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Dual-Responsive Ultrathin Peptoid Nanofibers Assg_mbled from
Amphiphilic Alternating Peptoids with an Integration of
Azobenzene and Histamine Moieties
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ABSTRACT: Ultrathin organic nanofibers (UTONFs) have
favorable potential as emerging nanomaterials due to their large % 9 “é‘
aspect ratio, lightweight nature, and mechanical flexibility.

Achieving dual stimuli+csponsive UTONFs is necessary to satisfy —_—

the on-demand requirements of smart and miniature devices but -

remains challenging. Herein, amphiphilic alternating  peptoids Y Lo !

(AAPs) modified with azobenzene and histamine groups were

suocessfully synthesized using the solid-phase submonomer

vynthesis technique. Following subsequent solution self-assembly,

photo/CO, dual-responsive ultrathin peptoid nanofibers

(UTPNFs) with a diameter of ~1.8 am and a length of up to scveral micrometers were generated based on the pendant
hydrophobic conjugate stacking mechsnism. The photoisomerization of azobenzene was accountible for the reversible
transformation from UTPNFs to spherical micelles (~60 nm) under recyclable light imadiation. Owing to the protonation and
the resulting electrostatic repulsion Interaction, both UTPNFs and spherical micelles displayed 2 reversible variation in shape and
physicochemical properties, including the size, diameter, zeta potential, and pH. Our work offers prospective guidance on the
construction of dual-responsive ultrathin organic nanofibers with controllable shape transformation and performance transition.

1. INTRODUCTION reversibility.' ™7 Additionally, gas molecules can serve as
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Stimuli-responsive organic nanofibers (ONFs), as an attractive
class of intelligent nanomaterials, possess unique physical and
chemical traits, including high specific surface area, significant
strength, low density, and mechanical flexibility.'™* Stimuli-
responsive ONFx are also capable of significant structural or
perf e transitions dynamically in resp to external
stimuli such as temperature, pH, ions, electromagnetic fields,
ete.””” These attributes and reversible changes facilitate the
potential use of stimuli-responsive ONFs for a variety of
applications, such as catalysis, sensors, electronics, optics,
biomedicine, therapeutics, soft robots, and tissue engineer-
ing °™"* Crucial conslderations toward these stimuli-responsive
ONFs arc green cleaning, precise spatial and temporal
modulation, being free of contamination, and high reversibility
and recyclability. Hence, noninvasive stimuli-responsive ONFs
are cmerging as prospective candidates for a variety of
applications, Among them, photoresponsive ONFs offer a
promising and favorable platform capable of attractive
superiorities in tunable wavelengths, programmable activation
or deactivation of signals, noncontact operation, and spatial
selectviy." ! For instance, the photoisomerization character
istic of pzobenzene and its derivatives promotes the integration
and development of azobenzene-based ONFs with a dynamic
structumal transformation and the resulting performance
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another intriguing stimulus trigger to fabricate functional
ONFs owing to their excellent recyclability and noncontami-
nation toward systems.'* Particularly, CO,-responsive ONFs
are gradually arising as promising 1D nanomaterials dye to
their “green” property, mildness, high efficiency, reversible
bonding, and excellent biocompanibility. ™' Despite groat
achievements, the development of multifunctional and ultra-
thin ONFs is inevitable to meet the growing demands for
integrated, intelligent, and miniature devices, spontaneausly
emerging as a lively research hot topic in the fields of chemisury
and materials science. ™%

Ultrathin organic nanofibers (UTONFs), as an attractive
category of 1D nanomaterials, possess 3 large-aspect-ratio
nanostructure and resulting exceptional supeciorities such as
high specific surface areas, numerous achive sites, mechanical
strength, preferable stability, and easy functionalization,
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exhibiting various applications in biomedicine and nano-
technology.””~>” To date, diverse methodologies have been
exploited to elaborately produce tailorable UTONFs with
diameters spanning from tens of nanometers to micrometers,
including template synthesis, gas-phase deposition, self-
assembly, and electrostatic spinning.”*">" Despite great
achievements, it remains a tremendous challenge to generate
functional UTONFs with a diameter below 10 nm that
respond to external stimuli for a dynamic structural/perform-
ance transition.’”*’

In recent decades, the self-assembly of amphiphilic
alternating copolymers has offered a powerful bottom-up
strategy for preparing ultrathin organic nanomaterials with
controllable size, composition, and structures (i.e., vesicles,
tubes, fibers, and sheets) owing to the precise hydrophilic—
lipophilic balance originating from the periodic arrangement of
distinct monomeric constituents in the polymeric back-
bone."***™* Among the artificial macromolecular amphi-
philes, peptoids (or poly-N-substituted glycines), as a
representative class of peptidomimetic sequence-controlled
polymers, have emerged with increasing attention owing to the
programmable and facile synthesis, narrow polydispersity, good
solubility, attractive side-chain diversit;r, favorable environ-
mental stability, and biocompatibility.””~* These attributes
are attractive to produce 1D ultrathin nanomaterials using the
self-assembly of amphiphilic alternating peptoids for use in
biomedicine and nanotechnology.41 For instance, based on the
pendant hydrophobic conjugated stacking mechanism, we have
reported a series of 1D azobenzene-containing ultrathin ~2 nm
peptoid nanomaterials with a reversible phototriggered
structural transition and wide applications in nanocatalysis,
light-harvesting, biomedicine, etc, &34 Apart from the
monoresponsive modulation, the development of peptoid-
based 1D ultrathin nanomaterials with dynamic dual-
responsive capacity is necessary to satisfy the growing demands
for integrated and miniature devices but remains challenging.

Herein, benefiting from the solid-phase submonomer
synthesis technique, we rationally designed and synthesized
dual-responsive amphiphilic alternating peptoids (AAPs) with
a combination of azobenzene and histamine units. The
resulting solution self-assembly was performed to generate
micrometer-scale photo/CO, dual-responsive ultrathin peptoid
nanofibers (UTPNFs) with a diameter of ~1.8 nm. The as-
prepared photo- or CO,-responsive feature of the as-prepared
UTPNFs was systematically assessed by investigating the
sequentially reversible structural and performance transition.

2. MATERIALS AND METHODS

2.1. Materials. 4-Amino benzylamine, di-tert-butyl dicarbonate, 4-
dimethylaminopyridine (DMAP), and bromoacetic acid were
purchased from TCI Reagent Co., Ltd.. Acetic acid (HAc),
tetrahydrofuran (THF), methanol, dichloromethane (DCM), N,N-
diisopropylcarbodiimide (DIC), dimethyl sulfoxide-d, (DMSO-dy),
hexane, ethyl acetate, and acetonitrile were purchased from Adamas-
beta Reagent Co., Ltd.. Trifluoroacetic acid (TFA), chloroacetic acid,
histamine, and nitrobenzene were purchased from Aladdin Reagent.
2-Methoxyethylamine was purchased from Macklin Reagent. Sodium
hydroxide, sodium bicarbonate, sodium chloride, anhydrous sodium
sulfate, and N,N-dimethylformamide were purchased for General
Reagent Co., Ltd. 4-Methylpiperidine was purchased from ACROS,
and hydrochloric acid was bought from the Sinopharm group. All of
the reagents were obtained from commercial sources and used
without further purification. Deionized water was collected from a
Milli-Q_system with a resistance of 18.25 MQ-cm.
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2.2. Synthesis of Amphiphilic Alternating Peptoids (AAPs).
The Rink amide resin (100 mg, 0.09 mmol) was used to generate C-
terminal amide peptoids. In the synthetic procedure, the resins were
immersed in a mixture of 20% (v/v) 4-methylpiperidine/N,N-
dimethylformamide (DMF) to deprotect Fmoc groups, agitated for
40 min, drained, and washed with DMF. Notably, all DMF washes
were performed in 3 mL of DMF followed by agitation for 1 min
(repeated four times). An acylation reaction was performed by adding
1.5 mL of 0.6 M bromoacetic acid in DMF and 0.4 mL of 50% (v/v)
N,N’-diisopropylcarbodiimide (DIC)/DMF and agitating for 10 min
at room temperature. The mixture was filtered and washed with DMF
for five times. The nucleophilic displacement reaction between the
bromide groups and different primary amines was implemented by
adding the primary amine monomer as a 0.6 M solution in DMF
followed by agitation for 30 min at room temperature. The mixture
was filtered and washed with DMF for five times. The acylation and
displacement steps were repeated until the complete synthesis of the
targeted peptoids. During the purification of peptoids, the final crude
products were cleaved from the corresponding resins using 95%
trifluoroacetic acid in water and agitated at 40 °C for 40 min, filtered,
and evaporated under a stream of nitrogen gas. The crude products
were dissolved in 1 mL of acetonitrile followed by sedimentation—
centrifuge with anhydrous diethyl ether. The obtained crude peptoids
were dialyzed and subsequently freeze-dried to obtain solid powders.

2.3. Synthesis of UTPNFs. One micromole of AAP powder was
dissolved in a THF/H,0 (v/v = 1:1) mixture to obtain a clear
solution, slowly evaporating at 4 °C for the self-assembly to obtain
ultrathin peptoid nanofiber (UTPNF) aqueous solution with a final
concentration of 2 ymol mL™'. An orange gellike material was
formed after a few days.

2.4. Photoresponsive Ability of UTPNFs. To study the
photoresponsive property, both peptoid sequences in THF solution
and the aggregates in aqueous solution were irradiated with 365 and
450 nm light from a Uvata UP114 LED lamp for different times. To
investigate the morphology transformation from UTPNFs to spherical
micelles, 1 mL of the as-prepared UTPNF solution (1 gmol mL™")
was dispersed into 3 mL of DI water. The diluted UTPNF aqueous
solution was irradiated with 365 nm for 3 h from a Uvata UP114 LED
lamp with a light intensity of 175 mW cm™2 To fulfill the recovery
into UTPNFs, 1 mL of THF was added into the spherical micelle
aqueous solution followed by irradiation with visible light for 3 h. The
incubation for slow evaporation was implemented at 4 °C for 7 days.

2.5. CO, Response Testing of UTPNFs and Spherical
Micelles. To investigate the CO,-responsive property, both the
aggregates in aqueous solution before and after 365 nm light
irradiation from a Uvata UP114 LED lamp were bubbled with CO, or
N, gases, respectively. One milliliter of the as-prepared UTPNF
solution (2 ymol mL™") was dispersed into 3 mL of DI water and
stored in a 10 mL glass vial. The diluted UTPNF solution was
bubbled with a high-purity CO, cylinder for 30 min followed by
bubbling with a high-purity N, cylinder for 1 h. After irradiation, the
spherical micelle assemblies were wrapped in tin foil and maintained
in a dark environment to complete the above operations.

2.6. Characterizations. The UV—vis spectra were measured by a
UV—vis spectrophotometer (UV-2550, Shimadzu). For characterizing
the photoresponsive ability of AAPs and UTPNFs, the AAP solution
in THF and UTPNF aqueous solution were irradiated using a high-
intensity lamp (Uvata UP114) with 365 nm UV light and 450 nm
visible light (intensity: 8.75 mW c¢m™ for THF solution and 17.5
mW-cm™ for aqueous solution) over different irradiation time
intervals. All the samples were analyzed under ambient conditions
using quartz cells. TEM measurements were performed on a JEM-
1400 JEOL at an accelerating voltage of 100 kV. For TEM
measurement, a 2.0 yL drop of the assembly solution was diluted
with 5.0 uL of DI water and put onto carbon-coated copper grids for
10 min. The droplet was dried with filter paper. AFM height images
were recorded on a Bruker MultiMode 8 at room temperature. To
prepare the AFM sample, 2 uL of the UTPNF solution was diluted
with DI water and placed onto a freshly cleaved mica substance for 1
min. After removing the solution using filter paper, the mica sample
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Figure 1. Structural characterizations of UTPNFs assembled from AAPs. (a) Scheme of the self-assembly pathway of AAPs into UTPNFs. (b)
TEM image. (c) AFM image. The inset is the corresponding height image demonstrating that the diameter of UTPNFs was around 1.89 nm. (d)
Normalized UV—vis spectra. The black line represents AAPs in THF; the red line represents UTPNFs in an aqueous solution. (e) XRD curve. The
d values corresponding to each peak are calculated by the formula d = 1/2sin 6 (A = 0.154 nm). (f, g) Conjectural fibrous models for the possible
molecular packing of AAPs within UTPNFs viewed from different directions. (f) Longitudinal direction. (g) Radial direction.

was dried using a stream of N, gas. The measurements were
performed using an X-ray diffractometer with Cu Ka radiation (4 =
1.54 A) operated in Bragg—Brentano geometry (*/Ultima IV, Nippon
Corporation) with a scanning speed of 2°/min. Dynamic light
scattering (DLS) and zeta potential patterns were recorded on a
Zetasizer Pro with an equilibrated time of 120 s. All the DLS and zeta
potential samples were analyzed under ambient conditions and using
plastic cells. The pH was recorded on an S$210-B instrument (Mettler
Toledo).

3. RESULTS AND DISCUSSION

3.1. Self-Assembly of AAPs into UTPNFs. According to
the feasible solid-phase submonomer synthesis method,
functional AB-type amphiphilic alternating peptoids of (N,,,-
alt-N, )¢ Npi, (Figure 1la) were elaborately designed and
synthesized using six photoresponsive hydrophobic A units of
N-[(azophenyl)methyl] glycine (N,,,), six hydrophilic B units
of N-(2-methoxyethyl) glycine (N,.), and two CO,-responsive
functional units of N-(1H-imidazole-4-ethyl) glycine (Ny;) as
precursors, respectively. The detailed synthesis and analytic
characterizations of the N, monomer and sequence-defined
AAPs are given in the Supporting Information (Schemes S1—
S2 and Figures S1—S4).

The resulting AAPs were placed in a mixture of water and
tetrahydrofuran (THF) at a volume ratio of 50:50 at 4 °C for 7
days without any disturbance to achieve the evaporation-
induced self-assembly. An orange gel-like material containing a
large number of homogeneous and free-floating UTPNFs was
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obtained after the following slow evaporation of THF. The
transmission electron microscopy (TEM) technique was
initially employed to confirm the morphology of the as-
prepared aggregates. TEM images (Figure 1b and Figure S5)
demonstrated the successful generation of thread-like UTPNFs
with a length of up to several micrometers. Atomic force
microscopy (AFM) was further utilized to substantially
characterize the structural characterizations of the as-prepared
UTPNFs. As shown in Figure ¢, wire-like ultrathin nanofibers
with a height of ~1.89 nm (inset in Figure 1c) were observed,
consolidating the successful fabrication of the UTPNFs.
Ultraviolet—visible (UV—vis) absorption spectroscopy and
powder X-ray diffraction (XRD) were also performed to
investigate the meticulous molecular information within these
as-prepared UTPNFs. Figure 1d displays the UV—vis spectra
of AAPs in THF and UTPNFs in aqueous solution. A 20 nm
blue shift from 324 nm (THF) to 304 nm (water) was
significantly perceived, indicating the self-assembly of AAPs
into ordered UTPNFs and the subsequent formation of H-
aggregation of azobenzene units within UTPNFs. The XRD
curve (Figure le) proved the highly crystalline ability of the as-
prepared UTPNFs. The first strongest peak at 20 = 4.8° (d =
18.4 A) was assignable to the fibrous diameter of the UTPNFs,
originating from the ordered stacking of AAPs. Of note, the
result was very consistent with the AFM height data (~1.89
nm). The peaks at 11.9 A (20 = 7.4°) and 8.8 A (260 = 10.0°)
were attributable to the length of hydrophobic N,,, pendants
and rigid azobenzene units, respectively. Another strong peak
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Figure 2. Self-assembly pathway of UTPNFs. (a) Scheme of an evolution procedure of AAPs into UTPNFs. (b—e) Time-dependent TEM images
showcasing different self-assembly pathways during the formation of UTPNFs. (b) 1, (c) 6, (d) 24, and (e) 72 h.
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Figure 3. Photoresponsive feature of UTPNFs. (a) Scheme of phototriggered structural transformation from UTPNFs to spherical micelles. (b)
TEM image of spherical micelles irradiated by UV light for 3 h. (c) Statistical analysis of the size distribution of spherical micelles (61.4 + 5.4 nm)
by analyzing SO spherical micelles (d) TEM image of the fully recovered UTPNFs sequentially irradiated by visible light for 3 h. (e) Time-
dependent UV—vis absorbance spectra of UTPNFs in aqueous solution under UV irradiation. (f) Subsequent time-dependent UV—vis absorbance
spectra under visible light irradiation. (g) Plots of In[(4, — Aeq) /(Ay — Aeq)] as a function of time during the trans-to-cis photoisomerization of
UFPNFs in aqueous solution and AAPs in THF.

(20 = 16.1°, d = 5.5 A) corresponded to the length from the Based on the above-mentioned analysis, we proposed a
first aromatic ring in the N,,, side chains to the peptoid conjectural fiber-like structural model to reveal the molecular
backbones. Moreover, the peaks at 4.5 (20 = 19.8°) and 3.1 A packing of AAPs within the as-prepared UTPNFs (Figure
(20 = 28.4°) offered significant evidence of the presence of 1f,g). The strong repulsion interaction between the hydro-
7—n stacking within UTPNFs. phobic N,,, pendants and DI water resulted in meticulous
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Figure 4. CO,-responsive feature of UTPNFs. (a) Scheme of size variation for UTPNFs upon the alternating bubbling with CO, and N, gases. (b—
e) Structural characterizations of UTPNFs after bubbling with CO, for 30 min. (b) TEM image. (c) AFM image. The inset is the corresponding
height image showcasing that the diameter of the newly prepared UTPNFs was ~2.39 nm. (d) Zeta potential changes of the UTPNF aqueous

solution. (e) pH changes of the UTPNF aqueous solution.

aggregation into a bilayer cylindrical nanostructure composed
of a hydrophobic core and a hydrophilic exterior. The ideal
fibrous architecture was beneficial for avoiding the direct
contact of N,,, with the aqueous surroundings and thus
minimizing the surface energy. Notably, the AAPs within
UTPNFs were positioned radially along the longitudinal axis as
a consequence of the alternating polymeric backbones.
Additionally, extensive m—m stacking among H-aggregated
trans-azobenzene units resulted in the side-by-side stacking of
AAPs along the longitudinal direction, subsequently propagat-
ing into 1D long-range-ordered UTPNFs at the micrometer
level. In other words, the diameter of UTPNFs was highly
dependent on the micro-ordered bilayer stacking of hydro-
phobic pendants of N,,, and hydrophilic pendants of N,.
Therefore, the pendant hydrophobic conjugate stacking
mechanism was accountable for the formation of UTPNFs,
similar to other previously produced ultrathin nanomateri-
als 16324243

To further investigate the elaborate assembly mechanism of
UTPNFs, time-dependent TEM images (Figure 2) were
collected at different stages of the self-assembly pathway.
AAPs initially formed metastable spherical micelles with a
diameter of 46.1 = 6.9 nm (Figure 2a and Figure S6) after
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complete dissolution in the mixture of THF and water.
Following slow evaporation for 6 h, the coexistence of
numerous short nanorods and spherical micelles was gradually
dissipated in the solution, according to the TEM observation
(Figure 2b). The newly apparent nanorods were covered with
the external hydrophilic groups to reduce the contact of the
N,,, with water (Figure 2c), subsequently decreasing the
surface energy. Twenty-four hours later, the living short
nanorods were actively elongated into short nanowires (Figure
2d), with a complete consumption of spherical micelles.
Eventually, the continuous growth or connection resulted in
the production of micrometer-scale UTPNFs to minimize the
system energy after 72 h incubation (Figure 2e). Of note, the
free-standing UTPNFs exhibited favorable stability in aqueous
solution over 6 months (Figure S7).

3.2. Photoresponsive Feature of UTPNFs. Photo-
isomerization characteristic of the azobenzene moiety empow-
ers the relative materials with a reversible photoresponsive
capacity. Therefore, the reversible trans-to-cis transition of the
N,,, pendants within AAPs under recyclable light irradiation
might result in a reversible structural transformation from
trans-form UTPNFs to cis-form spherical micelles (Figure 3a).
TEM was utilized to trace the phototriggered structural

https://doi.org/10.1021/acs.biomac.5c00211
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Figure S. CO,-responsive feature of spherical micelles. (a) Scheme of size variation for spherical micelles upon the alternating bubbling with CO,
and N, gases. (b—e) Structural characterizations of spherical micelles bubbling with CO, for 30 min. (b) TEM image of initial small spherical
micelles. The inset is the corresponding DLS curve. (c) TEM image of a CO,-induced large spherical micelles. The inset is the corresponding DLS
curve. (d) Zeta potential changes of the spherical micelle aqueous solution. (e) pH changes of the spherical micelle aqueous solution.

transition (Figure 3b,c). Upon irradiation with UV light (365
nm) for 3 h, all of the UTPNFs were transformed into
spherical micelles (Figure 3b). The statistical average diameter
of these spherical micelles was measured to be 61.4 + 5.4 nm
(Figure 3c). Such a significant transition was ascribed to the
molecular conformation change of the azobenzene moiety
from the rigid trans-form to the flexible cis-form, subsequently
resulting in an increase toward polarity and flexibility and a
decrease toward hydrophobicity of azobenzene-containing side
chains at the microscopic level. As such, the curvature of the
AAPs was successively increased, eventually leading to a
notable macroscopic structural transition from UTPNFs to
spherical micelles. Notably, the augment in diameter of
spherical micelles was attributed to the formation of multi-
micelle aggregates (MMAs) that resulted from the aggregation
of small micelles through intermicellar associations.” Follow-
ing the addition of good solvent (THF) and sequential
irradiation with visible light (450 nm) for 3 h, the azobenzene
units were reverted into a rigid trans-form, ultimately leading to
the recovery of UTPNFs (Figure 3d). To further substantialize
the occurrence of the photoisomerization phenomenon during
the reversible structural transformation process, time-depend-
ent UV—vis spectra of AAPs in THF or UTPNFs in aqueous
solution (Figure 3e,f and Figure S8) were elaborately acquired
to demonstrate the photoresponsive feature. Under UV
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irradiation, the peak at 304 nm assignable to the 7—z*
transition of trans-azobenzene gradually decreased, accom-
panied by a progressive increase toward the peak at 433 nm
corresponding to the n—z* transition of cis-azobenzene
(Figure 3e). These changes demonstrated the emergence of
UV-triggered molecular conformation transition of N_,, units
from the trans- to cis-form. Oppositely, subsequent irradiation
with visible light resulted in the reversible trends of these two
peaks (Figure 3f), suggesting the recovery of the trans-form
azobenzene. Of note, the photoisomerization rate toward
molecular conformational transition of the azobenzene moiety
from the trans- to cis-form was much faster than that of the
structural transformation from UTPNFs to spherical micelles
(Figure 3g), and vice versa.

3.3. CO,-Responsive Feature of UTPNFs. The pH-
dependent reversible protonation of histamine units also
endows the relative nanomaterials with a reversible CO,-
responsive performance. Therefore, these as-prepared
UTPNFs may undergo a reversible size transition upon
alternating bubbling with CO, or N, gases (Figure 4a).
TEM and AFM were employed to validate the CO,-triggered
size variation of UTPNFs after bubbling with CO, (20 mL
min~") into a UTPNF aqueous solution for 30 min (Figure
4b,c). Under the treatment with CO, flow, both TEM image
(Figure 4b) and AFM image (Figure 4c and Figure S9) proved
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that these aggregates were still the fiber-like nanostructures.
Based on the AFM height image (inset of Figure 4c), the
diameter of the newly produced UTPNFs was increased to
~2.39 nm, which was larger than that of the original UTPNFs.
Such a phenomenon was attributable to the protonation of the
imidazole group with CO, and the resulting increase in the
surface positive charges of UTPNFs, subsequently enhancing
the electrostatic repulsion and thus leading to the swelling of
UTPNFs. To prove our guess, the zeta potential and pH values
of the UTPNF aqueous solution were meticulously evaluated
to trace the reversible performance change upon alternating
bubbling with CO, and N, gases. As shown in Figure 4d and
Figure S10, the zeta potential value of the UTPNF aqueous
solution was changed from +36.6 to +51.0 mV after CO,-
induced protonation. Conversely, the zeta potential value was
recovered to +36.6 mV after the N,-induced deprotonation.
Moreover, the gases-triggered reversible change of the zeta
potential values was maintained for at least three times of
recyclable bubbling. Additionally, the pH value of the UTPNF
aqueous solution was reversibly transitioned from 9.0 to 5.0
during the alternating bubbling treatment, capable of
attractively reversible change for at least three times recycling
(Figure 4e). Therefore, recyclable performance variations on
both the zeta potential and pH values demonstrated the
reversible CO,-responsive capacity of UTPNFs.

3.4. CO,-Responsive Feature of Spherical Micelles.
Apart from the UTPNFs, the exterior histamine groups also
endowed UV-induced spherical micelles with a relevant CO,-
response feature, leading to a reversible size transition under
alternating bubbling with CO, and N, gases (Figure Sa).
Before bubbling with CO, gas, the TEM image proved the
formation of uniform spherical micelles after UV irradiation
(Figure Sb), with a diameter of ~61 nm measured by DLS
(inset of Figure Sb). Upon treatment with CO, flow for 30
min, spherical micelles with a diameter of ~118 nm were
significantly crafted according to the TEM and DLS character-
izations (Figure Sc). Owing to the protonation of histamine
groups, the increasing electrostatic repulsion interaction was
accountable for the swelling of small spherical micelles into big
ones. Moreover, N,-induced deprotonation was beneficial for
reducing the electrostatic interactions, consequently resulting
in a recovery of large spherical micelles (~72 nm, Figure S11).
Except for the size transition, the zeta potential and pH values
were capable of a reversible change from +16.1 to +46.3 mV
(Figure Sd and Figure S12) and from 8.5 to 4.7 (Figure Se)
during the alternating bubbling with CO, and N, gases,
respectively. Of note, the zeta potential change amplitude of
spherical micelles (~30.2 mV) was 2 times greater than that of
UTPNFs (~14.4 mV), indicating the larger degree of
protonation and subsequent stronger electrostatic repulsion.
Additionally, the photoisomerization resulted in a molecular
conformation transition from the rigid trans-form azobenzene
to the flexible cis-form azobenzene, destroying the structural
regularity and crystalline ability. Both the stronger electrostatic
repulsion interaction and the low crystallinity within the
spherical micelles were accountable for the 2 times greater size
expansion toward spherical micelles. Therefore, all of these
reversible changes were attributable to CO,-induced proto-
nation and N,-induced deprotonation of histamine groups
within the AAPs, respectively.

4. CONCLUSIONS

In summary, we presented a feasible bottom-up approach for
generating photo/CO, dual stimuli-responsive 1.8 nm
UTPNFs at a micrometer-scale level using the self-assembly
of sequence-defined amphiphilic alternating peptoids. Based on
the pendant hydrophobic conjugate stacking mechanism, the
diameter of UTPNFs was highly dictated by the microscopic
order packing of the suspended hydrophilic/hydrophobic side
chains. The phototriggered transformation from UTPNFs to
spherical micelles was rendered by the photoisomerization of
azobenzene units of AAPs. Additionally, the CO,-responsive
capacity of both UTPNFs and spherical micelles was
demonstrated by the reversible transitions in diameter, pH,
and zeta potential values, which were attributable to the CO,-
induced protonation and N,-induced deprotonation. Our work
opens a promising avenue for the rational development of
ultrathin organic nanofibers with dual stimuli-responsiveness.
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