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ABSTRACT: Biomolecular hydrogels are promising scaffolds for
biomedical applications ranging from controlled drug release to
personalized medicine. However, existing macromolecular scaffolds
for nitric oxide (NO) release face several challenges, such as a low
payload capacity, rapid release, and limited biocompatibility. Here,
we present the design of short peptide derivatives as low-molecular-
weight gelators that spontaneously self-assemble into nanofibrous
hydrogels under basic aqueous conditions. Hydrogen bonding and
hydrophobic interactions are central driving forces for the assembly
process and contribute to tuning the mechanical properties. The
nanofibrous hydrogel exhibits secondary structure properties, and
the nanofibers show crystalline behavior. The terminal primary
amines in the peptide building blocks could act as nucleophiles, facilitating the endogenous generation of NO gas, thus making the
hydrogel scaffold a catalyst. The nanofibrous hydrogels can sequester NO from an external source that could be trapped in the
interstices of the entangled fibrous networks. Simultaneously, it demonstrates anti-inflammatory effects in activated murine
macrophages. This designer peptide hydrogel for NO generation and encapsulation provides fundamental insights into the design of
peptide biomaterials for biomedical applications.
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1. INTRODUCTION
Self-assembly is a bioinspired process that creates nano-to-
microscale supramolecular materials and biomolecules, such as
peptides and proteins, which spontaneously form nanofibrous
structures through weak molecular interactions.1−4 Biomolec-
ular hydrogels exhibit self-healing and thixotropic properties,
which are required for various biomedical applications.5 Their
tunable mechanical properties, external responsiveness, bio-
compatibility, and biodegradability make them attractive three-
dimensional scaffolds.6−9 Hydrogels typically contain more
than 90% water and structurally mimic the extracellular matrix
of cells.10 Following the discovery of the first peptide hydrogel
in 1993, several small-molecular-weight gelators containing
amino acids and short peptides have been reported to
construct nanofibrous hydrogels for applications in tissue
regeneration, wound healing, and cardiac ischemia.11−14

However, individual amino acids and short peptides are
generally unable to self-assemble to form hydrogels independ-
ently. Therefore, the covalent modification with non-natural
amino acids, functional groups, and aromatic anchoring groups
could tune their physicochemical properties to form ordered,
smart nanofibrous hydrogels.15−18 Besides the covalent

modification, factors such as concentration, pH, and solvents
can also influence the gelation process and introduce the
stimulus-responsive properties in peptide nanomaterials and
hydrogels.19−21

NO is a therapeutic gaseous molecule that has been utilized
to treat cardiovascular diseases for over 140 years, primarily in
the form of organic nitrites and nitrates (glyceryl trinitrate),
due to its vasodilatory, anti-inflammatory, antithrombotic, and
angiogenic effects.22−25 However, these NO donors (organic
nitrates) have limited therapeutic efficacy due to their short
half-life, high NO diffusion rate, and scavenging in the
presence of oxygen. These limitations make NO applications
inadequate for the targeted, selective, and safe treatment of
diseases in clinical practices. Various NO-delivering carriers
and donor agents have been developed to overcome these
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challenges.26 Unfortunately, most of these donors and carriers
suffer from low stability and limited NO payload capacity.
Furthermore, although these catalysts produce NO in the
blood circulation, they lack the specificity at the cellular level
for targeted disease treatment.27 Therefore, to safely deliver
NO at the required concentrations for therapeutic purposes,
delivery vehicles are needed to precisely target the site of
action with an accurate amount at the right time. It is
important to know that the concentrations of the NO gas play
a central role in the treatment. For example, 0.1 to 5 nM
concentrations are used for physiological processes such as cell
proliferation, neurotransmission,28 and vasodilation. The
enzyme nitric oxide synthase (NOS) facilitates NO production
through the oxidation of L-arginine. The efficacy of NO against
diseases depends on the concentrations and release profile over
time, that is, how long it is generated at the targeted site and at
what concentration.29 Moreover, increased and controlled NO
production at the micromolar level could yield fascinating
results in the treatment of cancer and bacterial infections.24

However, the controlled release of NO and finding its
biological catalytic agents are significant challenges for using
this medical gas in biomedical applications.

Polymers such as chitosan and others have been widely
studied as building blocks for hydrogel scaffolds, which serve as
NO catalysts and delivery platforms (via encapsulation), due to
their excellent hydrophilicity, biocompatibility, and three-
dimensional (3D) nanostructures.30−33 Thermochemical or
photochemical approaches have been employed for NO
generation using donor S-nitroso glutathione (GSNO)
encapsulated in pluronic F127 hydrogels, which act as catalysts
in targeted cells.34 In another study, Nie and co-workers
reported a NO-generating hydrogel matrix that promotes
endothelial differentiation of mouse embryonic stem cells,
providing a safe and valuable source for treating vascular
diseases.35 Similarly, Lu and co-workers developed a hydrogel-
based microneedle system with graphene oxide and GSNO,

capable of NO release that could be triggered with light,
making it applicable for wound healing.36 Generally, catalysts
for NO generation and delivery vehicles have been developed
using two-dimensional (2D) materials, such as graphene, and
nanostructures like polymeric hydrogels and silica-based
microspheres.37 Recently, peptide-based self-assembled nano-
materials, including metal coordination hybrid supramolecular
nanomaterials, have been widely explored for anticancer and
antibacterial applications.38,39 Therefore, dipeptide diphenyla-
lanine (FF) was used in the formulation of the delivery
platform with graphene oxide, and the main purpose of FF was
to enhance biocompatibility and enable controlled delivery of
NO.40 However, no hydrogel/material is formed from
biologically relevant compounds such as peptides, which
could explicitly serve as both (1) a catalyst to produce the
NO from endogenous sources found in the bloodstream and
(2) a carrier to sequester NO gas from an external source. The
key challenges of biocompatibility, biodegradability, unreacted
components in conjugation chemistry, and compromised
toxicity that hinder nanomaterials from being considered for
NO generation in healthcare applications must be addressed.
The ideal solution is to design peptides for hydrogel formation
and their utilization for NO generation and encapsulation.

In this study, we rationally designed and synthesized the
peptide derivatives through the sticker spacer approach, where
the spacer (linker-c5) is hydrophobic and the hydrophobicity
of the stickers varies with the constitutive amino acids. This
rational design (Figure 1a) provides the structural features for
the self-assembly of building blocks to form hydrogels through
weak inter- and intramolecular interactions, mainly hydrogen
bonding and hydrophobic interactions, as confirmed by
molecular dynamics simulations. The fibrous hydrogel exhibits
crystalline morphology, in contrast to the lyophilized powder
of pristine peptide building blocks. To study the role of the
hydrogel scaffold as a catalyst for generating NO, we exploited
the S-nitroso-N-acetylpenicillamine (SNAP) donor reagent,

Figure 1. Schematic illustration for the self-assembled nanofibrous hydrogel for nitric oxide (NO) generation and encapsulation, (a) chemical
structure of model compound (FFc5FF) and nitric oxide (NO) generation and encapsulation, (b) photographs of glass vials to show self-standing
hydrogel formation at 10 mg/mL with Tris buffer (200 mM)−pH 8.0, (c) TEM image of the nanofibrous hydrogel at a concentration of 5 mg/mL
of FFc5FF using Tris buffer (200 mM)−pH 8.0, and (d) SEM image of the nanofibrous hydrogel at the concentration of 1 mg/mL of FFc5FF using
Tris buffer (200 mM), pH 8.0; the blue arrow indicates the bundle formation, while the white arrow indicates single nanofibers; the scale bar in (d)
is 200 nm.
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and NO detection was performed by using spectroscopic and
sensing techniques. In addition to its generation capability, the
nanofibrous network in the hydrogel was able to sequester the
NO gas from an external source. Furthermore, the macrophage
cell line RAW 264.7 was used to test the anti-inflammatory
properties of the NO-encapsulated nanofibrous hydrogel by
measuring the release of cytokines, such as IL-1 and TNF-α.

2. RESULTS AND DISCUSSION
2.1. Molecular Design of Sticker−Spacer Peptide

Derivatives for Hydrogelation. We designed and synthe-
sized the peptide derivatives using the sticker−spacer−sticker
approach, incorporating aromatic amino acids (stickers) and
hydrophobic linkers (spacers), through a solution-phase
peptide synthesis method. Contrary to previously reported
sticker spacer peptide derivatives, these compounds could form
self-assembled nanofibrous hydrogels. The designer model
compound (FFc5FF) consists of two aromatic stickers,
diphenylalanine (FF), linked through a linear five-membered
carbon chain (c5)�cadaverine. The compound has two amine
groups at the terminal, potentially making it soluble in water.
Interestingly, both the hydrophobic spacer and stickers are
indispensable for the gelation of small-molecular-weight
compounds into the hydrogel. These regions are responsible
for enhancing hydrophobic interactions of designer compound
FFc5FF in comparison to the spacer disulfide bond
(FFssFF).41 The apolar disulfide linker is central for liquid−
liquid phase separation (LLPS), which has been considered a
pathway for self-assembly.42 Previously, when we incorporated
the tyrosine amino acids in the stickers to make them
hydrophilic, the resultant YFc5FY compound exhibited a rapid
liquid-to-solid transition43 and formed star-shaped micro-
structures with small needle-like morphology, resembling the
“sea urchin” shapes observed for FUS droplets.44 However,
with a slight change in the sticker design, FFc5FF undergoes
the assembly of well-ordered nanofibrous hydrogel rather than
droplets (liquid), which show transition to solids (micro-
structures), and such liquid-to-solid transition is typically
reported in many biomolecular assemblies.4,45,46

After characterizing the building blocks (Figure S1a−c),
lyophilized powder of the designer peptide FFc5FF at different
concentrations (1 to 10 mg/mL) was dissolved in 800 μL of
Milli-Q water, followed by the addition of 200 μL of Tris
buffer (1 M), pH 8.0. This change in pH can trigger the
noncovalent interactions and spontaneously lead to self-
standing nanofibrous hydrogel formation (Figures 1b, S2a,
and S4a). The second designer compound, LFc5FL, which has
relatively less hydrophobic stickers, also formed the hydrogel
upon adding Tris buffer under the same conditions (Figures
S3a and S4b). However, its gelation is slightly slower than that
of FFc5FF, particularly at low concentrations. This can be
attributed to reduced hydrophobicity in stickers because
phenylalanine residues were replaced with leucine amino
acids. It is noteworthy that when we further decreased the
hydrophobicity by replacing both phenylalanine motifs with
leucine in the third compound (LLc5LL), surprisingly, no
hydrogel formation occurred, even at concentrations up to 100
mg/mL under the same conditions (Figure S4c). This suggests
that hydrophobic interactions play a crucial role in the
molecular assembly and gelation process for the formation of
hydrogels using dipeptides with aromatic regions.11 Addition-
ally, when we evaluated the gelation behavior of all three
compounds in HEPES (1 M, pH 7.5) and phosphate buffer (1

M, pH 7.5), only FFc5FF was able to form the self-assembled
hydrogels (Figures S2bc and S3bc).

To further explore the different behaviors of LLc5LL, we
compared it with LLssLL, which undergoes LLPS to form
coacervate droplets in sodium hydroxide (NaOH).41 Interest-
ingly, LLc5LL also formed liquid droplets in sodium hydroxide
at relatively high pH and concentration (Figure S5a),
indicating the role of buffers in directing either ordered or
disordered assembly of peptide derivatives. It is well known
that Tris buffer, as an aqueous physiological buffer, facilitates
the assembly process and plays a fundamental role in tuning
the morphology of the resulting material. This is due to its
ability to balance the ions or charges, ultimately affecting the
noncovalent interactions involved in material formation.47

Furthermore, although both LFc5FL and FFc5FF (1 mg/mL)
formed a hydrogel in NaOH, LFc5FL exhibited more random
aggregation, whereas FFc5FF formed a well-ordered nano-
fibrous hydrogel (Figure S5bc). As the terminal amine groups
play a pivotal role in the self-assembly of sticker−spacer
peptide derivatives, they make the resulting nanofibrous
hydrogel more responsive to pH. Interestingly, when we
decreased the pH of the hydrogel by adding hydrochloric acid
(HCl), we observed a transparent solution (Figure S6a).
However, when the pH was increased above 12, random
aggregates formed, appearing less self-organized and lacking
the nanofiber structure (Figure S6bc). The hydrogel remains
stable under physiological conditions, including typical pH and
temperature (Figure S6d), which opens avenues for biomedical
applications.

Since both the peptide derivatives FFc5FF and LFc5FL
formed hydrogels in Tris buffer, we performed further
morphological characterization at two different concentrations
(1 and 5 mg/mL) using a transmission electron microscope
(Figures 1c and 7a−e) and a scanning electron microscope for
morphology investigations (Figure 1d). The nanofibers were
more flexible at a 1 mg/mL concentration with a 20 ± 2 nm
diameter. At a 5 mg/mL concentration, the size of nanofibers
remained the same along with the bundling of nanofibers,
where the size of the bundled fiber (blue arrow) is almost twice
that of a single nanofiber (white arrow), as observed in the
SEM image (Figure 1d). Interestingly, at higher concentrations
and after aging the hydrogel for 24 h, we observed a shortening
in the length of nanofibers and a slight morphology change
into nanorods, particularly in LFc5FL. To confirm this change
in morphology, we added urea to the hydrogel and observed
no significant change in the nanofiber morphology (Figure
S7f). The subtle change could be attributed to hydrogen
bonding, which becomes stronger over time, and increasing the
concentration of peptide derivative, resulting from decreasing
the aromaticity (fewer phenylalanine residues) in the chemical
design.48,49

2.2. Molecular Interactions Involved in the Self-
Assembly of the Peptide Hydrogel. We first conducted
Fourier transform infrared (FTIR) spectroscopy analysis of the
sticker−spacer-based hydrogel to gain more insight into
molecular interactions involved in gelation. The most sensitive
spectral region, amide I, provides the secondary structure
information in proteins and peptides.50 This region corre-
sponds to the stretching vibration of carbonyl (C�O) groups,
typically ranging from 1600 to 1690 cm−1. FTIR spectroscopy
analysis of freeze-dried hydrogels of FFc5FF and LFc5FL at
different concentrations (1 to 8 mg/mL) revealed the C�O
stretching of amide I at 1638 cm−1 and 1632 cm−1,
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respectively. At higher concentrations of peptide derivatives,
the absorption peak becomes sharp (Figures 2a and S8a,b),
suggesting the parallel arrangement of molecules in forming
the β-turns secondary structures.51 The absence of a typical
peak around 1690 cm−1 in the FTIR spectra further supports a
disfavored antiparallel arrangement in molecular assembly,
confirming the parallel arrangement of building blocks in the
self-assembled hydrogel.52 The intensities of NH and OH
stretching peaks are expected to increase when NH and OH
groups participate in hydrogen bonding.53 Therefore, as the
concentrations of FFc5FF and LFc5FL (Figure S8c) increased
from 1 to 10 mg/mL, the NH stretching at 3287 cm−1 and
1692 cm−1 was enhanced, indicating hydrogen bonding in the
hydrogel formation.54 The secondary structures of nanofibers
in hydrogels formed by FFc5FF and LFc5FL were further
investigated by circular dichroism (CD) spectroscopy. At 5
mg/mL, we observed the positive Cotton effect and then the
characteristic peak at 230 for FFc5FF in the negative region,
while at the same concentration, the negative Cotton effect was
observed. The characteristic peak at 238 nm for LFc5FL in the
negative region suggests the parallel arrangement of building
blocks to form β-turn conformations in nanofibers55 (Figure
2b), consistent with the FTIR results.

To further delve into the molecular interactions and
structural properties, we performed powder X-ray diffraction
(XRD) and observed two distinct peaks at 5.80° and 8.23° in
FFc5FF lyophilized powder, indicating an amorphous nature.
However, these peaks were absent in the XRD pattern of the
peptide hydrogel, and three prominent peaks appeared that
corresponded to 18.32°, 20.27°, and 25.37°, indicating
structural transformation into a crystalline form upon gelation
of the peptide derivative (Figure 2c). Furthermore, we
investigated the molecular interactions responsible for hydro-
gel formation using molecular dynamics simulations. The
results revealed that both the inter- and intramolecular
hydrogen bonding are essential for hydrogel formation.
Specifically, two intermolecular hydrogen bonds with lengths

of 1.8 Å and 2.22 Å, as well as two intramolecular hydrogen
bonds of 1.87 Å and 2.16 Å, were identified, labeled as cyan
color dotted bonds in Figure 2d−e. In addition to hydrogen
bonding, hydrophobic interactions, mainly from the aromatic
regions of FFc5FF, also contribute to hydrogel formation
(Figures 2f and S9ab). Interestingly, the FFc5FF compound
also formed hydrogen bonds with the water molecules in the
hydrogel (Figure S10ab). A small cluster of three molecules
formed by intermolecular hydrogen bonds exhibited bond
energies of −7.01 and −8.58 kcal/mol at 36 ns, while hydrogen
bonds between water molecules and the peptide motif
exhibited average bond energies of −8.29 kcal/mol (Figure
S11).
2.3. Mechanical Properties of the Peptide Hydrogel.

Thixotropic and mechanical properties are crucial for the
injectability of hydrogels, which are essential for drug
encapsulation and sustained release for biomedical applica-
tions.56,57 Therefore, we evaluated the mechanical properties,
such as shear thinning and self-healing, of hydrogels formed at
10 mg/mL concentrations of FFc5FF and LFc5FL (Figure
S12a−c) in Tris buffer. These properties were assessed by
investigating the elastic or storage modulus (G′) and loss or
viscous modulus (G″). The strain-dependent oscillatory
rheology of the FFc5FF hydrogel demonstrates viscoelastic
properties with exceptional antishear ability, indicating shear
thinning behavior, and the hydrogel network remains intact at
high strain until 30% (Figure 3a). In addition, frequency-
dependent oscillatory shear rheology of the FFc5FF hydrogel at
a constant strain of 1% revealed that G′ is higher than G″
across the entire observed frequency range, indicating typical
viscous behavior of the hydrogel (Figure 3b). To further
evaluate the self-healing properties of the hydrogel, we
performed the continuous step change of the oscillatory strain
between 1 and 500% at a frequency of 1 rad/s. This test
assesses the strain-induced damage and self-healing properties
of the FFc5FF hydrogels (Figure 3c). At higher strains (500%),
G′ and G″ decreased to minimum values, suggesting the

Figure 2. Spectroscopic characterization of the peptide hydrogel and molecular dynamics (MD) simulation, (a) FTIR spectra at different
concentrations of FFc5FF, (b) circular dichroism spectra of FFc5FF and LFc5FL at 5 mg/mL after 2 h of preparation, (c) powder XRD patterns of
FFc5FF at a 5 mg/mL concentration of the peptide lyophilized powder and hydrogel freeze-dried sample, (d) intermolecular hydrogen bonding
shown by dotted bonds, (e) intramolecular hydrogen bonding shown by dotted bonds, and (f) hydrophobic interactions between aromatic regions.
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breakage of the hydrogel network. However, when a low strain
(1%) was applied, both G′ and G″ recovered, demonstrating
the restoration of the hydrogel network. These results show
that the broken structure rapidly recovers after being broken
and displays normal hydrogel behavior after two cycles of

applying high and low strains, confirming its excellent shear-
thinning behavior. The recovery profile of the FFc5FF hydrogel
was also measured by gradually decreasing the strain from 10%
to 0.01%, demonstrating that the viscosity of the hydrogel
returns to its initial state (Figure 3d). Based on these results,
we conclude that the hydrogel is primarily formed and
stabilized by weak noncovalent interactions, which likely
contribute more to its higher viscosity compared with
covalently cross-linked polymer hydrogels. This reversible
nature imparts tunable mechanical properties, making it a
promising scaffold for biomedical applications due to its self-
healing and excellent shear-thinning properties.
2.4. Nitric Oxide Generation, Encapsulation, and

Anti-inflammatory Properties. NO is a free radical gas, a
key signaling molecule produced transiently by the nitric oxide
synthase (NOS) enzyme in mammalian cells. It plays a variety
of physiological roles in living systems, including vasodilation,
platelet aggregation, antibacterial activity, and the regulation of
inflammation.58 In relation to the hypothesis of this research,
we first conducted electron paramagnetic resonance (EPR)
experiments, a more accurate spectroscopic method for
detecting NO generation from the nanofibrous hydrogel,
either indigenously or encapsulated and then released from the
hydrogel matrix. The NO generation could be detected
through the paramagnetic properties of NO due to the
Zeeman effect arising from the nitrogen atoms of amine groups
in building blocks. For detection, we used a (DETC)2Fe
complex to trap NO generated from FFc5FF and LFc5FL
nanofibrous hydrogels (1 mg/mL, pH 8.0, 200 mM Tris
buffer), producing the EPR active spin adduct NO-
(DETC)2Fe. The characteristic three-line isotropic EPR
spectrum of NO-(DETC)2Fe demonstrates that NO gas is
generated from the 1 h aged nanofibrous hydrogel of both
FFc5FF and LFc5FL compounds in the presence of SNAP (10

Figure 3. Rheological characterization of the peptide-based hydrogel,
(a) strain-dependent (ω = 10 rad s−1) oscillatory shear rheology of
the FFc5FF hydrogel (10 mg/mL), (b) angular frequency-dependent
oscillatory shear rheology of the FFc5FF hydrogel (10 mg/mL) at a
strain of 1%, (c) the evaluation of self-healing property of the FFc5FF
hydrogel using the continuous step-strain measurements, at 1% and
500% oscillatory strain for two cycles, and (d) shear thinning and
rapid recovery, as observed from the viscosity of the FFc5FF hydrogel
at increased shear rate during a continuous flow experiment.

Figure 4. NO generation and encapsulation characterization, (a) EPR spectra for NO generation from the FFc5FF nanofibrous hydrogel as the
catalyst (1 mg/mL, 1.0 and 24 h aged) with SNAP (10 mM), (b) electrochemical sensor detection of NO generation from the FFc5FF and LFc5FL
hydrogels (1 mg/mL) with SNAP (10 mM), (c) chemiluminescence detection of NO generated from the FFc5FF and LFc5FL hydrogels at a
concentration of 0.5 and 1 mg/mL, (d) EPR spectra of NO encapsulated in the FFc5FF nanofibrous hydrogel (1 mg/mL, 1.0 and 24 h aged), (e)
electrochemical sensor detection of NO encapsulation in the FFc5FF and LFc5FL hydrogel at 1 mg/mL, (f) chemiluminescence detection of the
NO encapsulation in FFc5FF and LFc5FL hydrogel scaffolds at concentrations of 0.25, 0.5, and 1 mg/mL. All samples were prepared in Tris buffer
(pH 8.0, 200 mM). The data for bar graphs (c,d) of chemiluminescence is extracted from the graphs in Figure S16a,b.
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mM). Interestingly, the signal was detected after 24 h with a
lower intensity (Figures 4a and S13a); this decrease in the
intensity could be attributed to the involvement of amine
groups in the hydrogen bonding, thus making them less
available as a nucleophile to react with SNAP (the electro-
phile). To exclude any signals from the spin-trap adduct or
SNAP, we performed the EPR of both separately and found no
detection of NO gas (Figure S14ab). It is worth noting that the
Tris buffer used for hydrogel formation and monomers of
peptide derivative (FFc5FF), without gelation, do not generate
NO gas. No EPR signal was detected in the spectra when we
used buffer and monomers alone under the same conditions
(Figure S15ab). This demonstrates that the primary amines of
peptide derivatives in the protonated form act as nucleophiles
to react with SNAP (electrophile) and produce the NO gas
because amine (NH2) protonation occurs under basic pH
conditions.

Taking it a step further, we employed an electrochemical
sensor to monitor the real-time generation of NO gas, which
was approximately 80 and 20 nM from 1 mg/mL nanofibrous
hydrogel of FFc5FF and LFc5FL, respectively, in the presence
of SNAP (Figure 4b). These findings confirm the catalytic role
of the hydrogels. The release profiles show that NO gas can be
generated from the nanofibrous hydrogel within 1 h, with
SNAP being used as an electrophile (donor). To validate the
NO generation confirmed by both EPR results and the NO
analyzer, we used ozone-based chemiluminescence to measure
NO generation from FFc5FF and LFc5FL nanofibrous
hydrogels with two concentrations (0.5 and 1 mg/mL),
which generate continuous NO gas upon adding the SNAP (10
μM) (Figure 4c). The NO generation (approximately 9.20
μM) from the FFc5FF nanofibrous hydrogel was considerably
higher than the (approximately 6.30 μM) LFc5FL nanofibrous
hydrogel, even though both hydrogels were used at the same
concentrations (1 mg/mL). This subtle difference in NO
generation between the two different hydrogels could be due
to the difference in the availability of amine groups as
nucleophiles. Notably, neither the nucleophiles (hydrogels)

nor the electrophiles (SNAP) alone produce a considerable
quantity of NO gas, suggesting that a catalytic reaction is
indispensable for NO generation. Based on the results
obtained from EPR, electrochemical sensors, and chemilumi-
nescence techniques, we emphasize that the sticker−spacer
peptide-based hydrogel scaffold could serve as an excellent
catalyst for the endogenous generation of NO gas.

After successfully confirming the catalytic ability of the
peptide hydrogel to generate NO, it was essential to investigate
whether these three-dimensional hydrogel networks could also
encapsulate NO gas from an external source and release it on
demand or store a high concentration of NO if needed for
biomedical applications. We utilized characterization techni-
ques such as EPR, electrochemical sensors, and chemilumi-
nescence to investigate the encapsulation capability of
hydrogels (Figure 4b). To this end, we encapsulated NO gas
in the nanofibrous hydrogels of FFc5FF and LFc5FL (1 mg/
mL), and the EPR results confirmed that the gas is sequestered
within the interstices of nanofiber scaffolds (Figures 4d and
S13b). Interestingly, after 24 h of encapsulation, the character-
istic signals of NO gas were still detectable, but the signal
intensity had significantly decreased, which could be attributed
to air leakage. Moreover, when we harnessed an electro-
chemical sensor for the delivery profiles of NO gas, it was
observed that FFc5FF and LFc5FL hydrogels can encapsulate
approximately 300 nM and 210 nM gas concentrations,
respectively (Figure 4e). This demonstrates that more
hydrophobic interactions in FFc5FF make it a more attractive
delivery platform compared to its analogue peptide derivative,
LFc5FL. Besides this, at three different concentrations (0.25,
0.5, and 1 mg/mL) of FFc5FF and LFc5FL, we noticed that
NO gas is successfully encapsulated inside the nanofibrous
network, as confirmed by chemiluminescence. FFc5FF nano-
fibers exhibited a higher capability compared to LFc5FL
nanofibers (Figure 4f). Our designer sticker−spacer peptide
derivatives, which form hydrogels, have shown the ability to
sequester the NO gas and could serve as the delivery vehicle
for delivering medical gases (such as NO) to targeted sites.

Figure 5. Anti-inflammatory studies, (a) schematic illustration, (b) proinflammatory cytokines IL-6, (c) TNF-α, enzyme-linked immunosorbent
assay (ELISA), (d) Griess assay to measure the amounts of nitrites released from the FFc5FF nanofibrous hydrogel (different concentrations) in
LPS-induced RAW264.7. Data is expressed as mean ± SD (n-3). *p < 0.05, vs (−) LPS in (b,c), while for the control group in (d), p values were
calculated by analysis of variance (one-way ANOVA) with Tukey’s test.
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NO is a small signaling molecule with a potent role in
inflammatory and immune responses, regulating cytotoxicity
against microorganisms.59 It reduces inflammatory cell recruit-
ment, infiltration, and polarization and releases inflammatory
cytokines during vessel wall injury.60,61 After investigating the
NO-generating ability of peptide hydrogels, we evaluated
whether this scaffold could release the NO (stored from an
external source) in cells cultured under in vitro conditions,
which provides insights into the mechanisms of NO release
from the hydrogel scaffolds of both compounds and whether
they show any effects on pro-inflammatory markers (Figure
5a). We selected RAW 264.7 macrophages, a well-charac-
terized murine macrophage cell line, to demonstrate the anti-
inflammatory actions of hydrogel scaffolds. These macrophages
produce high levels of pro-inflammatory cytokines upon
stimulation with lipopolysaccharides (LPS), an endotoxin
that activates the inflammatory M1 pathway (Figure 5a).
Two pro-inflammatory cytokine markers, IL-6 and TNF-α
(Figures 5bc and S17ab), were measured with (M1 pathway
activation) and without (M0 resting state) LPS stimulation
across different hydrogel concentrations. The hydrogel
significantly reduced the levels of both pro-inflammatory
cytokines at higher concentrations. For instance, at 10 mg/mL,
the expression of IL-6 was decreased to 17 pg/mL compared
with 78% of untreated IL-6. Similarly, TNF-α levels were
significantly reduced at higher doses of hydrogel scaffolds
(Figure 5c). These findings indicate a dose-dependent anti-
inflammatory effect of the hydrogel scaffolds. The NOx (nitrite,
a byproduct of NO) was quantified using the Griess assay
(Figures 5d and S17c) to confirm that this effect arises from
NO released from hydrogels. At a hydrogel concentration of 10
mg/mL, the nitrite produced was measured at 12 μmol,
directly correlating with the observed inhibition of pro-
inflammatory cytokines. This relationship suggests that NO
released from the hydrogel scaffold modulates the inflamma-
tory response by suppressing the release of IL-6 and TNF-α
cytokines. These results demonstrate that the NO-generating
nanofibrous hydrogel scaffold efficiently releases NO and
exhibits remarkable anti-inflammatory effects by suppressing
the levels of key pro-inflammatory cytokines in activated
macrophages. This work provides insights into how NO
released from hydrogels can mitigate inflammation, making
them a promising platform for therapeutic applications
targeting inflammatory conditions in wide-ranging human
diseases.

3. CONCLUSIONS
In summary, we have developed a sticker−spacer peptide-
based supramolecular hydrogel as a biological scaffold catalyst
for NO generation, capable of sequestering the NO within the
network of nanofibers in the hydrogel. Weak molecular
interactions, such as hydrogen bonding and hydrophobic
interactions, are involved in the self-assembly process of
peptide derivatives in the nanofibrous hydrogel. Since the
designer peptide derivative FFc5FF contains primary amine
groups at the terminal, these act as nucleophiles that react with
electrophiles, such as SNAP, to generate NO. The low payload
capacity, fast release, and compromised biocompatibility are
real challenges in the existing limited macromolecular scaffolds
for nitric oxide generation and its release. Our designer
nanofibrous hydrogels could overcome the aforementioned
challenges. Furthermore, macrophages RAW 264.7 were used
for pro-inflammatory cytokines (such as IL-1 and TNF-α) to

test the anti-inflammatory properties of the NO-encapsulating
hydrogel. Our designer hydrogels demonstrate considerable
potential as biological scaffolds for medical gases such as NO
encapsulation and targeted delivery, offering a promising
approach for combating resistant bacterial strains and other
applications.

4. MATERIALS AND METHODS
4.1. Materials. Boc-L-phenylalanine (Boc-Phe-OH), Boc-L-leucine

(Boc-Leu-OH), Boc-L-tyrosine (Boc-Tyr-OH), Boc-L-tryptophan
(Boc-L-Trp-OH), 1-hydroxybenzotriazole (HOBt), 1 M Tris buffer,
hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU),
and N,N-diisopropylethylamine (DIPEA) were purchased from
Sigma-Aldrich. Cadaverine and 4 M hydrogen chloride solution in
dioxane were obtained from Fluorochem. All solvents and salts were
used as received, unless otherwise stated. The peptide derivatives were
synthesized using solution-phase peptide synthesis,41 and detailed
synthesis steps and characterization of building blocks are given in the
Supporting Information.
4.2. Methods. 4.2.1. Preparation of Hydrogels. The lyophilized

powder of LLc5LL, LFc5FL, and FFc5FF with different concentrations
(1 to 10 mg/mL) was dissolved in 800 μL of water, and then 200 μL
of Tris buffer (1 M) with pH 8.0 was added, which turned the peptide
solutions into a nanofibrous hydrogel immediately, except for the
LLc5LL compound. The aqueous solutions of FFc5FF (1−10 mg/
mL) also produced a hydrogel when 200 μL of phosphate buffer (1
M) with pH 7.5 and HEPES buffer (1 M) with pH 7.5 were added
instead of the Tris buffer. Similarly, a solution of LFc5FL with
different concentrations (as FFc5FF) formed the hydrogel only in the
Tris buffer.
4.2.2. Microscopic Studies. 4.2.2.1. Optical Microscopy. An

Olympus microscope with 40× and 100× objectives was used to
acquire the images of LFc5FF and FFc5FF nanofibrous hydrogels at
different concentrations ranging from 1 to 10 mg/mL (final
concentration). The microscope was coupled with a high-resolution
CAM-ORCA-FLASH4.0 V3 Digital Hamamatsu sCMOS camera.
4.2.2.2. Scanning Electron Microscopy. A ten μL amount of

FFc5FF hydrogel samples (1 and 5.0 mg/mL) was drop-cast on a
clean silicon wafer using a micropipette, and the extra liquid was
blotted with filter paper. All samples were dried overnight in a fume
hood, and images were taken using the FEI Nova NanoSEM 650 at 10
kV. Before acquiring images, the samples were sputtered with Pt
(nanosized film) by JEOL JEC-300FC Auto Fine Coater. The average
diameter of nanofibers was calculated by processing the acquired SEM
images with ImageJ and OriginPro 2023b software packages.
4.2.2.3. Transmission Electron Microscopy Images. The holey

carbon-coated copper grid (mesh size 300 nm) (purchased from
Electron Microscopy Sciences) was immersed in freshly prepared
FFc5FF (1 and 5.0 mg/mL) hydrogel samples for 30 s. Afterward, the
sample containing grids was gently rubbed on the drops (50 μL) of
the negative staining reagent, phosphotungstic acid. The TEM grid
was then dried at room temperature before imaging the morphology
of the nanofibrous hydrogel using ThermoFisher Scientific’s Talos
200 transmission electron microscope, equipped with a field emission
gun. The experiments were performed by operating the microscope at
a 200 kV accelerating voltage. Several bright-field TEM (BF-TEM)
images were obtained by setting the microscope at different
magnifications to understand the nanofiber’s morphology.
4.2.3. Nitric Oxide Characterization. 4.2.3.1. Nitric Oxide Gas

Encapsulation. To prevent the rapid reaction of NO with oxygen,
samples were first purged with nitrogen (N2) gas to remove any
dissolved oxygen. They were then placed and stored in 7 mL glass
vials with a PTFE liner (27151 and 27157, Sigma-Aldrich, USA).
Each sample was purged with a nitrogen headspace (BOC) for 5 min,
followed by exposure to NO gas (400 ppm of NO in nitrogen, BOC,
UK) for 5, 10, and 60 min. A needle was positioned just above the
liquid surface to regulate gas flow and ensure uniform sample mixing
before the measurement of NO release.
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4.2.3.2. Electron Paramagnetic Resonance. Electron paramag-
netic resonance (EPR) was employed to detect NO release from the
samples of FFc5FF and LFc5FL nanofibrous hydrogels (0.25, 0.5, and
1 mg/mL) in Tris buffer with pH 7.5. DETC2Fe was used as the NO
trapping agent, as previously reported.40 To prepare the spin trap
solution, NaDETC (250 mM, 5 mL) and iron(II) sulfate (FeSO4·
7H2O, 50 mM, 5 mL) were dissolved separately in degassed Milli-Q
water. The two solutions were combined in 10 mL of dichloro-
methane (CH2Cl2) to form a pale-yellow−brown opalescent
DETC2Fe colloid. The spin trap solution was used immediately.
Samples at a concentration of 250 μg/mL were incubated with the
spin trap solution for 30 min. Subsequently, the solution’s aliquot (20
μL) was transferred into a quartz EPR tube and analyzed by X-band
EPR spectroscopy. The three-line peak was obtained at room
temperature by EPR, confirming the formation of the NO−DETC2Fe
complex. EPR spectra were recorded with a conventional continuous
wave (CW) homodyne microwave bridge and TE011 resonator by
using a Bruker BioSpin EMXmicro spectrometer equipped with a
premium X-band (9.1−9.9 GHz) source. The microwave frequency
was set at 9.877 GHz, with a power output of 10 mW and a field
modulation of 0.3 mT. Measurements were conducted at room
temperature using 1.2 mm (internal diameter) clear fused quartz
capillaries and nitrogen gas purge. Instrumental parameters
normalized signal amplitudes, with samples filling the vertical height
of the resonator. At 50 mM Fe(II)SO4 and 250 mM DETC, the
nitrosyl iron signal was detected on the slope of a large ferromagnetic
background signal from iron oxides. In the case of NO-generating
samples, the concentrations of 250 μg/mL and SNAP (10 μM) were
incubated with the spin trap solution for 30 min. Subsequently, the
sample with an aliquot (20 μL) was transferred to a quartz EPR tube
and analyzed by X-band EPR spectroscopy.
4.2.3.3. Real-Time NO Measurement Using an Electrochemical

Sensor. The real-time NO release was measured by using a free
radical analyzer (TBR4100, World Precision Instruments) equipped
with a NO-sensitive electrode (ISO−NOP, World Precision Instru-
ments). Before taking the measurements, the NO electrode was
polarized and calibrated according to the manufacturer’s instructions.
Specifically, the electrode probe was submerged in a glass vial
containing 10 mL of 0.1 M H2SO4 and 0.1 M potassium iodide to
establish a baseline current measurement. A successive 25 μM NaNO2
solution was added to generate a calibration curve, creating a range of
NO concentrations. The NO concentrations were calculated based on
the stoichiometric conversion of sodium nitrite to NO. To detect the
concentration of NO release from the samples of FFc5FF and LFc5FL
nanofibrous hydrogels (0.25, 0.5, and 1 mg/mL), the NO probe was
immersed in a glass vial filled with 4 mL of the peptide hydrogels in a
Tris buffer at pH 7.5. The calibration curve was then used to
determine the NO release based on changes in current responses. The
glass vials were covered with aluminum foil and kept on a hot plate at
37 °C, with continual stirring throughout the NO measurement. In
the case of evaluating the NO-generating capacity of peptide
hydrogels, the samples at a concentration of (total volume of 100
μL) were added to the vial, and SNAP (10 μM) was added to the vial.
4.2.3.4. Ozone-Based Chemiluminescence. The concentration of

NO released from the samples of FFc5FF and LFc5FL nanofibrous
hydrogel (0.25, 0.5, and 1 mg/mL) was added to the helium gas test
solution and detected with a chemiluminescence NO analyzer (NOA)
(Sievers 280, Boulder, CO). PBS −1 M (pH 7.4), comprising 0.5 mM
EDTA (1:0.5), was prepared for the SNAP solution. A 10 μL (10
μM) aliquot of each sample was added into the vessel (with a
constant helium gas flow) using a gastight syringe through the vessel’s
injection unit. The purging vessel was covered with aluminum foil to
prevent light exposure. Each measurement was continued until the
NO spectrum reached the baseline levels. The calibration curve was
obtained via sodium nitrite reduction in an acidified vanadium
chloride solution. The amount of NO generated from the sample was
determined from the calibration curves. Microsoft Excel 2010
(Microsoft, Redmond, WA, USA) and OriginPro 2023a were used
to process raw data. In NO-generation measurements, a 10 μL aliquot
of each sample was added into the purging vessel with and without

SNAP (10 μM). Statistical analysis (one-way ANOVA) was
performed using OriginPro 2023a.
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