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Recent research has demonstrated that peptide self-assemblies are effective as vaccine adjuvants, playing
a critical role in enhancing vaccine efficacy. In our prior studies, the Ac-FFA-NH, peptide gelator was
identified as a biocompatible material suitable for tissue engineering applications. In this study, we reveal
that the self-assembled Ac-FFA-NH, hydrogel functions as a potent vaccine delivery system, as
evidenced by its strong immunostimulatory activity in vivo. Mice vaccinated with OVA antigen
incorporated into the hydrogel produced significantly higher IgG titers compared to both the
unadjuvanted control group and those treated with traditional adjuvants. This suggests that the Ac-FFA-
NH, hydrogel effectively induces a robust humoral immune response. Moreover, the hydrogel not only
enhances humoral immunity but also stimulates a cellular immune response, as indicated by the
production of the IgG2a subtype, further establishing it as an excellent vaccine delivery platform.
Additionally, we describe a composite hydrogel developed through the stepwise self-assembly of the
Ac-FFA-NH, peptide and liposomes. Structural characterization using TEM, DSC, and FTIR confirmed

Received 9th January 2025 ) : o ) . ) . . L .
Accepted 13th June 2025 that both peptide nanofibers and lipid vesicles retain their structural integrity within the composite gel.
Importantly, morphological analysis demonstrated that the mechanical robustness of the hydrogel

DOI: 10.1035/d5na00033¢ remains largely unaffected by the presence of liposomes at lipid concentrations lower than the Ac-FFA-
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1. Introduction

The design and synthesis of safe and highly specific drug
delivery systems with enhanced properties continue to be a top
priority in the rapidly advancing field of nanomedicine.
Nanomedicine provides innovative platforms for drug delivery,
which can significantly improve therapeutic efficacy while
minimizing the toxicity associated with pharmaceuticals. A
particularly promising advancement in this area is the use of
supramolecular self-assembly nanomaterials, which rely on
non-covalent interactions to offer several distinct advantages.
These systems can undergo dynamic reorganization of their
nano-structured morphologies and functions in response to
specific stimuli, such as variations in pH, temperature, or ionic
strength.>® Among these, peptide-based self-assembling
systems have emerged as especially noteworthy, drawing
considerable attention in both materials science and
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biomedicine.®” Peptide hydrogelators, primarily composed of
natural amino acids, are biodegradable and easily metabolized
by the body, making them highly suitable for therapeutic
applications. Furthermore, supramolecular hydrogels, which
are formed by the self-assembly of small molecules like low
molecular weight hydrogelators (LMWHs), follow straightfor-
ward chemical synthesis routes to ensure high purity.®* Their
intrinsic biocompatibility, ease of functionalization, ability to
form three-dimensional networks, and potential for controlled
release of small molecules position them as particularly valu-
able for biomedical uses. These attributes are the focus of
numerous reviews, which emphasize the importance of peptide-
based systems in advancing drug delivery technologies.”**
Recent studies have further highlighted the potential of
peptide-based nanomaterials as promising vaccine delivery
systems, owing to their strong adjuvant activity and ability to
trigger robust antibody responses.'”” Despite the success of
conventional vaccine adjuvants, such as aluminum salts and
oil-in-water emulsions, their use is often limited by safety
concerns, inconsistent immune activation, or inability to elicit
strong cellular responses.’*** Our research demonstrates that
peptide-based self-assembling hydrogels can overcome these
limitations by offering a biocompatible and tunable platform
that promotes both humoral and cellular immune responses.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Specifically, the Ac-FFA-NH, hydrogel supports balanced acti-
vation of Thl and Th2 pathways—key to effective vaccine
performance. These properties make it a promising candidate
for next-generation vaccine adjuvants, with clear clinical rele-
vance for infectious diseases and cancer immunotherapy. In our
previous work, we demonstrated that the Ac-.-Phe-L-Phe-1-Ala-
NH, (Ac-FFA-NH,) hydrogel is biocompatible and supports the
growth and proliferation of HEK293T cells within its gel fibers.*
Continuing this line of research,'® we focus on the synthesis and
characterization of composite supramolecular hydrogels by
combining Ac-FFA-NH, with liposomes. Incorporating lipid
carriers such as liposomes into hydrogel formulations enables
controlled drug or antigen release while enhancing bioavail-
ability compared to plain hydrogels. Interactions between the
hydrogelator and lipids can slow the release of molecules
incorporated in both the liposomes and the hydrogel matrix.
These interactions can also help stabilize the hydrogel and
affect its degradation rate. The type and strength of these
interactions depend on several factors, including the chemical
structure and concentration of the phospholipids, as well as the
chemical properties of the incorporated drugs.'”>* However,
many peptide-based hydrogel systems reported to date lack
either in vivo immunological validation or tunable, sustained
antigen release profiles—key requirements for effective vaccine
delivery. To address this gap, we report a novel supramolecular
system based on Ac-FFA-NH, that combines structural robust-
ness, lipid-assisted controlled release, and in vivo immunosti-
mulatory efficacy within a single platform. In this study, the
model protein bovine serum albumin (BSA) was incorporated
into the Ac-FFA-NH, hydrogel, and its effects on gelation
properties, supramolecular self-assembly and protein release
were studied. Small changes in the chemical structure and
amino acid sequence of peptides can significantly influence the
immunostimulatory properties of hydrogels.”® Therefore, we
synthesized several peptide analogs with slight structural
modifications compared to Ac-FFA-NH,, specifically Ac-FFA-OH,
Ac-FFBA-OMe, and evaluated their immunostimulatory activi-
ties. This work presents, for the first time, a dual-function
peptide-liposome hydrogel system with validated antigen
delivery and immune-enhancing performance, highlighting its
translational potential as a clinically relevant supramolecular
vaccine platform. This research contributes to our ongoing
efforts to develop potent immunostimulatory agents and inno-
vative vaccine adjuvant delivery systems.**?

2. Experimental section

2.1. Materials

All peptides and their precursors were synthesized, and detailed
synthetic procedures along with full characterization are provided
in the ESI (Schemes SI-1, and SI-21). The gelator Ac-i-Phe-1-Phe-i-
Ala-NH, (Ac-FFA-NH,) and Ac-i-Phe-1-Phe-1-Ala-OH (Ac-FFA-OH)
were synthesized following the previously optimized protocol.*
Similarly, Ac-.-Phe-1-Phe-B-Ala-OMe (Ac-FFBA-OMe) was synthe-
sized according to a reported procedure.” Cholesterol derived
from porcine liver was obtained from Sigma (USA). r-a-Phos-
phatidylcholine (egg-PC), type XI-E, from fresh egg yolk,
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dipalmitoylphosphatidylcholine  (DPPC), and dimyristoyl-
phosphatidylcholine (DMPC) were purchased from Avanti Polar
Lipids (USA). Bovine serum albumin (BSA) was sourced from
Sigma Aldrich (Steinheim, Germany). Additional reagents,
including Tween 20, monoclonal anti-chicken egg albumin (clone
OVA-14, mouse IgG1 isotype), and o-phenylenediamine dihydro-
chloride, were also obtained from Sigma (USA). Horseradish-
peroxidase-conjugated goat anti-mouse IgG (HRP-anti-mouse
IgG) was supplied by Bio-Rad Laboratories (USA).

Biotin-conjugated rat anti-mouse IgG1l and IgG2a mono-
clonal antibodies, as well as streptavidin-peroxidase, were
acquired from PharMingen, Becton Dickinson (USA). Chemicals
used for buffers and solutions were purchased from Kemika
(Croatia). Ovalbumin (OVA) was sourced from Serva (Germany).
MilliQ ultrapure water was prepared using a Millipore
Simplicity Ultrapure Water Purification System.

2.2. Synthesis of peptide hydrogelators

Following the method reported by Pospisil et al., we synthesized
the peptides Ac-FFA-NH, (HYG-1) and Ac-FFA-OH (HYG-2),
although the initial yields were relatively low. After several
attempts, a modified and more efficient four-step synthetic
procedure was developed. Briefly, the starting compounds 1, 2,
and 5 were prepared as described in previous reports.’*?® The
synthesis of compound 6 began with the preparation of dipep-
tide 3 through a standard DCC-mediated coupling reaction with
compound 1, yielding high conversion rates.* After the removal
of the Boc protecting group, compound 4 was coupled with
compound 5. The resulting tripeptide 6 was synthesized using
EDC/HOBt-mediated coupling.®® Subsequent methyl ester to
amide conversion produced Ac-i-Phe-1-Phe-1-Ala-NH, (HYG-1),
while hydrolysis of the ester yielded Ac-FFA-OH (HYG-2)
(Scheme SI-17).Tripeptide Ac-FFBA-OMe (HYG-3) was synthe-
sized via standard coupling procedures. This involved the
preparation of protected dipeptides, followed by Boc group
deprotection and further coupling to yield tripeptides, as
detailed in the ESI (Schemes SI-1, and SI-2}). Deprotection of
the Boc group followed by acetylation provided the final
product, Ac-FFBA-OMe (HYG-3). All compounds were fully
characterized using NMR, FTIR, and HRMS spectroscopy, with
detailed spectral data provided in the ESI (Fig. SI-1-SI-217).

2.3. Preparation of liposomes

Multilamellar liposomes were prepared using the thin lipid film
method as described previously.** Briefly, egg-PC and cholesterol
(molar ratio 3:2), DPPC, or DMPC were dissolved in a chloro-
form : methanol mixture (2:1) to a final lipid concentration of
30 mM. The solvent was evaporated under reduced pressure
using a Rotavapor (Rotavapor® RE-121, Buchi), forming a thin
lipid film. The dried lipid films were hydrated with 1 mL of
phosphate buffer (PBS) or deuterium oxide (D,O) for DSC
measurements. The liposome suspensions were incubated over-
night at 4 °C to allow swelling and stabilization. Liposome size
was reduced by sequential extrusion of the multilamellar vesicles
through polycarbonate membranes of 800, 400 and 200 nm,
using a 0.5 mL extruder (LiposoFast, Avestin Inc., Canada).
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Encapsulation of BSA or OVA into liposomes was performed
by hydrating the preformed dry lipid films with solutions of BSA
(3 mg mL ™" in PBS) or OVA (1 mg mL " in PBS).*? The resulting
liposome suspensions, without further separation of non-
entrapped material, were used for immunization studies and
for measuring the physicochemical properties of the liposomes.

2.4. Dynamic light scattering measurement (DLS)

The particle size distribution and zeta potential of the prepared
liposomes were measured using a Zetasizer Nano US (Malvern,
UK) equipped with a green laser (532 nm) following a previously
described method.*® The intensity of scattered light was detec-
ted at an angle of 173°, and measurements were performed at
25 °C. The data obtained were analyzed using Zetasizer software
6.20 (Malvern instruments). Liposome suspensions were
diluted 10-fold in saline solution before analysis. The particle
size of the liposomes is reported as the z-average diameter,
calculated using Zetasizer Nano software based on the intensity
of scattered light. Each sample was measured six times, and the
results are presented as the mean value. For zeta potential
measurements, liposomes were placed in specialized plastic
cuvettes equipped with a gold electrode designed for zeta
potential determination. Each sample was measured three
times, and the results are expressed as the mean value.

2.5. Preparation of composite supramolecular hydrogel with
liposomes

The hydrogelator Ac-FFA-NH, was dissolved in MilliQ water by
heating until a clear solution was obtained. After slight cooling,
and prior to gelation, preformed liposome suspensions (30 mM)
at varying molar ratios were added to the solution. The composite
hydrogel containing BSA-encapsulated liposomes was prepared
following the same procedure, as detailed in ESI (Table S27). BSA
and FITC-BSA were dissolved in PBS and incorporated into the
hydrogelator solutions following the same protocol. Gelation was
confirmed using the inverted tube test (ESI, Table SI-17}).

2.6. Transmission electron microscopy

Structural and morphological characterization of the supra-
molecular composite hydrogel with liposomes and protein-
loaded hydrogels was performed using a Zeiss EM 10A elec-
tron microscope at an acceleration voltage of 60 kV. A thin film
of the gel was applied to a grid, followed by shading with
palladium or contrasting with a 2% aqueous solution of the
potassium salt of phosphotungstic acid (pWk, H;PW;,0,). The
pWk solution was neutralized to pH 7 using NaOH, and a drop
of this solution was placed on the gel sample. Excess solution
was removed after 30 seconds.

2.7. Differential scanning calorimetry

Liposome suspensions of DPPC and DMPC for DSC measure-
ments were prepared at a concentration of 7.5 mM. Samples of
composite supramolecular hydrogels with Ac-FFA-NH, and
liposomes were prepared as described in Section 2.5, with
a final hydrogelator concentration of 17.56 mM. Before
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measurement, all samples were degassed under reduced pres-
sure for 15 minutes. Calorimetric experiments were conducted
using a Nano-DSC microcalorimeter (TA Instruments, New
Castle, USA) at a scan rate of 1 °C min~'. The temperature
ranges were 10-60 °C for DPPC and 5-60 °C for DMPC, with
a cell volume of 300 pL. Each sample was measured twice,
including two independent fillings, across two heating and
cooling cycles. The reference solution (MilliQ water) was scan-
ned once under identical conditions, and its thermograms were
subtracted from the raw sample data. Data were analysed using
a Nano Analyze software package (TA Instruments).

2.8. FTIR-ATR

FTIR-ATR spectra were recorded using an INVENIO-S Bruker
spectrometer equipped with a BioATR II unit and a photovoltaic
LN-MCT detector. The KBr beam splitter was set at 1 mm, and
the detector was operated at a scanner velocity of 15 kHz for
high-sensitivity measurements. The ATR unit was purged with
N, from an external supply. The BioATR II unit employs
a circular dual crystal technology (DCT) design with an upper
ATR crystal made of silicon and a lower crystal made of zinc
selenide (ZnSe), the latter not in contact with the sample. The
system provides multireflection performance with a path length
of 6-8 um and requires ~30 pL of sample.

The unit was temperature-controlled using a Huber Ministat
125 water bath set at 25 °C with a heating rate of 1 °C min™".
Samples, including DPPC liposome suspensions, Ac-FFA-NH,
hydrogel, and composite Ac-FFA-NH, hydrogels with liposomes
in D,0, were pipetted directly onto the ATR crystal in 25 pL
volumes. Three independent sample replicates were prepared
for each condition, along with a D,O control at 25 °C. Spectra
were collected at a resolution of 2 em™" with 128 scans per
sample. Data acquisition, processing, and evaluation were
performed using OPUS 8.5 SP1 software.

2.9. BSA release

For BSA release tests, both free BSA and liposome-encapsulated
BSA were incorporated in hydrogels according to the procedure
described in Experimental section 2.3. Briefly, multilamellar
liposomes composed of egg-PC : Chol (in a molar ratio of 3:2)
were prepared by the thin-lipid film method. BSA (3 mg mL™")
in PBS was used for encapsulation. The size and charge of the
prepared liposomes were determined by DLS prior to incorpo-
ration into the hydrogel. The prepared hydrogels were overlaid
with 1.2 mL of PBS (pH 7.4) which was used as the release
medium. Then, 600 puL of the release medium was taken out at
different time intervals and replaced with fresh medium.
Release studies were monitored for 83 hours. The concentration
of released protein in the supernatant was measured using UV-
vis spectrometry and calculated from a standard curve. The
release efficiency was then calculated using the formula: release
(%) = (released concentration)/(loaded concentration) x 100.

2.10. Mice and immunizations

Inbred NIH/OlaHsd mice were raised at the Institute of
Immunology, Croatia. Female mice aged 2.0-2.5 months were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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housed in the institute's Animal Facility with food and water
provided ad libitum during the experiment. All animal experi-
ments were conducted in accordance with the Croatian Law on
Animal Welfare (2017) and the EC Directive 2010/63/EU. Ethical
approval was obtained from the Ethical Committee of the
Institute of Immunology and the Directorate of Veterinary and
Food Safety of the Ministry of Agriculture, Republic of Croatia
(approval number: HR-POK-009). Mice (five per group) were
immunized subcutaneously at the tail base, followed by two
booster doses, 21 days apart. Each injection volume was 0.1 mL,
corresponding to 10 pg of OVA, 200 pg of PGM (control), 400 pg
of hydrogelator, 0.30 umol of MDP or imiquimod. Blood
samples were collected on day seven after the final booster dose
from the axillary plexus under anesthesia induced by intraper-
itoneal injection of ketamine/xylazine (25 mg kg ' each). The
sera were decomplemented at 56 °C for 30 minutes and stored
at —20 °C until further analysis.

2.11. ELISA for quantitative determination of anti-OVA IgG

The levels of OVA-specific total IgG, IgG1, and IgG2a in mouse
sera were quantified using ELISA as described previously.**
High-binding ELISA plates (Costar, USA) were coated with 1.5
mg mL ™' OVA solution in carbonate buffer (pH 9.6) and incu-
bated overnight at room temperature. Non-specific binding was
blocked with 0.5% (w/v) BSA in PBS-T (0.05% (w/v) Tween 20 in
PBS) for 2 h at 37 °C. Serial fivefold dilutions of mouse sera and
standards were added in duplicate, followed by overnight
incubation at room temperature. After washing, OVA-specific
IgG levels were detected using HRP-conjugated goat anti-
mouse IgG, incubated for 2 h at 37 °C. Plates were washed
and developed with 0.6 mg mL ™' o-phenylenediamine dihy-
drochloride in citrate phosphate buffer (pH 5.0) containing 0.5
uL 30% H,O,/mL for 30 min in the dark. The reaction was
stopped with 12.5% H,SO,, and absorbance was measured at
492 nm using a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA). For IgG1 and IgG2a determination, biotin-
conjugated rat anti-mouse IgGl or IgG2a antibodies were
incubated for 2 h at 37 °C, followed by streptavidin-peroxidase
for an additional 2 h. The substrate solution was added and
incubated as described above. Antibody subtype concentrations
were quantified using parallel line assay with standard prepa-
rations of anti-OVA IgG (20000 AU mL™"), IgG1 (400 000 AU
mL™"), and IgG2a (5000 AU mL ™).

2.12. Statistical analysis

Data were analyzed using Statistica 6.0 for Windows (StatSoft
Inc.). Statistical significance was assessed using the Kruskal-
Wallis test followed by post hoc comparisons. A p-value <0.05
was considered statistically significant.

3. Results and discussion

3.1. Peptide synthesis and composite supramolecular
hydrogel preparation

Following the method reported by Pospisil et al., we synthesized
the peptides Ac-FFA-NH, and Ac-FFA-OH. However, the initial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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yields were relatively low, and extending the reaction time did
not improve the yield. A modified, shortened four-step proce-
dure was eventually developed, yielding higher amounts of the
tripeptide. The structures of the new hydrogelators Ac-FFA-OH
and Ac-FFBA-OMe were confirmed by *H NMR, with detailed
chemical synthesis described in the ESL{

Building on our previous findings that Ac-FFA-NH, supports
HEK293T cell growth and proliferation within gel fibers," we
extended our research to composite supramolecular systems
combining the hydrogelator with liposomes. The goal was to
enhance the drug delivery performance of the hydrogel by
incorporating liposomes, as previous studies have shown that
liposomes can improve gel physical properties, enhance drug
homogeneity, and enable sustained drug release from peptide
hydrogels.?*** The literature also indicates the successful
incorporation of liposomes loaded with bioactive substances
into peptide hydrogels, with both lipid vesicles and peptide
fibers retaining their structural integrity in the composite
system.*” Recent studies have highlighted the application of
peptide hydrogels as vaccine adjuvant-delivery systems (VADS),
demonstrating their strong adjuvant activity.**** Based on these
findings, we incorporated bovine serum albumin (BSA) and
neutral multilamellar liposomes into the Ac-FFA-NH, hydrogel
to evaluate the gel's properties and morphology. Testing
revealed that the addition of liposomal suspensions with lipid
concentrations 10, 5, and 2.5 times lower than the peptide
gelator concentration resulted in the rapid formation of
a cloudy white gel. However, at a lipid-to-gelator molar ratio of
1:1, no gel was formed (Table SI-11). This aligns with prior
studies showing that the size, surface chemistry, and quantity of
liposomes significantly influence their interactions with
hydrogelator molecules. As the liposome concentration in the
nanocomposite hydrogel increases, the efficiency of cross-
linking between hydrogelator molecules decreases.*

Furthermore, gel formation was delayed when BSA was
added at concentrations ranging from 15-150 pug mg ' of
gelator. At lower protein concentrations, gel formation occurred
within 30 minutes, while samples with 150 pg BSA per mg of
gelator required overnight incubation to form a gel (Table S27).
Although our previous study showed that the Ac-i-Phe-r-Phe-1-
Ala-NH, hydrogel can accommodate large biological entities,
such as HEK293T cells,* high concentrations of BSA (>150 ug
per mg of hydrogelator) were observed to inhibit gelation. FTIR
and NMR analyses confirmed that hydrogel formation is driven
by cross-B-sheet hydrogen bonding and other non-covalent
interactions between tripeptide molecules. We therefore
conclude that excessive BSA disrupts these specific interactions,
interfering with the self-assembly and cross-linking processes
required for stable gel network formation.

3.2. Morphological characterization of the composite
hydrogel by TEM

To characterize the prepared nanocomposite supramolecular
system, complementary microscopic and spectroscopic
methods were employed.** Transmission electron microscopy
(TEM) and confocal microscopy revealed the nanostructural

Nanoscale Adv., 2025, 7, 4660-4672 | 4663
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Fig. 1 Chemical structures of the synthesized hydrogelators: Ac-L-Phe-L-Phe-L-Ala-NH, (HYG-1); Ac-L-Phe-L-Phe-L-Ala-OH (HYG-2), Ac-L-

Phe-L-Phe-BAla-OMe (HYG-3).

properties of the composite gel, confirming that Ac-FFA-NH,
can self-assemble into a hydrogel in the presence of liposomes,
BSA, and liposome-incorporated BSA (Fig. 2B-E and 3). TEM
images of the nanofibrous hydrogel network revealed a mixture
of fibers and straight ribbons, with diameters ranging from 50
to 500 nm and lengths extending into the micrometer range."
In hydrogel samples containing BSA, the hydrogel network
preserved its structural integrity, but variations in fiber thick-
ness were observed (Fig. 3). Confocal microscopy demonstrated
the successful incorporation of FITC-BSA-loaded liposomes into
the hydrogel, showing that liposomes do not impair the
hydrogel network when lipid concentrations are lower than the
Ac-FFA-NH, concentration. However, higher amounts of BSA
resulted in slower gel formation or complete inhibition of gel
formation.

3.3. Differential scanning calorimetry analysis of composite
hydrogel (DSC)

Noncovalent interactions among peptide molecules drive the
formation of assemblies and their subsequent transition into
hydrogels. Interactions with phospholipid molecules in the

lipid bilayer of liposomes can further influence both the lipid
bilayer structure and hydrogel formation."”** Differential scan-
ning calorimetry (DSC) is a non-invasive physical technique that
is well-suited for studying membrane bilayer phase transitions.
It provides quantitative insights into how hydrogelator peptide
molecules affect membrane structure and vice versa.** As
peptides interact with lipids, they can alter various lipid prop-
erties, including packing, membrane fluidity, and cooperativity
of phase transitions, which are reflected in the parameters
measured during DSC experiments. Typically, the pre-transition
phase is highly sensitive to molecules interacting with lipid
headgroups and often disappears upon the addition of external
molecules. In contrast, effects on the main phase transition
indicate interactions at a deeper level, beyond the lipid head-
group region.** Multilamellar liposomes of DPPC and DMPC
were prepared, and their size and charge were determined by
dynamic light scattering (DLS) prior to DSC analysis.*>** The
size of DPPC liposomes was 29 nm (+12 nm), while that of
DMPC liposomes was 60 nm (+26 nm) (Table S1t). DMPC (14 :
0), a commonly used mammalian membrane mimetic, shows
two endothermic transitions: a sharp main transition peak at

Fig.2 TEM images of hydrogel (A) 0.4% (w/v) Ac-L-Phe-L-Phe-L-Ala-NH, in water. (B) Hydrogel with liposomes at a 5 : 1 molar ratio, stained with
Pd. (C) Hydrogel with liposomes at a 5 : 1 ratio, stained with pWk; magnification 8000 x. scale = 1 um. (D) with BSA; (E) with liposome BSA; stained
with pWk; magnification 160 00x. scale = 1 um; (F) liposomes alone, scale = 500 nm.
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Fig. 3 Confocal images of the composite gel containing 0.4% (w/v) Ac-L-Phe-L-Phe-L-Ala-NH, in water: (A) with FITC-BSA, scale = 50 um; (B)

with liposome FITC-BSA, scale =5 um.

Tr = 24 °C and a broader pre-transition peak at Ty, = 11-15°©
C. DPPC (16:0) has a main transition peak at T, = 41 °C and
a pre-transition peak at Tp,m1/2 = 35 °C. DSC thermograms allow
the extraction of three key parameters: Enthalpy of transition
(AH), which is proportional to the area under the transition
peak; AH reflects the strength of van der Waals forces between
lipid fatty acid chains. Furthermore, full width at half maximum
(FWHM or AT;,), which indicates the cooperativity of the
transition, related to the number of molecules transitioning
simultaneously. Finally, transition temperatures (Tpre, T, and
Ty) that correspond to the pre-transition, main phase transi-
tion, and other endothermic processes, respectively.*” The
results (Fig. 4) demonstrated that the addition of Ac-FFA-NH, to
liposome suspensions affects the lipid bilayer in several ways. A
slight shift and broadening of the main phase transition of
phospholipids were observed, along with the disappearance of
the pre-transition phase. Both the pre-transition and the main
phase transition required less energy (AH) to initiate the rippled
and liquid phases, respectively (Table 1). This suggests that
interactions between Ac-FFA-NH, and lipid molecules destabi-
lize the bilayer structure, consistent with the model proposed by

1.0 q
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Table 1 Phase transition temperature and transition enthalpies of
liposomes and liposomal preparations with the Ac-FFA-NH, peptide
hydrogelator, extracted from the DSC scans: temperature (T,,/°C),
enthalpy (AH/kJ mol™)

AH/K] AH/K]
Sample Tp/°C mol Tpm/°C mol
DPPC 34.93 2.92 41.78 22.40
Ac-FFA-NH,: DPPC 32.98 1.38 41.33 11.72
DMPC 14.33 2.47 24.00 27.33
Ac-FFA-NH,: DMPC 11.65 0.624 23.57 18.55

Zini¢ et al.** According to this model, peptide self-assembly is
primarily driven by hydrogen bonding, with Ac-FFA-NH, form-
ing strong hydrogen bonds. The stacking structure is further
stabilized by hydrophobic aromatic phenylalanine groups,
which are known to significantly alter interfacial tension and
surface domain morphology in DPPC films.*

The obtained results revealed noticeable differences in the
influence of hydrogelators on the shift and broadening of the
main phase transition peak of DPPC or DMPC liposomal
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Fig. 4 Left: DSC thermograms, represented as baseline subtracted molar heat capacity traces of DPPC and Ac-FFA-NH, : DPPC in 2.5: 1 ratio.
Right: DSC Thermograms, represented as baseline subtracted molar heat capacity traces of DMPC and Ac-FFA-NH, : DMPC in 2.5: 1 ratio.
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bilayers as well as on enthalpy of the main transition (AH). AH is
significantly lower for the main phase transition of DPPC when
peptide is added in comparison with DMPC where the enthalpy
was decreased but to lesser extent. The overall thermodynamic
destabilization of the DPPC bilayer is prominent, exhibiting
a twofold decrease in the enthalpy of the pre and main transi-
tion phases. The obtained results indicate stronger interactions
of the Ac-FFA-NH, peptide with the inner part of the DPPC
liposome bilayer. DPPC and DMPC are both zwitterionic lipids,
with the only difference between them being the length of the
fatty acid chain. The observed effect is likely due to differences
in the packing of phospholipid molecules in the bilayer,
resulting from fatty acid chain length and stronger hydrophobic
interactions with hydrophobic phenylalanine. The stronger
hydrophobic interaction of the peptide with DPPC can also be
explained by the fact that the DPPC bilayer is more dehydrated
and, therefore, more hydrophobic due to its higher phase
transition temperature (41 °C) compared to that of DMPC (24 °
C). On the other hand, peptide interactions with the membrane
surface are accompanied by deformation of the surrounding
lipid bilayer, affecting lipid packing and water penetration into
the membrane, which would affect conformational changes of
the membrane and enable peptide interactions with the inter-
facial hydrophobic regions of the DPPC bilayer (Fig. 5).*

Such extensive interference with the phospholipid confor-
mation within bilayers indicates a strong and stable interaction,
and its impact on adjuvant activity requires further detailed
investigation.

3.4. FTIR-ATR analysis of the interaction between the
Ac-FFA-NH, hydrogelator and phospholipids

The initial self-assembly of peptides occurs at the molecular
level, and in mixtures of gelators, the molecules may either co-
assemble or self-sort. Techniques such as infrared spectroscopy
(FTIR), UV-vis absorption spectroscopy, fluorescence spectros-
copy, and circular dichroism (CD) spectroscopy are valuable
tools for probing molecular packing, hydrogen bonding, and
other interactions.** The interaction between phospholipids in
liposomes and the hydrogelator Ac-FFA-NH, was investigated
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using FTIR-ATR. All solutions were prepared in D,O to mitigate
the strong water absorption band at 3000-3600 cm ™, which can
obscure the detection of the CH, symmetric and antisymmetric
stretches (2800-3000 cm™') from Ac-FFA-NH, and lipid
components. The characteristic shape of the OH/NH stretching
region provides insights into material hydration and hydrogen
bonding.**

FTIR spectra were recorded for DPPC, Ac-FFA-NH,, and their
mixtures at 25 °C. Preprocessing of the spectral data included
subtraction of the solvent (D,0) spectrum and smoothing using
the Savitsky-Golay filter (third-degree polynomial, 30 points).
Baseline correction was applied to all spectra (full spectra
available in the ESI, Fig. S8%). According to literature proto-
cols,* analyses focused on specific spectral regions of interest:
3025-2825 cm ™ : CH, symmetric (vsCH,) and antisymmetric
(vasCH,) stretching of methylene groups. 1775-1700 cm
carbonyl group stretching (vCO). 1700-1567 cm ™ ': amide I
band (C=0 stretching of secondary amides) and amide II band
(NH, deformation of primary amides). The results revealed, in
the CH, stretching region (3025-2825 cm™'), that the spectral
analysis of CH, stretching bands showed slight shifts in the
band maxima upon the addition of Ac-FFA-NH, to DPPC lipo-
somes. Specifically, the v,sCH, band shifted from 2923 cm ' to
2931 cm %, while the v,CH, band shifted from 2854 cm™* to
2865 cm™ . These shifts were accompanied by changes in band
intensity. Such shifts suggest modifications in hydrogen bond
distribution and possibly D-H replacement in the
suspension.®**

In the amide region (1700-1567 cm™'): the amide I band at
1638 cm ™', characteristic of Ac-FFA-NH,, was also present in the
Ac-FFA-NH, + DPPC mixture but, of course, absent in pure
DPPC samples. The unchanged position of the 1638 cm ™" peak
indicates that DPPC does not alter the secondary structure of
Ac-FFA-NH,. This observation suggests a non-destructive
interaction between the peptide and lipid molecules, consis-
tent with literature reports.**Carbonyl region (1775-1700 cm ™ "):
in the carbonyl stretching region, the addition of Ac-FFA-NH, to
DPPC resulted only in intensity changes, indicating strong
interactions between the peptide and the phospholipid

NANOCOMPOSITE

Hydrophific interactions between
peptide backbone and
phospholipid headgroups

Hydrophobic interactions
between Phe and inner part of
liposome bilayer

Fig. 5 Schematic presentation of the proposed interactions between liposomes and the Ac-FFA-NH, hydrogel.
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show the maximum of the bands.

headgroups. This behavior aligns with findings from studies on
antimicrobial peptides, where hydrophobic amino acids in
peptides play a critical role in promoting deeper peptide
insertion into lipid membranes.*® The FTIR-ATR results (Fig. 6)
demonstrate interactions between DPPC and the Ac-FFA-NH,
peptide. The shifts and intensity changes in CH, and carbonyl
bands imply modifications in lipid packing and peptide-lipid
interactions. The findings support the hypothesis that lipo-
somes are adsorbed onto the peptide fibrils within the supra-
molecular gel, as suggested in previous studies. These
interactions likely contribute to the formation of a stable
nanocomposite system with potential applications in drug
delivery and other biomedical fields.

3.5. BSA release

The release kinetics of BSA were assessed by monitoring UV
absorbance in the release medium overlying the hydrogels for
83 hours, under identical experimental conditions, enabling
direct comparison of their release profiles (Fig. 7). The size of
empty liposomes was 214.5 nm, while liposomes loaded with
BSA measured 254.9 nm. Zeta-potential values were also
measured: —11.6 mV for empty liposomes, and —6.9 mV for
liposomes with encapsulated BSA. Non-encapsulated BSA was
not separated from the liposomes, and the encapsulation effi-
ciency was not directly measured. However, based on our
previous work,* it was estimated to be approximately 30%. The
concentration of BSA was kept constant in both samples to
enable precise comparison between the two systems and ensure
reliable absorbance values for the BSA released into the
medium. Both hydrogel formulations—one containing free BSA
and the other incorporating liposome-encapsulated BSA—
exhibited a comparable initial burst phase, with 27.2% and
23.3% of BSA released within the first six hours, respectively.
Discrete differences in release profiles were observed during
this initial period. However, from the sixth hour onward, a clear

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Release kinetics of BSA and liposome-encapsulated BSA from
the Ac-FFA-NH; hydrogel. 10 mM PBS (pH 7.4) was used as the release
medium. BSA concentrations were measured using UV-vis spec-
trometry and calculated based on a standard calibration curve. Release
efficiency was determined using the formula: release (%) = (released
concentration/loaded concentration) x 100. Discrete differences in
release profiles were observed during the initial period, with 27.2% and
23.3% of BSA released within the first six hours, for hydrogels con-
taining free BSA and liposome-encapsulated BSA, respectively.
However, beyond this period, the hydrogel containing liposome-
encapsulated BSA exhibited a slower and more sustained release
compared to the hydrogel with free BSA, with 52% release of free BSA
and 38.1% release of liposome-encapsulated BSA after 83 hours.

divergence in release behavior became evident and persisted
throughout the remainder of the study (Table SI-37).

The hydrogel containing liposome-encapsulated BSA
demonstrated a slower and more sustained release compared to
the hydrogel containing free BSA. By the end of the 83-hour
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period, 52% of free BSA and 38.1% of liposome-encapsulated
BSA had been released. The comparable initial burst release
observed in both hydrogel formulations is attributed to the
rapid diffusion of free BSA: either directly incorporated into the
hydrogel or originating from non-encapsulated BSA present in
the hydrogel containing liposome-encapsulated BSA. In the
later phase, the release profiles diverge: in the free BSA hydro-
gel, BSA slowly diffuses through the hydrogel matrix into the
buffer, while in the hydrogel containing liposome-encapsulated
BSA, the liposomal membranes further hinder release, leading
to a more sustained release profile. The observed release profile
for free BSA was consistent with similar published studies,*”
while the sustained release pattern of the liposome-
encapsulated system highlights its potential as a biocompat-
ible and effective platform for the controlled delivery of vaccine
antigens.

3.6. In vivo testing of immunostimulating activity

The primary aim of this study was to evaluate the in vivo adju-
vant activity of the synthesized peptide hydrogelators, focusing
on the influence of their chemical structures. The chemical
functionality of peptide hydrogels is crucial for their immuno-
modulatory properties. Research has demonstrated that even
small alterations in the amino acid sequence, such as replacing
hydrophobic residues or modifying the charge of functional
groups, can greatly impact immunogenicity of peptide hydro-
gels.”” The tested peptides are part of an extensive investigation
of new supramolecular self-assembled nanomaterials. They
differ at the N-terminal end, where a-alanine replaced is by -
alanine, and were selected for experiments (Fig. 1). The hydro-
gelators were assessed for their ability to induce specific
immune responses, including total IgG production and the
levels of IgG1 and IgG2a isotypes. A murine model of adju-
vanticity was employed using ovalbumin (OVA) as a model
antigen, following recommendation and a previously estab-
lished immunization protocol.*®* ELISA and parallel-line
analyses were conducted to quantify total anti-OVA IgG and
its subclasses.

In addition to the hydrogelators, commercially available
adjuvants with distinct modes of action were tested as positive
controls. Our previous research demonstrated the adjuvant
effects of peptidoglycan monomer (PGM), a bacterial-origin
adjuvant,”**® while the immunostimulatory activities of mur-
amyl dipeptide (MDP), liposomes, and the toll-like receptor 7/8
agonist imiquimod are also well-documented.®* The efficacy
of subunit vaccines often hinges on the strategic selection of
adjuvants that can balance strong humoral and cellular
immune responses. However, developing new adjuvants is
a demanding and time-intensive process, reflected in the
limited number of approved adjuvanted vaccines for human
use.® A key requirement for preclinical testing of adjuvants is
characterizing the immune response, including comparisons
with well-known adjuvants. Our results revealed that the tested
peptide hydrogelators induced strong and finely tuned systemic
immune responses (Fig. 8).
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Fig. 8 The influence of adjuvants on production of total anti-OVA
1gGs in mice sera: experimental groups: 1-OVA; 2-OVA + liposomes;
3-OVA + PGM; 4-OVA + MDP; 5-OVA + imiquimod; 6-OVA + Ac-FFA-
NH,; 7-OVA + Ac-FFBA-OMe; 8-OVA + Ac-FFA-OH; *p < 0.05 in
comparison to the group connected with line.

Our key findings relate to total IgG production, subclass-
specific responses and Th1/Th2 polarization. The highest total
IgG antibody levels were observed in mice immunized with OVA
incorporated into the Ac-FFA-NH, hydrogel, significantly
exceeding those in mice immunized with OVA alone or with
other adjuvants (Fig. 8). Ac-FFBA-OMe and Ac-FFA-OH hydro-
gelators induced less overall immune response compared to Ac-
FFA-NH,, but both produced significantly higher OVA-specific
IgG titers than OVA alone or OVA formulated with liposomes
or PGM. To further understand the immune response type, IgG1
(Th2-associated) and IgG2a (Thil-associated) isotypes were
analyzed (Fig. 9). The Ac-FFA-NH, hydrogel, similar to MDP,
significantly enhanced the production of IgG1 antibodies while
also inducing IgG2a antibodies at levels comparable to imi-
quimod (Fig. 9a). In contrast, Ac-FFBA-OMe and Ac-FFA-OH
hydrogels predominantly stimulated IgG2a production, sug-
gesting a stronger Th1-mediated response (Fig. 9b).

The ratio of IgG1 to IgG2a in mice sera was used as an
indirect marker for T-helper cell polarization (Th1 vs. Th2). Mice
immunized with OVA + MDP and OVA + Ac-FFA-NH, displayed
the highest IgG1/IgG2a ratios, indicating the ability of Ac-FFA-
NH, to induce both humoral and cellular immune responses
(Fig. 10). In contrast, the Ac-FFBA-OMe hydrogel shifted the
immune reaction toward a Th1-dominant response.

The polarization of immunocompetent T cells into Th1 or
Th2 pathways is critical for the immune response. Thi cells
promote cellular immunity, while Th2 cells drive humoral
immunity and stimulate antibody production. The tested
peptide hydrogelators demonstrated the ability to modulate
immune responses, with Ac-FFA-NH, showing a balanced
enhancement of both Th1- and Th2-associated pathways. The
mechanisms of action behind adjuvant function at the molec-
ular, cellular, and tissue levels are diverse and often not well

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The influence of adjuvants on production of immunoglobulins
in mice: (a) anti-OVA IgG1; (b) anti-OVA IgG2a; experimental groups:
1-OVA; 2-OVA + liposomes; 3-OVA + PGM; 4-OVA + MDP; 5-OVA +
imiquimod; 6-OVA + Ac-FFA-NH,; 7-OVA + Ac-FFBA-OMe; 8-OVA +
Ac-FFA-OH; *p < 0.05 in comparison to the group connected with
line.

understood. All adjuvants influence the immune response to
coadministered antigens through complex and multifaceted
mechanisms.**** Peptide-based self-assembling nanomaterials
primarily represent depot-forming adjuvants, where depot
formation can lead to slow release of antigens at injection sites,
immune cell recruitment to injection sites, and enhanced
antigen uptake by APCs. Furthermore, the chemical structure of
immunomodulators plays a pivotal role in activating the
immune response. Even minor changes in the chemical func-
tionality of molecules, such as modifications in the amino acid
sequence or alterations in the charge of functional groups, can
significantly affect immunogenicity. Supramolecular hydro-
gels®® particularly the bp-tetrapeptide Nap-GDFDFDY have
previously shown superior immunostimulatory activity
compared to alum. In these systems, substitution or reposi-
tioning of amino acids rapidly diminishes antibody titters in
immunized mice. Peptides bearing protonated amines

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrate stronger immune-stimulating activity than those
with negatively charged, deprotonated carboxyl groups. The
activation of cell-mediated immunity occurs through interac-
tions between peptide hydrogelators and specific receptors on
immunocompetent cells, such as antigen-presenting cells. The
receptor affinity and the strength of the interaction depend on
numerous factors, primarily the chemical structure, leading to
the production of Thi- or Th2-type immune responses.’* Our
results demonstrate that the tested peptide hydrogels not only
enhance antigen-specific immune responses but also modulate
the balance between Th1 and Th2 pathways. This dual capa-
bility suggests the potential as novel, potent, and safe adjuvant
systems for vaccine delivery. Further mechanistic studies are
needed to fully elucidate the adjuvant action of these peptide
hydrogels. It should be emphasized that this study highlights
the exceptional immunostimulatory potential of the synthe-
sized hydrogelators, particularly Ac-FFA-NH,, which elicited
both humoral and cellular immune responses. By leveraging
their chemical versatility, these hydrogels hold promise for
developing next-generation adjuvants for subunit vaccines.

4. Conclusions

The supramolecular self-assembly of tripeptides Ac-FFA-NH,,
Ac-FFBA-OMe, and Ac-FFA-OH was successfully achieved, and
their immunostimulating activity was tested in vivo. Our results
demonstrate that the tested hydrogels not only enhance
antigen-specific immune responses but also modulate the
direction of the immune reaction. Notably, immunization with
Ac-FFA-NH, significantly increased the titers of total IgG, as well
as IgG1 and IgG2a antibody isotypes, which serve as indicators
of Th2 and Th1 immune responses, respectively. The observed
effects were particularly pronounced for IgG2a, exceeding those
elicited by well-known adjuvants such as liposomes and imi-
quimod. This resulted in a trend toward higher IgG1/IgG2a
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ratios, indicating that Ac-FFA-NH, promotes a shift toward
cellular immunity, in contrast to the predominantly Th2-
polarized responses observed with wunadjuvanted OVA.
Furthermore, a nanocomposite hydrogel based on the stepwise
self-assembly of the peptide Ac-FFA-NH, and liposomes was
developed. The individual components of the self-assembled
gel and the composite hydrogel were characterized using
TEM, DSC, and FTIR, which revealed that peptide nanofibers
and phospholipids in liposome vesicles interact discretely while
maintaining their structural integrity within the composite gel.
Importantly, the robustness of the hydrogel was largely unaf-
fected by the presence of liposomes, provided their lipid
concentrations remained lower than that of Ac-FFA-NH,. The
results revealed that the release rate of BSA from the hydrogel
containing liposome-encapsulated BSA was slower than the
release of BSA from the hydrogel alone. Such a biocompatible
self-assembling supramolecular system, capable of sustained
protein release, along with the ability to modulate immune
responses and achieve a well-balanced enhancement of both
Th1- and Th2-associated pathways, represents a very promising
vaccine adjuvant-delivery system.
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