Nanoscale, 2025, 17, 27350

a

2b Bradley S. Harris, 2 Botao Hao,

@and Chun-Long Chen

@ Chenyang Shi,

*a,C

Progyateg Chakma,
Kyle Whitaker,® Marcel D. Baer

Stimuli-responsive tunable supramolecular assemblies are highly desirable for controlling functionalities
via morphological changes and alternations in crystallinity. Here, we report that amphiphilic peptoids with
a multifunctional spiropyran (SP) group assemble into responsive 2D nanosheets and 1D nanotubes
through light and heat-mediated isomerization. Computational analysis by periodic density functional
theory (DFT) calculations on dimers of SP and its isomer, merocyanine (MC), reveals significantly more
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favorable packing energetics for MC compared to SP, further supporting the high crystallinity of assem-
blies composed of peptoids with MC. Furthermore, we demonstrate how stimulus-responsive control
over peptoid assembly crystallinity can be utilized in tuning catalytic activity in mimicking carbonic anhy-
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Introduction

Molecular self-assembly into supramolecular structures is
essential for creating functionality in biological systems.'™
Inspired by nature, significant efforts in supramolecular chem-
istry and materials science have focused on constructing syn-
thetic supramolecular assemblies with sophisticated and
complex functions."™>® In particular, there is considerable
interest in stimuli-responsive assemblies of organic molecules,
which can be modulated to achieve specific morphologies and
functionalities.””"® Often, the macroscopic properties of these
supramolecular assemblies can be reversibly manipulated
through external stimuli such as light, pH value, heat,
mechanical force, and salts."*'® In particular, light as a stimu-
lus has significant advantages, as it can be applied to a
specific location with responsive moieties activated at different
wavelengths, with varying energy input, and in different
directions."'™"® Among the photoswitches, spiropyran (SP) is
highly unique as it reversibly isomerizes into the “open-ring”
merocyanine (MC) form, exhibiting significant changes in
physicochemical properties.'*"> For example, SP is a non-polar
and non-planar molecule. In contrast, isomerization into MC
induces a planar structure with extended pi-pi interaction and
a change in dipole moments (from ~4-6 D to ~14-18 D)
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(Fig. 1). Interestingly, in addition to being a photoswitch,
reversible SP to MC isomerization can be induced further by
temperature, mechanical force, solvent polarity, pH, metal
ions, and ionic concentration.’*'® The light-triggered pH
switch enables the transition between SP and MC, affording
Sp-containing materials with great potential in applications
such as CO, capture and sequestration.>*”'® Due to their
multi-stimuli-responsive and multifunctional properties, SP
moieties have been frequently explored and utilized to con-
struct stimuli-responsive functional materials.**'*"*> However,
minimal effort has been made to connect SPs with sequence-
defined synthetic polymers for the development of biomimetic
materials with multi-stimuli responsiveness and protein-like
high information content.

Peptoids, known as poly-N-substituted glycines, are a type
of well-advanced, sequence-defined peptidomimetics.*?%>*
Unlike peptides, where self-assembly is primarily driven by
hydrogen bonding, peptoids rely on controlled hydrophobic
interactions and side-chain chemistry for their self-assembly.
This leads to enhanced stability while maintaining
biocompatibility.">***> Recently, we and others have designed
and synthesized a series of amphiphilic peptoids that self-
assemble into highly crystalline, hierarchical nanomaterials
with various morphologies and functionalities, as well as
excellent chemical and thermal stability."**™* In
particular, peptide- and peptoid-based stimuli-responsive bio-
materials have recently gained significant attention due to
their excellent prospects in biomedical and biotechnology
applications.™*®*® However, SP has never been used as a func-
tional group for the development of responsive peptoid assem-
bly materials.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Stimuli-responsive reversible transformation of spiropyran and merocyanine and their functionalization into peptoids, leading to tunable

control of assembly into supramolecular structures.

Here, for the first time, we report the covalent attachment
of SP at the N-terminus of self-assembling peptoids for the
development of light- and heat-responsive peptoid nano-
materials with nanosheet or nanotube morphologies. We
demonstrate that assembly morphology and crystallinity of
these peptoid nanomaterials can be modulated through light-
and heat-mediated SP and MC isomerization (Fig. 1). To better
understand the molecular origin of these stimuli-responsive
behaviors, we also performed quantum chemical calculations
on representative SP and MC dimer structures. These compu-
tations reveal distinct energetic preferences for MC-based
stacking, which help rationalize the experimentally observed
differences in crystallinity and assembly kinetics. Finally, we
explored how stimulus-responsive control of the crystallinity of
assembled peptoid nanomaterials can be utilized to tune cata-
lytic activity in mimicking carbonic anhydrase (CA) enzymes.

Results and discussion

Design and synthesis of peptoid sequences conjugated with a
spiropyran group

To study the effect of reversible photochromism of SP, we
designed and synthesized amphiphilic peptoids with either six
Nbrpe = N-([2-(4-bromophenyl)ethyl]glycine) or Nbrpm = N-[(4-
bromophenyl)methyl] glycine were introduced as side chains
for the hydrophobic domains that are responsible for assembly
into highly crystalline nanosheets or nanotubes via aromatic
interactions.”*”*°** Here, the n-n interaction of phenyl rings
in six Nbrpe groups leads to the formation of a flat, sheet-like
structure.?*>*3® In contrast, the molecular packing of peptoids
containing six Nbrpm groups leads to the formation of a
tubular structure.’®*”*%*>3773% On the other hand, two [2-(4-
imidazolyl)ethyl]glycine (Nhis) were introduced in the polar

This journal is © The Royal Society of Chemistry 2025

domain to help with solubility and processability. Here, in
addition to facilitating solubility, Nhis side chain was used to
mimic the active sites of carbonic anhydrase (CA) enzymes,
thus creating responsive CA-mimics for enhanced CO,
hydration and sequestration.>® Finally, the SP moiety was func-
tionalized at the N-terminus of self-assembly peptoids to study
the effect of changes in polarity, solubility, steric, and supra-
molecular interactions through reversible SP to MC photochro-
mism. We hypothesized that, while the self-assembly of
amphiphilic peptoids into crystalline nanomaterials is domi-
nated by enhanced hydrophobic interactions (e.g., - stack-
ing) among hydrophobic domains,**™*> drastic changes in the
physicochemical properties of the functional group at the
N-terminus can significantly influence the properties of the
peptoid assembly process. Peptoids with Nbrpe, Nbrpm, and
Nhis side chains are shown in Fig. 2A. All peptoids were syn-
thesized using the submonomer solid-phase synthesis method
previously reported by our group.>®*”*>*® Synthesized pep-
toids were purified using reverse-phase high-performance
liquid chromatography (HPLC), and their purity was confirmed
by ultra-performance liquid chromatography equipped with
mass spectrometry (UPLC-MS) (Fig. S1 and 2). The detailed
synthesis and characterization methodology for these peptoids
can be found in the Methods and SI sections.

Reversible isomerism of spiropyran-functionalized peptoids

Before proceeding with the self-assembly of the peptoids, we
initially studied the reversible photochromism of SP to MC
using ultraviolet-visible (UV-Vis) spectroscopy with Pepl to
determine optimum conditions for this transformation. In the
presence of ambient visible light and room temperature, Pep1
remains in SP form (Pep1SP), as no characteristic MC absor-
bance is observed in the 500-550 nm region. Typically, UV
irradiation is utilized to initiate SP to MC transformation.'*

Nanoscale, 2025,17, 27350-27361 | 27351
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Fig. 2 (A) Peptoid sequences containing Nbrpe, Nbrpm, and Nhis side chains explored in this work, (B) multi-stimuli responsive changes in UV-Vis

spectra of spiropyran-functionalized peptoid PeplSP to PeplMC in acetonitrile/water (0.1 mM in acetonitrile/water; v/v = 1:1), and (C) reversible
photochromism of Pep1SP to PepIMC (0.1 mM in acetonitrile/water) for consecutive cycles - firstly by heating at 70 °C for 15 min, then irradiated

with ambient visible light for 5 min.

Interestingly, minimal success was observed when irradiating
the Pep1SP solution (0.1 mM in acetonitrile/water; v/v = 1:1)
with long-wavelength 365 nm UV light for 30 minutes or when
leaving it in the absence of light, as shown in Fig. 2B.
Recently, Wang et al. reported that the reverse photochromism
of SP to MC can be effectively promoted by heating.>” Inspired
by their report, when the Pep1SP solution was heated from
40 °C to 70 °C, a significant increase in the characteristic MC
absorbance at 530 nm was observed (Fig. 2B), indicating that
the opening of the SP moiety and transformation to Pep1MC
can be effectively mediated by relatively mild heating, without
any UV irradiation. Interestingly, reverse transformation to
Pep1SP was very rapid upon exposure to warm white light
(1 minute) or ambient visible light (5 minutes). The heat-light-
responsive SP to MC transformation can be repeated for at
least three cycles without any noticeable degradation (Fig. S5).

Assembly of SP- and MC-peptoids

Based on the initial finding of heat-mediated, highly efficient
transformation of SP to MC, we proceeded to study the self-
assembly of Pepl under different conditions. Typically, Pep1,
containing six Nbrpe side groups, should lead to the formation
of crystalline 2D nanosheets.>*>%*® We were interested in
studying how the incorporation of a bulky and non-polar SP
moiety, followed by its transformation into a planar and polar
MC isomer, affects the self-assembly properties of amphiphilic
peptoids. For the assembly of PeplSP, lyophilized peptoid
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powder was dissolved in a 1:1 (v/v) acetonitrile/water solution
and left at 4 °C in the presence of ambient visible light to
facilitate slow crystallization. On the other hand, for the
assembly of Pep1MC, the Pep1MC solution in acetonitrile/
water (v/v = 1:1) was heated at 60 °C for 20 minutes to facili-
tate the SP to MC transformation. A complete conversion of
Pep1SP to Pep1MC was confirmed by UV-Vis spectroscopy. The
resulting Pep1MC solution was then left at 4 °C in the dark to
allow for slow evaporation, which triggered the self-assembly.
Interestingly, a deep red, gel-like solution was obtained after
about one week (Fig. S5). In contrast, the self-assembly of
Pep1SP was much slower; a slightly yellowish, gel-like solution
with slurry was obtained after at least two weeks of slow evap-
oration of the Pep1SP solution (Fig. S5). These results indicate
that the MC form is much more favorable for the peptoid gela-
tion (i.e., crystallization) than the SP form. In contrast, in the
SP form, self-assembly of Pepl into crystalline nanosheets is
very challenging. To assess the morphology of assembled
PepiMC and PeplSP materials, atomic force microscopy
(AFM), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) were employed. Both AFM and
SEM characterizations of the assembled Pep1MC materials
(Fig. 3A and C) reveal the formation of 2D nanosheets with
lateral dimensions exceeding 5.0 um, straight edges, and a
thickness of approximately 4.0 nm. The formation of such
large 2D nanosheets was further confirmed by liquid-cell AFM
and TEM characterizations (Fig. S7A and S7B). On the contrary,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Representative AFM images of assembled — (A) Pep1MC and (B) Pepl1SP; in both cases, the height profile was used. Representative SEM
images of assembled — (C) PepIMC and (D) Pep1SP. (E) UV-Vis spectra of PeplSP and Pep1lMC (0.1 mM) in acetonitrile, and (F) Representative XRD
data of assembled Pep1IMC and Pepl1SP. The values above each peak are the corresponding lattice spacing values.

AFM and SEM results show that assembled Pep1SP materials
primarily consist of amorphous-like aggregates, with fewer
nanosheets of approximately 4.0 nm thickness (Fig. 3B and D).
UV-Vis spectroscopy analysis of the assembled Pep1SP and
Pep1MC materials reveals that the majority of the self-assem-
bling peptoid conjugate is in SP and MC forms, respectively
(Fig. 3E), which is further confirmed by UPLC characterization
(Fig. S10A and B). Interestingly, as seen in Fig. S8, the surface
roughness of the nanosheets calculated from the AFM images
of assembled Pep1MC and Pep1SP materials shows a signifi-
cantly higher root mean square (RMS) roughness value (R,) in
Pep1SP sheets (R = 1.680 nm) than PepIMC sheets (Rq =
0.108 nm). This indicates considerably greater height variation
or a rougher surface in Pep1SP nanosheets compared to
Pep1MC nanomaterials, resulting in high crystallinity and
highly ordered functional groups. Finally, the crystallinity of
the assembled Pep1MC and Pep1SP materials was evaluated by
synchrotron-based X-ray diffraction (XRD) measurements. XRD
data of Pep1MC materials confirm the high crystallinity of
Pep1MC nanosheets, as evidenced by very sharp and distinct
peaks (Fig. 3F), which are like those previously observed in the
case of assembled nanosheets from other Nbrpe6-containing
sequences.”*?®*® Conversely, the XRD data of Pepl1SP
materials show a broad and diffuse pattern, suggesting low
crystallinity (Fig. 3F). This experimental observation is further
supported by periodic DFT calculations (See discussion
below), which show that MC dimers are energetically more
favorable than SP dimers for ordered packing due to their

This journal is © The Royal Society of Chemistry 2025

planar structure and favorable dipole alignment. To study how
SP and MC moieties affect the assembly of these responsive
peptoid conjugates, peptoid conjugates were self-assembled
with a lower composition of MC. To achieve this, the Pep1SP
solution was maintained at 4 °C in a dark environment, either
without initial heating or after 2 hours of 365 nm long-wave-
length UV irradiation. As no heat-promoted SP to MC trans-
formation was involved in either case, the MC composition
should be lower than that of the ideal heat-mediated trans-
formation. AFM and SEM characterizations of these assembled
samples show mainly amorphous-like structures with few
nanosheet formations, albeit smaller in size than those of
Pep1MC assembled nanosheets, indicating non-optimal
assembly (Fig. S10). We postulate that this could be due to a
comparatively lower composition of MC and the presence of
the SP isomer in the Pepl solution, as indicated by UPLC
traces (Fig. S10C and D).

Encouraged by the effect of SP to MC transformation in
nanosheet assembly, we further explored the influence of the
reverse photochromism of SP on Pep2 containing six Nbrpm
side chains (Fig. 2A). Typically, di-block-like peptoids contain-
ing six Nbrpm groups in the hydrophobic domain form 1D
nanotubes. Pep2SP and Pep2MC were self-assembled in the
same conditions as Pep1SP and Pep1MC. Similar to the assem-
bly of sheet materials, a deep red, gel-like solution was
obtained from Pep2MC after only one week of self-assembly. In
contrast, a solution of aggregates and slurries was obtained
from Pep2SP after at least three weeks of slow evaporation. Ex

Nanoscale, 2025,17, 27350-27361 | 27353
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Fig. 4 Representative AFM images of assembled (A) Pep2MC and (B) Pep2SP. Representative SEM images of assembled (C) Pep2MC and (D) Pep2SP.

situ AFM characterization of Pep2MC gel-like materials reveals
the formation of 1D nanotubes with a tube height of around
6.5 nm (Fig. 4A). Formation of uniform 1D nanotubes was
further confirmed by liquid cell AFM (Fig. S6b) and SEM
(Fig. 4C). Negatively stained transmission electron microscopy
(TEM) images revealed that Pep2MC nanotubes have a wall
thickness of 3.8 + 0.6 nm and an average tube diameter of 30.9
+ 0.9 nm, similar to the previously reported tube thickness
and average diameter of our peptoid nanotubes.>”***® On the
other hand, AFM and SEM results indicate that Pep2SP forms
a very few smaller, non-uniform nanotubes, with mostly amor-
phous-like aggregates (Fig. 4B and D). Finally, XRD analysis of
the assembled Pep2MC materials unveils high crystallinity of
the nanotubes, characterized by very sharp and distinct peaks
(Fig. S11), similar to the characteristic peaks observed in other
nanotubes assembled from peptoids containing six Nbrpm
groups.””*%*% On the contrary, the XRD data of Pep2SP assem-
blies reveal comparatively low crystallinity with broader peaks
and a diffuse pattern (Fig. S11). To assess whether the SP to
MC transformation induces similar effects on the assembly
properties of amphiphilic peptoids lacking Nhis groups, Pep3
with six N-([2-(4-chlorophenyl)ethyl]glycine) (Nclpe) groups in
the hydrophobic domain, and six N-(2-methoxyethyl)glycine
(Nme) in the hydrophilic domain was synthesized (Fig. S3).
Here, six Nme groups were used to assist with solubility. Like
Pep1MC and Pep2MC, the assembly of the Pep3MC solution
also resulted in the formation of crystalline nanosheets, as

27354 | Nanoscale, 2025, 17, 27350-27361

confirmed by AFM, SEM, and XRD results (Fig. S12). In con-
trast, amorphous materials were obtained from the Pep1SP
(Fig. S12). These findings suggest that the transformation of
bulky, sterically hindered, nonpolar SP moieties into polar and
planar MC moieties, with MC-MC dipole-dipole and
n-interactions, plays a key role in obtaining highly crystalline
nanomaterials.

Light-responsive disassembly of MC-conjugated peptoid
nanomaterials

After exploring the heat- and light-responsive assembly pro-
perties of SP-conjugated peptoids, we were intrigued to see
how crystalline nanomaterials assembled from MC-conjugated
peptoids would behave upon exposure to visible light. When
the assembled Pep1MC gel solution was exposed to ambient
visible light for different durations, a change from deep red to
yellowish color was observed. AFM characterization of gel-like
materials after being exposed to varying periods of ambient
visible light exposure reveals the disassembly of peptoid
nanosheets into amorphous-like materials (Fig. 5A-E). UV-Vis
spectra of the assembled Pep1MC materials after 96 h of
visible light exposure reveal the disappearance of the charac-
teristic MC peak, suggesting the complete conversion of
Pep1MC into Pep1SP (Fig. S13). We hypothesize that the disas-
sembly of Pep1MC nanosheets may be due to the disruption of
MC-MC interactions, resulting in significant changes in
physicochemical properties, such as steric hindrance, polarity,

This journal is © The Royal Society of Chemistry 2025
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and solubility, within the assembled nanomaterials.
Interestingly, the disassembly process can be accelerated upon
exposure to warm white light using a photoreactor (Fig. 5F).
Nonetheless, the MC to SP conversion in the assembled
materials was significantly slower than in the PepiMC
monomer solution. We hypothesize that this is likely attribu-
ted to the significant energy barrier associated with disrupting
MC-MC interactions within the crystalline peptoid assemblies,
required for their conversion to the close-ring spiropyran form.
Additionally, the SP to MC transformation can occur spon-
taneously through “negative photochromism” in the absence
of light, particularly in polar solvents such as water."**” To
evaluate that, when the aqueous solution of assembled Pep1SP
materials was left in the absence of light for three weeks, a sig-
nificantly high amount of nanosheets with nearly no amor-
phous-like materials was observed, as shown in the AFM
characterization (Fig. S14). This result suggests that the conver-
sion of Pep1SP to Pep1MC facilitates MC-MC interactions in a
dark environment, thereby promoting the formation of
nanosheets in aqueous solution. These findings were further
confirmed by SEM results (Fig. S15). This light-responsive
change in both assembly structures and crystallinity was
further analyzed and confirmed by the XRD result (Fig. 6).
When the stability of PepIMC nanosheets and Pep2MC

nanotubes was studied in the absence of light at elevated

This journal is © The Royal Society of Chemistry 2025

temperatures or in organic solvents, it was found that both
nanomaterials are stable and retain their nanostructures after
heating or exposure to organic solvents (Fig. S16 and S17).
These results suggest that MC-containing peptoid nanosheets
and nanotubes, with MC functionality, retain their high stabi-
lity in the absence of light, even at elevated temperatures or in
the presence of excess organic solvents. These results are
similar to those of our previously reported Peptoid assemblies,
highlighting the unique advantages of these synthetic
materials compared to biological systems.>*”**> Exposure to
visible light irradiation is necessary for the transformation of
PepMC to PepSP, leading to the disassembly of the PepMC
crystalline nanomaterials. To further confirm that the disrup-
tion of MC-MC interactions and a significant change in the
physicochemical property of self-assembling PepMC are
responsible for the disassembly of peptoid crystalline nano-
materials, PepIMC was co-assembled with Pep4, an amphiphi-
lic peptoid similar to Pep1SP but without MC conjugation. Co-
assembly of Pep4 with Pep1MC in an 80:20 ratio, ie., 80%
Pep4 and 20% Pep1MC, resulted in the formation of crystalline
nanosheets, as seen from AFM and SEM images (Fig. S18A and
B) and SEM images (Fig. S18C and D). When these nanosheets
were exposed to ambient visible light for 48 hours, no signifi-
cant change in the assembly morphology was observed. We
hypothesized that in the co-crystallization of Pep4:Pep1MC

Nanoscale, 2025,17, 27350-27361 | 27355
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Fig. 6 XRD data of (A) Assembled Pep1lMC nanosheets exposed to ambient visible light for 96 h, (B) assembled PeplSP nanomaterials left in the
dark for three weeks. Here, the values above each peak are the corresponding lattice spacing values.

(80:20), this process is primarily driven by hydrophobic inter-
actions (e.g., n-rn interactions) among hydrophobic Nbrpe side
chains.*** Because this system contains only 20% Pep1MC,
the low density of the MC group within the peptoid sheets
makes MC-MC interactions unlikely.”® As a result, upon
exposure to visible light, no substantial change in physico-
chemical properties can be observed, leading to the retention
of assembled crystalline nanostructures.

Computational analysis of SP and MC dimer packing
energetics

To investigate the molecular basis for the enhanced crystallinity
observed in MC-functionalized peptoids, we conducted density
functional theory (DFT) calculations on representative dimer
structures of both the SP and MC forms. These dimers were
selected to mimic backbone-backbone packing motifs relevant
to the experimentally observed assembled nanostructures.

For each isomer, the lowest-energy dimer conformations
were used to construct periodic one-dimensional stacks with
packing constraints that reflect the ~0.45 nm spacing found in
XRD data.”® Geometry optimizations were performed under
periodic boundary conditions to assess the relative stabilities
of these packing arrangements.

0 2.96

As shown in Fig. 7, MC dimers exhibit a significant ener-
getic stabilization, approximately 3 kcal mol™" lower in energy
than their SP counterparts. This difference underscores the
role of MC’s planar, zwitterionic structure in promoting favor-
able n—r stacking and dipole-dipole interactions, which likely
drive the formation of highly ordered nanosheets and nano-
tubes. In contrast, SP dimers are hindered by non-planarity
and steric bulk, resulting in less favorable packing and
reduced crystallinity.

To test whether this energetic preference persists in
extended assemblies, molecular dynamics simulations were
performed on fully solvated membrane models constructed
from the two lowest-energy DFT-predicted SP and MC 1D
packing motifs (see SI, Fig. S20). Using a customized peptoid
force field, the MC membranes show a 10-15 kcal mol™" per
monomer stronger solute-solvent stabilization than their SP
counterparts, consistent with the enhanced stability and crys-
tallinity observed experimentally.

Together, the DFT and MD analyses provide a coherent
mechanistic explanation for the experimental observations: SP-
to-MC isomerization enhances the thermodynamic favorability
of ordered assembly, directly linking molecular conformation
to macroscopic morphology (see SI for details).

5.65

E (kcal/mol)
» o d

MC SP

SP MC

Fig. 7 DFT-optimized structures and relative energies of SP/SP and MC/MC dimers under periodic boundary conditions. The MC dimer is about

3.0 kcal mol™! more stable than the SP dimer, reflecting more favorable stacking interactions due to its planar geometry and strong dipole alignment.
Each dimer contains two monomers shown with distinct carbon colors (black and cyan) to highlight their relative orientations; nitrogen and oxygen
atoms are shown in blue and red, respectively, and hydrogen atoms are omitted for clarity. This energetic preference explains the enhanced crystalli-

nity and faster assembly observed experimentally for MC-functionalized peptoids compared to their SP analogues.
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Stimuli-responsive peptoid crystalline nanomaterials as
carbonic anhydrase (CA) mimics

Our recent study showed that peptoid crystalline nano-
materials containing Nhis groups can be used as CA mimics
for enhanced hydration and sequestration of CO,.*> Because
the hydrophilic domains of Pep1 and Pep2 both contain Nhis
groups, we hypothesize that the assembled, stimuli-responsive
nanomaterials from Pep1MC can be used as CA mimics exhi-
biting responsive catalytic properties. The high catalytic
efficiency and specificity found in natural enzymes are from
their ability to fold into well-ordered active site conformations
through self-assembly.>***>° We speculate that the assembly
of highly crystalline Pep1MC nanosheets and Pep2MC nano-
tubes, respectively, which have a high density of ordered func-
tional imidazole groups, will exhibit much higher efficiency as
CA mimics compared to those assembled from PeplSP or
Pep2SP, which exhibit significantly lower crystallinity. To evalu-
ate this, we employed a colorimetric assay that involved the
hydrolysis of 4-nitrophenyl acetate (4-NPA) to 4-nitrophenol
(4-NP) at room temperature. This reaction has been commonly
used to evaluate the efficiency of CA mimics.>® By monitoring
the UV-Vis absorbance of 4-NP at 400 nm, the hydrolysis rate
of the peptoid assemblies was determined. As shown in
Fig. 8A, both PepIMC and Pep2MC crystalline assemblies
demonstrated significantly higher activity in the hydrolysis of
4-NPA compared to their SP-containing counterparts. These
notable differences in hydrolysis efficiency can be attributed to
the high crystallinity of the MC-containing peptoid assemblies,
which contain highly ordered imidazole groups, thereby
enhancing ester hydrolysis activity. This is consistent with the
improved packing stability of MC dimers predicted by DFT.
These findings align with our recent reports, in which peptoid-
based highly crystalline nanosheets and nanotubes demon-
strated significantly higher activity as biomimetic catalysts

compared to their amorphous counterparts.>****>*® No sig-
A 100
90 | -4 -PepiMC
80 - m-Pep2MC
70 | —+—PepiSP S
7
60  —m—Pep2SP 7

Conversion (%)

120

0 30 60 90
Time (min)

Fig. 8
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nificant difference was observed for the effect of assembly
morphology on the -catalytic activity, as both assembled
Pep1MC and Pep2MC nanomaterials exhibited similar hydro-
lysis activities. To further illustrate the significance of crystalli-
nity and the organized arrangement of active groups for cata-
Iytic activity, Pep1MC was exposed to ambient visible light for
varying durations. This exposure resulted in a reduction in
crystallinity and the disassembly of the tightly packed nano-
structure as observed in Fig. 5. Subsequent hydrolysis tests
with these altered samples revealed a decrease in their hydro-
lysis activity, which is likely due to the disruption of the crys-
talline assemblies (Fig. 8B). Pseudo rate constants derived
from the hydrolysis rate also reveal superior activity from the
MC-containing peptoid assemblies compared to the SP-con-
taining assemblies (Table S1). Interestingly, both assembled
Pep1MC and Pep2MC samples collected after the completion
of the catalytic hydrolysis reactions retained their assembly
morphology (Fig. S19), highlighting the excellent stability of
these peptoid nanostructures. We expect that this stimuli-
responsive crystalline peptoid assembly system could be used
as a platform for the development of efficient CA mimics for
enhanced hydration and sequestration of CO,*° and for the
development of other enzyme mimics.

Conclusions

In conclusion, we report the use of the conversion of spiro-
pyran (SP) into merocyanine (MC) for the development of
multi-stimuli responsive nanomaterials. We found that heat-
mediated SP to MC transformation is highly efficient, and this
property can be utilized for the tunable assembly properties of
SP and MC functionalized peptoids. When peptoids were self-
assembled in MC form, highly crystalline nanomaterials were
obtained, whereas with SP form, amorphous-like materials

100
B 90 | — — Pep1MC
80 | - ® - Pep1MC to SP, Vis light48 h
“> 70 | - ¢ -Pep1MC to SP, Vis light96 h
il
60
5 .
g 50 /,’
> 40 n’ A
(= &= -7
§ % S m e
20 P4 ,”,o’
10 | KL~
%
0 = + - -
0 30 60 90 120
Time (min)

(A) Comparison of 4-NPA conversion rate by various assembled peptoid catalysts with different crystallinity and morphology. (B) Comparison

of the 4-NPA hydrolysis rate by assembled PepIMC and Pep1MC samples with exposure to ambient light. Hydrolysis of 4-NPA was studied at [HEPES
buffer] = 50 mM, [catalyst] = 0.125 mM, [4-NPA] = 0.25 mM at pH 7.4 and room temperature.
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were observed. MC peptoid nanomaterials showed excellent
stability in the absence of light; only upon exposure to visible
light, disassembly of the ecrystalline nanostructures was
observed due to the transformation into SP moieties. Periodic
DFT calculations on SP and MC dimers further support these
findings by revealing significantly more favorable packing
energetics for MC, consistent with its enhanced crystallinity
and assembly behavior observed experimentally. Finally, we
demonstrated that the catalytic activity in ester hydrolysis can
be tuned by the stimuli-responsive, reversible control of the
crystallinity of SP- and MC-functionalized assembled nano-
materials. We envision that the functionalization of SP moi-
eties into peptoids for stimuli-responsive assembly and disas-
sembly properties will inspire a wide range of applications,
including  biomedical  technology and  biomimetic
crystallization.

Methods

Materials

All materials were sourced from commercial suppliers and
were used as received unless otherwise indicated.

Peptoid synthesis and self-assembly

The synthesis of all peptoid sequences was performed on rink
amide resins, utilizing either manual or automated solid-
phase synthesis methods detailed in our earlier publications,
unless otherwise specified.>®?” The specific synthesis proto-
cols for each peptoid can be found in the SI. To cleave the syn-
thesized peptoids from the resins, they were treated with 95%
(v/v) trifluoroacetic acid (TFA) in water in a cartridge for one
hour with agitation. The solution was then collected by fil-
tration, and TFA was removed by evaporation under reduced
pressure. After TFA evaporation, the crude samples were com-
pletely dissolved in an acetonitrile/water mixture and purified
using reverse-phase high-performance liquid chromatography
(HPLC) set up with an XBridgeTM Prep C18 OBDTM column,
10 pm, 19 mm x 100 with a linear gradient of 60-80% aceto-
nitrile in water with 0.1% TFA. The collected fractions were
analyzed with a UPLC (Waters, ACQUITY reverse-phase at
0.4 ml min™" over 7 min at 40 °C with an ACQUITYBEH C18,
17 pm, and 2.1 mm x 50 mm column) connected with the MS
system (Waters SQD2). The collected pure fractions were lyo-
philized to yield a slightly yellowish powder.

For peptoid self-assembly, one pmol of the corresponding
lyophilized peptoid was dissolved in 200 pL of a 1:1 aceto-
nitrile/water mixture, resulting in a slightly yellowish, clear
solution of 5.0 mM concentration. The resulting SP-peptoid
was allowed to sit at 4 °C for slow evaporation in the presence
of ambient light, facilitating self-assembly. In the case of MC-
peptoids, SP-peptoids were transformed into MC-peptoids by
heating them at 60 °C for 20 minutes in the absence of light,
resulting in a deep red solution. MC-peptoids were also self-
assembled by initially exposing them to 365 nm UV light for
one hour or by leaving them in a dark environment without
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heating. The resulting MC-peptoid solution was left at 4 °C in
the absence of light to promote the slow evaporation of aceto-
nitrile and facilitate self-assembly.

Characterizations

Nuclear magnetic resonance (NMR). NMR characterizations
were conducted with a Bruker 500 MHz spectrometer.

Ultra-violet visible (UV-vis) spectroscopy. All UV-Vis spec-
troscopy analyses were performed using a Tecan Safire 2 micro-
plate reader.

Atomic force microscopy (AFM). AFM imaging in air was per-
formed using a Bruker Nanoscope 8 instrument in ScanAsyst
mode with silicon probes (HQ: NSC19 Al/BS, umasch) at
ambient conditions. The sample was prepared by mixing 1.0 pl
of self-assembled gel-like materials with 300 pl of deionized
(DI) water, from which was 40 pl then placed onto a freshly
cleaved mica substrate. After 5 minutes of incubation, excess
water was removed from the mica surface by blotting with
Whatman filter paper. Image processing and analysis were
conducted using NanoScope Analysis software.

In situ AFM imaging was performed using silicon probes
(SNL-C, spring constant: 0.24 N m™", tip radius: 2 nm; Bruker)
in tapping mode on a Cypher ES AFM (Asylum Research).
Peptoid assembly solutions were diluted with deionized water,
and 80 pL of the diluted solution was deposited onto a freshly
cleaved mica surface at room temperature. Image processing
and analysis were conducted using Gwyddion SPM data ana-
lysis software.

Scanning electron microscopy (SEM). SEM imaging was per-
formed using an Apreo Low Vac 2S microscope. The sample
preparation mirrored that of the AFM, where 1.0 pl of self-
assembled gel-like materials was added to 300 pl of DI water
and then placed onto a silicon wafer. After a few minutes of
incubation, the water was blotted away with Whatman filter
paper, and the surface was dried using nitrogen gas.

Transmission electron microscopy (TEM). Aqueous solutions
were directly drop-cast onto formvar/carbon-coated TEM grids
(Ted Pella, 300 mesh) for transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM)
sample preparation. The solutions remained on the grids for
10 minutes before being wicked away using filter paper. TEM
and STEM imaging were conducted on a FEI Titan 80-300
Environmental TEM operated at 300 kV and equipped with an
objective lens corrector. For HAADF-STEM imaging, the inner
and outer collection angles of the annular dark-field detector
were set to 55 and 220 mrad, respectively. Image acquisition
and processing were carried out using Gatan Digital
Micrograph.

X-ray diffraction (XRD) analysis. Powder XRD data were col-
lected using a multiple-wavelength anomalous diffraction and
monochromatic macromolecular crystallography beamline,
8.3.1 at the Advanced Light Source (ALS) located at Lawrence
Berkeley National Laboratory. Data characterization and pro-
cessing were performed according to the protocols reported in
our previous studies.?”

This journal is © The Royal Society of Chemistry 2025
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Computational methods

Global optimization of dimer structures. Monomer struc-
tures of SP and MC were generated from SMILES®" strings and
geometry-optimized using the GFN2-xTB method.>* To identify
representative packing motifs, dimer configurations of SP/SP
and MC/MC were globally optimized using the ABCluster
package,> which implements the artificial bee colony algor-
ithm. A total of 1000 dimer structures were sampled per
isomer and filtered based on geometric alignment and inter-
amine (N-N) distances relevant to experimental backbone
packing (~0.45 nm). The two lowest-energy dimers for each
isomer were selected for further analysis.

Periodic dimer packing energetics. Periodic one-dimen-
sional (1D) dimer stacks were constructed by aligning the N-N
vector of each dimer along the x-axis and replicating under
periodic boundary conditions in a 0.9 x 3.0 x 3.0 nm® simu-
lation cell. Geometry optimizations were performed using the
Quick Step module in CP2K package® with the revPBE func-
tional,® Grimme D2 dispersion correction,’® and a multigrid
cutoff of 400 Ry. Each system was optimized under constant
volume using analytical stress tensors. All calculations
employed DZVP-MOLOPT basis sets’” and matching GTH
pseudopotentials.®®

Relative total energies were used to compare the stability of
MC and SP packing motifs under equivalent conditions.
Energetic trends were verified by scanning the inter-dimer
spacing along the x-axis to confirm a local minimum at
approximately 0.45 nm.

Force-field molecular dynamics simulations. To extend the
DFT-derived packing analysis to larger, solvated assemblies,
molecular dynamics (MD) simulations were performed on fully
constructed membrane models based on the two lowest-energy
SP and MC 1D packing motifs, following the membrane con-
struction protocol described in our previous work.”® The simu-
lations employed a customized peptoid force field developed
using our STEPs framework®”®® for systematic parameter
optimization and validation against ab initio data. Systems
were solvated with explicit TIP3P water, and energetic
and structural analyses were conducted to evaluate solute—
solvent stabilization and packing persistence. Complete
parameterization procedures and simulation details are pro-
vided in the SI.
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