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We studied multicomponent hydrogels from a short model peptide, Fmoc-protected diphenylalanine
(Fmoc—FF), in the presence of trivalent cations of aluminium (Al) and iron (Fe). Additionally, we investi-
gated the implicit effects of small molecules on the self-assembly of Fmoc—FF by buffering the model
system with three commonly used buffers: HEPES, TRIS, and sodium phosphate. The formation and sta-
bility of the resulting hydrogels were analyzed through TEM imaging and rheological characterization,
and changes in the secondary structure of Fmoc—FF due to addition of metal cations were monitored
using ATR-IR spectroscopy. Our results suggest that complexation occurs between the metal cations
and the amide groups of the peptide. Furthermore, a spin-probing electron paramagnetic resonance
(EPR) strategy, employing persistent nitroxyl radicals TEMPO, TEMPO-benzoate, and Fmoc-TOAC reveals
differences in the solvation shell of probes and peptides induced by the presence of metal cations. TEM
images revealed different fibrilation mechanisms in the presence of the two cations; while Al-cations
lead to formation of water droplets and liquid—liquid phase separation (LLPS), ferric cations form helical
superstructures. These differences were then correlated with the toughness of the hydrogels and the
distinct types of interactions within them allowing to draw conclusions on the internal nanostructure of

rsc.li/materials-advances these composite materials.

Introduction

Since the pioneering work by Gazit and co-workers, diphenyla-
lanine (FF) and its derivatives have been extensively used
as minimalistic peptide building blocks capable of self-
assembling into larger functional structures.'”® Self-assembly
of hydrophobic dipeptides (like Phe-Phe) is also environment-
dependent and has, e.g., been discussed for the case of micro-
porous materials by Gérbitz.” The self-assembly process of FF
dipeptides is primarily driven by hydrogen bonding yet in its N-
protected form (9-fluorenylmethoxycarbonyl) Fmoc-FF, the self
assembly is driven mostly by n-n interactions, referring to the
attractive interactions between the aromatic fluorenyl rings.
Imaging techniques such as transmission and scanning elec-
tron microscopy (TEM and SEM, respectively), and atomic force
microscopy (AFM) have revealed that FF dipeptides self-
assemble into rigid nanotubular structures, with diameters
ranging from 500 to 2000 nm and lengths up to 10 pm. These
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structures can be altered through co-assembly with other
components or fragments in the gel. Another imaging method
(PAINT) presented by Fuents et al.'® shows the possibility of
imaging hydrogels in their native state. It appears to be obvious
that peptide-based hydrogels possess attractive properties for
biomedical applications such as biocompatibility, high water
content, and injectability."*™* It has been found that partial
folding or misfolding of peptides and proteins lead to the
formation of insoluble amyloids.

These amyloids display structural transitions from random
coil or a-helix conformations to adopt B-sheet structures. Such
transitions can be triggered by various physical and chemical
stimuli, including changes in temperature, pH, electrostatic
interactions, and chemical additives such as metal ions.
Furthermore, even the presence of small molecules, such as
buffers, can significantly influence the self-assembly or disas-
sembly of peptides and should be taken into account. However,
transitions like peptide self-assembly and aggregation are not
always associated with harmful processes, as is often assumed.
Hauser et al.'* demonstrated that aggregation and amyloid-like
structures can play essential roles in certain biological contexts,
such as peptide hormone storage or microbial biofilm for-
mation. This highlights the importance of expanding our
understanding of the peptide self-assembly process.
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In this work, we focus on metal-containing peptide hydro-
gels (MCH) and on questions related to gelation in different
buffer systems. On a nanoscopic scale, MCHs benefit from a
combination of covalent interactions (such as polymer connec-
tivity and metal coordination) and on complex non-covalent
interaction patterns (including electrostatic forces, hydrogen
bonding, and van der Waals interactions). This combination
gives rise to a novel class of hydrogels with unique and tunable
properties.">™"” From a biological perspective, metals can act as
stimuli, inducing structural changes in biological scaffolds,
such as the aforementioned transformation of a-helices into
B-sheetsleading to amyloid formation.'®" In nature, metal
ions often serve as catalytic centers in enzymes, so that MCH
could be considered simplified enzyme models or catalytic
nanoreactors.”**® Even small amounts of metal cations not
only influence the physicochemical properties of MCH materi-
als but also significantly enhance the toughness of the hydro-
gels. This is particularly valuable, as purely organic hydrogels
are often mechanically weak.

According to the LD50 values,** metals such as Fe?", Fe®",
APP", Eu’', Ca**, Cu®’, Zn”", and Mg”" are considered safe for
incorporation into bio-hybrid materials.>*™®
have the same charge, those with a larger ionic radius typically
exhibit a stronger cross-linking effect inducing a tougher poly-
meric or bio-based gel structure. While numerous studies have
described a wide range of applications involving monovalent
and divalent cations (such as Ca**, Cs*, Na*, Mg”") in combi-
nation with FF or Fmoc-FF hydrogels,>* relatively limited
research is available on the role of trivalent cations in hydro-
gels. Most existing studies have focused on aluminium and
ferric ions.>* ™’

Aluminium is commonly used to enhance the self-healing
and toughness of polyacrylic acid (PAA) gels, where it serves as
an ionic cross-linker during the polymerization process.*
Similarly, there are reports of PAA gels being physically and/
or covalently cross-linked with ferric ions.*® However, studies
that investigate the role of these cations as additional cross-
linkers remain limited. As an example, Strachota and co-
workers explored the crosslinking effects of Al**, Fe*", and
La*" on gels prepared from LAPONITE™ clay.>* In a physiolo-
gical context, iron homeostasis is crucial for the daily function-
ing of living cells.*>*" Aluminium, on the other hand, has been
implicated in some forms of dementia, including Alzheimer’s
disease. However, it remains unclear whether AI*" contributes
to the formation of abnormal neurofibrillary tangles in the
brain or merely forms complexes with them.*>

The effects of ferric cations (Fe**) have been mostly investi-
gated for hydrogels based on poly (acrylic acid) (pAA) or
polysaccharides (like chitosan or alginates). Based on the
different complexation behaviour, ferric cations are stronger
cross linking agents when compared to ferrous cations. While
Fe*" prefers binding to neutral ligands due to its soft cationic
nature, Fe** strongly binds to carboxylate groups and drives the
transition from soluble to gel sate.’”**~*¢

The self-assembly of the short model peptide Fmoc-FF
(9-fluorenylmethoxycarbonyl-FF) in the presence of buffers

When cations
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has been the focus of several attempts. Reports of the self-
assembly of Fmoc-FF, its derivatives, or similar structures in
buffers such as borax (sodium tetraborate) under relatively
basic conditions (pH 8.5-9.5), PBS (phosphate-buffered saline)
or MES (2-(N-morpholino)ethanesulfonic acid) buffer for
BPmoc-FF hydrogels (p-borono-phenylmethoxycarbonyl) can
be found. These reports mainly examine the effects of charge,
salt-induced changes, or replacing the Fmoc-group during the
self-assembly process.’’™>?

In this study, we first investigated the self-assembly and
gelation of the reference Fmoc-FF dipeptide in different com-
monly used biological buffers, focusing on gelation pH.>*>*
The formation of Fmoc-FF hydrogels in buffered solutions that
contain metal-cations is currently under investigation and will
be discussed in a subsequent report. Here, we explore the
multicomponent Fmoc-FF dipeptides prepared in water with
trivalent metal ions, Fe*' and AI’*, using TEM imaging, rheo-
logical characterization, ATR-IR, and EPR spectroscopy with a
spin-probing approach. In spin-probing EPR spectroscopy,
persistent nitroxyl-based radicals with different noncovalent
interaction patterns (amphiphilic, hydrophilic, aromatic, or
amino-acid-based) are admixed during the gelation process
and report on local interactions and structures. We have
established this approach for protein and polymer gels and
for self-assembling, thermoresponsive elastin-like polypeptides
and polymers derived from those.”>>° Complementary to the
nanoscale characterization, the mechanical aspects of self-
assembly in and gelation of buffered Fmoc-FF are examined
thoroughly using rheological characterization techniques.

Materials and methods

Lyophilized Fmoc-FF-OH (hereafter referred to as Fmoc-FF)
was obtained from Bachem, and Fmoc-TOAC was purchased
from IRIS Biotech. TEMPO and TEMPO-benzoate were pur-
chased from Sigma Aldrich. Aluminium chloride and iron
chloride were provided by Fluka Analytical and Carl Roth.
HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid)
buffer was purchased from Sigma-Aldrich. TRIS hydrochloride
(tris(hydroxymethyl)aminomethane) and sodium phosphate
(NaH,PO,) and sodium chloride buffers were provided from
Carl Roth. All samples were prepared using the solvent
exchange method.*>®® A batch of 100 mg of Fmoc-FF was
dissolved in 1 mL of dimethyl sulfoxide (DMSO) to create a
stock solution. Examining the critical gel concentration (CGC),
we obtained gelation concentration of ~0.5 wt% (5 mg mL ")
in accordance to the CGC values reported in the literature (see
ESL, Fig. S1).

Therefore, Fmoc-FF samples with a gelator concentration of
5.0 mg mL ™" were prepared by adding 50 pL of the stock
solution to 950 pL of Milli-Q ultrapure water, followed by
vortexing for one minute. For the metal-containing gels,
Fmoc-FF was dissolved in a metal salt solution at the appro-
priate concentration to achieve a 1:0.001 Fmoc-FF:M>" com-
position. Gel formation started and proceded notably within

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Left: Chemical structures of the used materials, (A) Fmoc protected FF dipeptide, (B)-(D) used spin probes: Fmoc-TOAC, TEMPO and TEMPO-
benzoate, (E)-(G) buffer molecules: HEPES, TRIS and PBS. Right: Examples of prepared hydrogels (inversion test). Samples are numbered according to

Table 1.

less than 5 minutes at room temperature and were clear and
transparent. Formation of the gel samples was first examined
visually using the inverted vial test (see Fig. 1). The gel for-
mation kinetics are discussed in more detail in the Results and
discussion section. The gel samples for TEM imaging were
prepared similarly, although at a lower concentration of
2 mg mL~".

To study the spin-probed hydrogels with EPR spectroscopy,
in addition to the common spin probes TEMPO (2,2,6,6-tetra-
methylpiperidinyl-N-oxyl) and TEMPO-benzoate (4-hydroxy-
2,2,6,6-tetramethylpiperidinyl-N-oxyl-benzoate), we also employed
the non-natural amino acid TOAC (2,2,6,6-tetramethylpiperidine-
1-oxyl-4-amino-4-carboxylic acid). The latter was used in its amino-
protected form, Fmoc-TOAC (2,2,6,6-Tetramethylpiperidine-N-
oxyl-4-(9-fluorenylmethyloxycarbonyl-amino)-4-carboxylic acid).
Stock solutions of TEMPO (in water), Fmoc-TOAC, and TEMPO-
benzoate (hereafter referred to as TB, both in DMSO) were
prepared at a concentration of 0.1 M and then diluted with
Milli-Q ultrapure water to achieve a final concentration of
200 pM in the mixture. This dilution is necessary to avoid the
collision-induced broadening effect of EPR spectra due to high
concentrations, known as Heisenberg spin exchange broad-
ening. The chemical structures of the spin probes used are
shown in Fig. 1. A list of the prepared samples is provided in
Table 1.

Rheometry

Rheological characterization of the hydrogels was conducted
using an Anton Paar Physica MCR 301 rheometer (Anton Paar,
Graz, Austria) equipped with a 25 mm cone-plate (CP25-2/TG-
SN9120) geometry. The CP system was selected since the
samples are not highly viscoous and technically the shear rate
is independent from measuring system and therefore a con-
sistent shear rate over sample is ensured. The samples were
carefully placed on the surface of the lower plate, and the upper
plate was lowered to achieve a gap distance of 0.051 mm.
Amplitude sweeps were performed to determine the linear
regime of viscoelastic (LVR) behavior. No variation in storage
and loss moduli (G’ and G”) could be observed up to strain of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 List of prepared samples in water used in this study

Nr. Sample Gelation pH
1 Fmoc-FF 5

2 Fmoc-FF-Al 6-7
3 Fmoc-FF-Fe 7-8
4 TEMPO

5 Fmoc-FF-TEMPO 5

6 Fmoc-FF-TEMPO-Fe 5-6
7 Fmoc-FF-TEMPO-Al 6-7
8 TEMPO-benzoate (TB)

9 Fmoc-FF-TB 5
10 Fmoc-FF-TB-Al 7-8
11 Fmoc-FF-TB-Fe 7-8
12 Fmoc-TOAC

13 Fmoc-FF-Fmoc-TOAC 4
14 Fmoc-FF-Fmoc-TOAC-Al 6-7
15 Fmoc-FF-Fmoc-TOAC-Fe 6-7

1% (see Fig. S2, ESIT). Therefore, measuring parameters were
adjusted so the LVR criteria is fulfilled. Frequency sweeps were
performed to examine the dynamic moduli of all samples with
frequencies increasing from 0.1 to 100 (1 s~ ') in 31 steps. All
prepared samples exhibited steady and stable behavior across
the frequency range. Time sweeps were measured as well to
obtain kinetics of gel formation, with the angular frequency set
to 0.1 rad s~ ' (see Fig. S3, ESIt). Finally, the viscosity profiles of
the hydrogel samples were checked to obtain a qualitative
notion of the hydrogel microstructure (see Fig. S4, ESIt). The
samples were incubated for 24 hours at room temperature
before rheological measurements were conducted.

ATR-IR spectroscopy

IR spectra were measured using a Bio-ATR II unit in a Vertex 70
IR spectrometer (BRUKER Optics, Ettlingen, Germany)
equipped with a K10 thermostat (Thermo Fisher Scientific,
Schwerte, Germany). 30 uL of the samples were placed on the
zinc selenide/silica hybrid crystal of the ATR-IR device, and the
sample cell was sealed. The peptide samples were measured
with the empty ATR crystal as a reference. All experiments were
conducted at a constant temperature of 20 °C, maintained by a
circulation water bath. 256 scans were accumulated with a

Mater. Adv.
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spectral resolution of 4 cm™" and Fourier transformed with a
zero-filling factor of 2. In all spectra the atmospheric water
vapor was compensated and spectra of pure water recorded at
the same conditions were subtracted. Afterwards, the ATR IR
spectra were transformed into transmission spectra for repre-
sentation and normalized in the spectral region of 900-
1100 cm ' to a vector norm of 1 to eliminate the influence of
concentration differences between the samples. Spectra record-
ing and data analysis were performed using the OPUS software
(Bruker Optics, Ettlingen, Germany).

Negative-stain transmission electron microscopy (EM)

EM grids were prepared by loading 10 uL hydrogel (2 mg mL ™)
onto glow-discharged copper TEM grids with continuous 10-
12 nm carbon film coating (300 mesh size; Quantifoil Micro
Tools, Gro3l6bichau, Germany). Excess liquid was blotted off
with a strip of filter paper after 45 s followed by two washing
steps with water and staining with 10 pL 2% (w/v) aqueous
uranyl acetate solution. Specimens were dried and examined in
an EM 900 transmission electron microscope (Carl Zeiss Micro-
scopy, Oberkochen, Germany), and micrographs were recorded
with an SM-1k-120 slow-scan charge-coupled device (slow-scan
CCD) camera (TRS, Moorenweis, Germany).

EPR spectroscopy

Room temperature continuous wave EPR measurements (CW-
EPR) at X-band frequency (9.4 GHz) were performed on a
Magnettech MiniScope MS400 benchtop spectrometer (Mag-
nettech GmbH, Berlin, Germany, now Bruker Biospin). Spectra
were recorded with a microwave power of 3 mW, a modulation
frequency of 100 kHz, a modulation amplitude of 0.1 mT, and
4096 data points.

Q-band CW-EPR (33.9 GHz) measurements at 298 K were
conducted on a Bruker EMX-plusQ spectrometer, using an
ER5106QT resonator. A microwave power of 1-3 mW was
applied for sample and background measurements. Unless
noted otherwise, a modulation amplitude of 0.1-0.3 mT was
used during measurements, with a modulation frequency of
100 kHz. EPR simulations were carried out using the MATLAB-
based Easyspin program package.®"®

Results and discussion

1. TEM imaging of self-assembly of Fmoc-FF in different
buffers and MCHs

TEM images of Fmoc-FF in different buffers are shown in
Fig. 2(A)~(D). We observed that in water, Fmoc-FF self-
assembles into fibers (see A1, white arrows) and helical fibers
(see A1, white arrowheads) with a pitch of approximately
100 nm (A2). Additionally, both thin and thick stiff ribbons
are observed (see A1, A3, black arrows). In TRIS (B1-B3), PBS
(C1-C3), and HEPES (D1-D3), stiff ribbons of varying thick-
nesses are the exclusively found aggregates. Higher magnifica-
tion images (see B3, C3, D3, black arrows) reveal that these
ribbons are composed of multiple layers forming terraced
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Fig. 2 TEM images of 2 mg mL™! Fmoc—FF gels in water (AL-3), TRIS (B1-
3), PBS (C1-3), and HEPES (D1-3) at different magnifications. White arrows
point to thin fibers and white arrow heads indicate helical fibers with a
pitch (p) of around 100 nm. Black arrows point to ribbons with terraces.
Corresponding invert test tube of each buffered gel is shown on the right
side.

structures of varying height. Helical fibers are absent in all
buffer-containing hydrogels. This suggests that the absence of
ions is a prerequisite for helical fiber formation, where indivi-
dual fibers may assemble into helical superstructures, likely
driven by van der Waals (London dispersion) interactions and
n-1 stacking. In contrast, the presence of buffer ions appears to
screen the charges of Fmoc-FF, favouring the formation of
tightly packed, parallel ribbon structures instead.®** Notably,
helical superstructures of Fmoc-FF have not been previously
reported in the literature. Therefore, further studies will focus
on elucidating the molecular arrangement and identifying the
driving forces behind helical fiber formation.

TEM images of MCHs are presented in Fig. 3(A) and (B). In
water, Fmoc-FF-Fe self-assembles into fibers (see (A1-A3),
white arrows) and helical fibers (see A1, A3, white arrowheads).
These helical fibers consist of multiple individual fibers (see
A3, white arrows) bundled together to form a helical super-
structure (see A3, white arrowhead). Additionally, short and
narrow stiff ribbons are observed (see A1, A2, black arrows).

In contrast, Fmoc-FF-Al primarily forms droplets in water
(see B1, B2, black arrowheads), indicative of liquid-liquid
phase-separated (LLPS) regions.’*®® A limited number of indi-
vidual thin fibers and thicker helical fibers with a pitch of
approximately 100 nm are also present (see B3). These findings

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of 2 mg mL™* Fmoc—FF-Fe hydrogels (A1-3) and
Fmoc—FF-Al hydrogels (B1-3) at different magnifications. White arrows
point to thin fibers and white arrow heads indicate helical fibers with a
pitch (p) of around 100 nm. Black arrow heads point to LLPS droplets.

support different self-assembly mechanisms in the presence of
Fe®* and A®" cations.

2. Mechanical properties of MCHs

The mechanical properties of the prepared hydrogels were
examined using Rheometry. Due to the dynamic nature of
metal-coordinated bonds, these properties depend on the
applied deformation rate.>*®*® Stress sweeps on the pure
hydrogel in water as a reference (Fmoc-FF), the hydrogels in
buffered solutions, as well as metal-containing samples, were
performed to find the linear viscoelastic region, LVR (see Fig. 4
and Fig. S1, ESIf). The linear part of LVR region was also
checked for TEMPO spin probed metal containing samples,
as well (Fig. S1, ESIT). When the strain (y) was increased to 10%,
we observed a significant loss in viscoelastic properties. There-
fore, all the rheological characterizations (frequency sweep,
time sweep and viscosity) were measured with a strain of 1%.
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Fig. 4 Mechanical properties of Fmoc FF-hydrogels prepared in water
and different buffers.
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Viscosity profiles for all samples revealed shear thinning beha-
vior (Fig. 1 and Fig. S2, ESI¥).

Self-assembly of Fmoc-FF in different buffers. We prepared
Fmoc-FF hydrogels in three different buffers (20 mM):
HEPES, sodium phosphate buffered saline (PBS), and TRIS
(tris(hydroxymethyl)aminomethane). The effect of these
buffers on gel formation was evaluated using oscillatory
rheology. The results were interpreted in terms of absolute
stability, defined as the difference between the storage and loss
moduli (G’ — G"), as shown in Fig. 4. The use of PBS buffer did
neither alter gelation time. nor gel consistency compared to
water. A self-supporting hydrogel, as demonstrated by the vial
inversion test (see inset on the left-hand sidein Fig. 2), was still
formed.

The final pH of the hydrogel was approximately 7.0. Gel
preparation in TRIS buffer did not show immediate negative
effects on gelation, either, and the gel appeared to be self-
supporting when the vial was inverted. However, it was sensi-
tive to external stress (e.g., gently shaking the vial), causing the
gel to collapse into a liquid. The final pH of this hydrogel was
4.5. In contrast, the gelation process in HEPES buffer was
insufficient, resulting in a thick, viscous solution of white color
(final pH ~6.8). Similar to the TRIS-buffered case, this sample
also exhibited sensitivity to stress. For all examined hydrogels,
the storage modulus (G’) dominated over the loss modulus (G”),
which is characteristic of elastic, gel-like materials (see Fig. 4).
When monitoring absolute stability, the reference gel prepared
in water exhibited both viscous and elastic properties, with a
moderate stability of ~764 Pa (see Table 2).

In this context, total stability values exceeding 1000 Pa are
considered desirable, as they are at least on the level of the
reference gel. The hydrogel prepared in TRIS buffer remarkably
exhibited the strongest elastic properties, with higher values for
both G’ and G”. However, as mentioned earlier, the TRIS-
buffered hydrogel was sensitive to external stress and, there-
fore, was not considered long-term stable against mechanical
stimuli. In comparison, both the sodium phosphate buffer and
HEPES buffer exhibited adverse effects on the elastic properties
of the hydrogel. In both cases, the values of G’ and G” were low
and relatively close to each other, indicating higher viscous and
lower elastic properties compared to the reference gel prepared
in water.

Our results reveal that the choice of buffer as the gelation
medium significantly affects hydrogel formation, with the
specific type of buffer playing a crucial role. Both TRIS and
HEPES samples were sensitive to external stress, with the
HEPES sample requiring a longer time to form a gel.

Table 2 Total stability of Fmoc—FF hydrogels and corresponding pH
values in water and different buffers

Medium pH Total stability/Pa tan(d)
Water 4.96 764 0.18
HEPES 6.87 383 0.36
PBS 7.01 348 0.32
TRIS 4.53 3174 0.15
Mater. Adv.
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In contrast, the sample prepared in sodium phosphate
buffer exhibited neither of these effects, making it the most
favorable option based on visual observations alone. Rheologi-
cal analysis of the hydrogels revealed that TRIS buffer had a
positive effect on static network stability, whereas sodium
phosphate and HEPES buffers had a negative influence. A
possible explanation for these observations is the formation
of microgels. Microgels are known to have a high water content,
similar to hydrogels, but they also possess a larger surface area.
There are few studies about the relationship between gelation
behavior and surface area. In a recent study, e.g., the relation
between gelation of PEO polymers on silica nanoparticles has
been discussed.®® The authors found that gelation behavior
depends on the available surface area and the amount of
gelator per unit area. In our case, the formation of microgels
increases the surface area, but at the same time, it hinders
networking and cross-linking between gelator sites. As a result,
the formed gel is more easily destabilized, particularly when
external stress is applied. Given these findings, it is also worth
considering whether the molecular structure of the buf-
fer—such as the zwitterionic form of HEPES—could disrupt
the self-assembly process of the hydrogel. In conclusion, better
gelation does not necessarily correlate with higher stability.
Stability is influenced not only by the structure of the gel but
also by its water/solution content. Taking into account the
working pH range of these buffers and the pH at which gelation
occurs, sodium phosphate emerges as the best option for
controlling pH while minimizing structural effects. Further
research on buffered, metal-containing peptide gels is currently
performed in our lab and will be in the focus of a future
publications. The gelation kinetics of buffered gels were mon-
itored using time sweep measurements (Fig. S3, ESIt). For all
samples except for the HEPES-buffered one, the storage mod-
ulus (G') and the loss modulus (G”) exhibited similar behavior
up to 50 seconds. After this point, G’ showed a sharp increase
and began to diverge from G”, indicating that the gel transi-
tioned to being primarily governed by elastic properties. This
process continued until around 300 seconds, after which both
G’ and G” reached a plateau. Clearly, the gelation onset point
occurs within the first minute.

The viscosity profiles of the buffered gels demonstrated a
decrease in viscosity with increasing shear rate, indicating
shear-thinning behavior. This suggests that the microstructure
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of the gels facilitates flow. As shown by TEM imaging (Fig. 2),
the gels are predominantly composed of large, flat ribbons,
which tend to align with the direction of flow, giving a nano-
scale indication for their shear-thinning characteristics.

Samples containing spin probes (without metal cations). Gel
formation was also successfully achieved in the presence of all
three spin probes within 1-2 minutes at room temperature (see
Fig. S4, ESIt for instance). Except for TEMPO, the other two,
more hydrophobic, spin probes even enhanced the mechanical
properties of the gel significantly, resulting in stiffness values
higher than those of the Fmoc-FF gel itself (Fig. 6, 73, and
Fig. S5, S6, ESIf). However, the addition of TEMPO drasti-
cally decreased the stiffness, reducing G’ from ~1800 Pa to
~400 Pa. This suggests that TEMPO disrupts the strong
hydrophobic effect, van der Waals, and n-r interactions, likely
through its amphiphilic character, hydrophobic alkyl backbone
and hydrated NO group, interfering with the existing physical,
contact points. The two hydrophobic spin probes, on the other
hand, may strengthen the physical contacts through enhanced
hydrophobic effect, van der Waals forces, and n-r interactions.

We discuss the various properties of these gels in the
following sections. To assess the effect of steric hindrance, we
also used TB and Fmoc-TOAC spin probes. The Fmoc-FF-TB gel
exhibited the highest mechanical strength, being an order of
magnitude stiffer than the Fmoc-FF-TOAC gel. This highlights
the significant role of steric hindrance in the gel formation
process. One may conclude that by using TB instead of Fmoc-
TOAC, there was no disruption and even a strengthening of the
n-n interactions. Possibly, the amphiphilic TEMPO structure
within TB may have separated the water molecules from the
aromatic crosslinking points by hydrogen bonding, which may
even have reinforced the gel-promoting interactions. We also
found that addition of spin probes does neithert affect gelation
kinetics nor viscosity. For example, the TEMPO containing
Fmoc-FF gel, displayed the same kinetics and viscosity as the
Fmoc-FF itself (see Fig. S3, ESIT).

The damping factor tan(é) = G”/G’ serves as a measure of
elasticity or viscosity independent of the respective measuring
setup. We found that all prepared gels exhibited elastic beha-
vior, as indicated by tan(d) < 1.

Samples containing Fmoc-FF-Al hydrogels. A summary of
the rheological properties of both MCHs is presented in
Fig. 5(A)-(C). As shown, both MCHs exhibit no significant
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Fmoc-FF-Al Hydrogels
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Fig. 6 Frequency-dependent rheological characteristics (storage modu-
lus) of spin probed Fmoc—FF-hydrogels in combinations with A** and the
three spin probes used in this study. In figure legend, Fmoc is abbreviated
as fm, for the sake of legend placement.

variation in their dynamic moduli (G’ and G”) up to a strain of
1%, indicating stable gel structures within this range. Gel
formation occurs rapidly, within a few minutes. Additionally,
both gels display a decrease in viscosity with increasing shear
rate, demonstrating shear-thinning behavior consistent with
previous observations. The frequency-dependent mechanical
properties of Al**-containing hydrogels are shown in Fig. 6
and Fig. S5 (ESIT). The Fmoc-FF-Al hydrogels are notably more
robust compared to the Fmoc-FF gel, being nearly twice as
strong. As described above without metal cations, gelation in
APP"-containing systems is also generally improved in the
presence of spin probes. Remarkably with AI’* ions present
this is foremost observed with TEMPO. The increased elasticity
of the TEMPO-containing Fmoc-FF-Al gels (about 16 times
greater) is surprising, especially given the reduced mechanical
properties of Fmoc-FF in the presence of only TEMPO. This
suggests the possibility of strong non-covalent interactions and
possibly synergies through metal complex formation with the
gel network.

Supplementing Fmoc-FF-Al gels with the Fmoc-TOAC spin
label did not improve the toughness of the gel with and without
AP’". In fact, the metal-free Fmoc-TOAC-containing gels were
slightly softer than the Fmoc-FF-Al gel. This could be due to the
presence of additional bulky protecting Fmoc groups. While
these groups strengthen m-m interactions, they also introduce
steric hindrance for the cation crosslinking due to their large
size. These two opposing effects appear to cancel each other
out, resulting in a gel with properties similar to the Fmoc-FF-Al
gel itself. AI**-containing Fmoc-FF-TB gels exhibited reduced
mechanical properties compared to the Fmoc-FF-TB gel (with
G' ~ 11400 vs. 4260 Pa). This again suggests that negative
interference with the strong gel network either by TB or AI** or
both together introducing interactions that counteract gelation.

The most thermodynamically stable complex of AI** in chlor-
ide solutions, across a wide range of concentrations (0.2-3 M) and
temperatures (25-125 °C), is the hexaaquaaluminium(m) ion,
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[AI(H,0)s]*", as identified by Raman spectroscopic measure-
ments.®” Theoretical calculations, including DFT and first-
principles simulations, in agreement with X-ray data, have shown
that hydrogen bonding (H-bond) interactions dominate over other
forces in the first hydration shell, arranging water molecules in a
trigonal coordination.®®®® Spectroscopic findings® also estimated
a high density of water molecules in the Al** cation’s hydration
shell, about 71% higher than in bulk water. These results suggest
that the synergy of electrostatics, n-n interactions and H-bonding
during gelation of Fmoc-FF-Al leads to a tougher gel compared to
pure Fmoc-FF gels.

Examination of spin probe behavior reveals a somewhat
different interaction between Fmoc-FF and metal cations.
Aluminium-containing gels may be strengthened by an addi-
tional physical linker, in this case, TEMPO. H-Bonding inter-
actions between TEMPO and the water shell surrounding the
A" cation are likely further enhanced, thereby boosting the
gel’s viscoelastic properties. For the other two spin probes, the
presence of bulky groups destabilizes the H-bond interaction
networks to a lesser extent in Fmoc-FF-Al gels containing TB
compared to those with Fmoc-TOAC. As a result, the gels with
Fmoc-TOAC are softer.

Samples containing Fmoc-FF-Fe hydrogels. Hydrogels con-
taining Fe*" cations also demonstrated a significant increase in
the mechanical strength of the reference Fmoc-FF gel (see
Fig. 7 and Fig. S6, ESIt). As expected, interactions with ferric
cations (Fe’") resulted in a tougher gels compared to the AI**-
containing samples. Among cations of the same charge, the one
with a larger radius forms a more compact structure, leading to
a stronger, more cross-linked gel (5.35 A for AI** vs. 6.45 A for
Fe**).”® Chemically, ferric iron is considered a hard metal
cation with a strong tendency to form complexes with ligands
containing oxygen atoms, particularly negatively charged ones.
Additionally, Fe-O bonds are known to be stronger than Al-O
bonds due to the higher degree of covalency.>”””* Therefore,

Fmoc-FF-Fe Hydrogels
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Fig. 7 Frequency-dependent rheological characteristics (storage modu-
lus) of spin probed Fmoc—FF-hydrogels in combinations with Fe** and the
three spin probes used in this study. In the figure legend, Fmoc is
abbreviated as fm, for the sake of brevity.
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Fe*'-containing Fmoc-FF hydrogels are tougher than those
containing AI**,

Adding spin probes to Fmoc-FF-Fe gels clearly changed their
viscoelastic properties. The effect of the spin probes was
particularly pronounced for TB and Fmoc-TOAC, both of which
showed slightly decreased elastic properties compared to the
Fmoc-FF-Fe-TEMPO sample. This suggests that the steric hin-
drance effect for these two spin probes outweighs the potential
n-n-interactions and H-bonding interactions (possibly driven
by the NO moiety in TEMPO), which play a key role in the
solvation of metal cations in aqueous media and, consequently,
in the formation of hydrogels.>””*

3. IR spectroscopy of MCHs

The IR spectra of Fmoc-FF (reference) and metal-containing
gels are shown in Fig. 8. All presented spectra are corrected for
the water contribution. Key features of the Fmoc-FF hydrogel
spectra are the different carbonyl vibration, of which, according
to the molecular structure (see Fig. 1(A)), three different types
can be recognized: (i) the carbamate linker between the Fmoc
and the Phe group, (ii) the amide bond between the two Phe
residues and the terminal carboxylic acid. The carbamate
vibration gives rise to a strong vibrational band at
1693 cm ',”> which is most prominent in the Fmoc-FF gel
and detected for the MCHs at the same position but in reduced
intensity. The amide group vibrations give rise to a group of
prominent bands, which includes the amide I band (mainly
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Fig. 8 ATR-IR spectra for metal containing Fmoc—FF gels. The spectra in
panels (A) and (B) correspond to high and low wave number regions.
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C=O0 stretching) centered at 1652 cm™ ' (see Fig. 8(B)). This
position is typical for the vibration of unstructured proteins or
peptide. In addition, clear amide A (3302 cm '), amide II
(1536 cm™'), and amide III (1256 cm™ ') bands are visible in
the spectra. While the amide A mode is due to the N-H
stretching vibration, amide II and III are dominated by N-H
bending modes.”® The positions and intensities of these bands
are strongly influenced by transition dipole coupling and the
hydrogen bonding pattern in structures formed by the pep-
tides. Here, all amide band intensities are reduced by the
addition of the trivalent metal cations, with the amide A
vibration (Fig. 8(A)) being not discernible at all in the MHC
spectra. This drastic intensity reduction of all amide modes
indicates the involvement of the amide groups in the coordina-
tion of the metal ions.”*”> Presumably this metal coordination
disturbs the vibrational coupling though inter-molecular
hydrogen bonds, that are, in absence of metal ions, formed
between N-H and C=O0 groups. Such reduction in vibrational
band intensity is also observed when Fmoc-dipeptide gels are
compared to monomeric Fmoc-dipeptides vibrations,”” indicat-
ing that the intensity is largely influenced by peptide aggrega-
tion. The C=O0 stretching vibration of the terminal carboxylic
acid group is visible at 1747 cm™" in all three spectra. Also this
vibration is reduced in intensity upon metal addition. However,
both the carboxylic acid and the carbamate bands are less
affected than the amide bands. In general, the intensity
reduction is more pronounced for Fe**-containing gels than
for AlI**-containing gels, indicating a stronger complexation of
Fe*" over AI*". Other vibrations, like the C-H stretching vibra-
tions of the aromatic fluorenyl groups at 3016 cm™ ' the ring
aromatic ring stretching and aromatic C-H bending modes
between 1300 and 1500 cm ™', and the C-O and C-N stretching
modes (not shown) are not influenced by the addition of the
metal cations, indicating that the integrity of the molecules is
maintained. Moreover, these bands could be used as internal
standard for normalization of the spectra in order to eliminate
concentration differences between the samples. Hence, all
discussed differences in band intensities can clearly be attrib-
uted to reduced dipole strengths by metal complexation.

4. Spin probing EPR of MCHs

EPR spectroscopy together with spin probing is an indirect but
straightforward approach to gather information about the
surrounding environment and rotational dynamics of small
paramagnetic molecules (spin probes). We used TEMPO as an
amphiphilic probe, enabling us to simultaneously monitor
environments with different polarities around the probe. TB
was selected to further explore the effects of steric hindrance
and separation of bulky aromatic groups on gelation and the
driving forces behind it. Fmoc-TOAC, a synthetic amino acid
spin probe, provides insights into various aspects: conforma-
tional changes due to the incorporation of a new amino acid
into the gel network, steric hindrances caused by the protective
Fmoc group, and the enhancement of aromatic n-n interac-
tions from this group. The two key properties of isotropic
hyperfine coupling (4iso) and rotational correlation time (t.)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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report on the polarity of the environment around the spin
probe and its dynamics on the picosecond to nanosecond
timescale, respectively.

We initially measured CW-EPR spectra of the prepared
samples at room temperature at X-band frequency
(~9.4 GHz). All spectra revealed the presence of an aqueous
medium around the spin probes, reflected in their A4, values
(~48 MHz). The exception was the Fmoc-TOAC probed sam-
ples, which had 4;5, ~45 MHz, indicating a strong hydrophobic
medium, compared to 4;, ~ 47 MHz of spin probe in water
(see Table S2, ESIT). Interestingly, even at room temperature,
not all spectra displayed isotropic rotational behavior, as indi-
cated by varying peak intensities. This effect was particularly
evident in the samples containing Fmoc-TOAC (see Fig. S7,
ESIT). To better resolve the dynamic and anisotropic behavior
of the spin-probed hydrogels, we measured the samples at
higher field/frequency (Q-band, 34 GHz) and hence higher
resolution.

Experimental and simulated Q-band EPR spectra of the
TEMPO-containing samples are shown in Fig. 9(A). The TEMPO
spin probe dissolved in water displays a two-component spec-
trum: a dominant hydrophobic component (4;s, ~44 MHz),
which contributes ~80% of the spectrum, and a second, more
hydrophilic component, which additionally shows much faster
rotational dynamics. TEMPO is a well-known amphiphilic
probe capable of altering the structure of the solvent/water
shell into aqueous lower polarity solvation shells, or ALPSS, a
phenomenon first described by us.”® We find the ALPSS around
a variety of different amphiphilic radicals (e.g. di-tert-butyl
nitroxide, DTBN, see Fig. S8, ESI{) and different aqueous
solvent mixtures, which is currently being explored in more
detail. Here, the basic idea is that TEMPO and in particular the
amount of ALPSS and aqueous component, respectively, is a
very sensitive probe of the polarity of the environment.

When TEMPO is added to Fmoc-FF gels, spectroscopically
only thehydrophobic ALPSS component is detected (see dashed
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lines), so that only TEMPO spin probes in adequately low-polar
environment are found, with no purely water-solvated species
being present any more. In view of the hydrophobic nature of
Fmoc-FF, this result is not surprising. Spectral simulations also
support these findings, reflected in decreased A;, and
increased g;s, (see Table S1, ESIT). The presence of aluminium
cations does not significantly alter this behavior, with hydro-
phobic environments within the gel system still being detected
by TEMPO. However, the addition of iron cations leads to a
breakdown of hydrophobicity for a large portion of the
TEMPO molecules. Not only is the bulk-type, hydrophilic
hydration shell around TEMPO partially restored (~20% of
TEMPO), but a third hydrophilic component (indicated by an
Ajso of ~48 MHz) also emerges, also featuring spectral broad-
enings that indicate spin exchange interactions. These
observations suggest that a higher local concentration of
TEMPO resides in the more water-rich sections of the hydrogel
or that hydrogen bonds exist between water molecules in the
solvation shell or between the hydration shell of iron and
bulk water.

Experimental and theoretical studies on ferric ions in aqu-
eous solutions have shown that the first hydration shell around
Fe*" complexes is highly ordered, with six water molecules
surrounding the metal center. The second hydration shell
forms hydrogen bonds with the first shell and acts as a
transient medium for proton exchange with bulk water, occur-
ring very rapidly (~107'%s),””””° in contrast to the slower water
exchange in hydrated AI’* cations. The presence of spin
exchange couplings (interactions) in Fe*'-containing Fmoc-
FF-TEMPO hydrogels, as evidenced by EPR spectral simula-
tions, is an indirect indication of the fast exchange rate of
hydrogen-bonded TEMPO probes® in the aqueous parts of the
hydrogel. However, we cannot yet specify whether this exchange
occurs between the water shells of hydrated metal cations
or between these water shells and bulk water. This can be
examined implementing pulse EPR techniques of hyperfine
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Fig. 9 Experimental room temperature EPR spectra (in black) and corresponding simulations (in red) of (A) TEMPO, (B) Fmoc-TOAC, and (C) TB-
containing metal-hydrogels. The dashed lines denote the position of the high-field peak of the ALPSS species indicating non-polar solvation.
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spectroscopy and isotope labeling, e.g. through use of D,O and
is currently planned in our lab for future research.

Experimental spectra and corresponding simulations of
Fmoc-TOAC gels are shown in Fig. 9(B). In this case, we
observed a situation quite different from that of TEMPO. The
spin probe itself was found to be solvated in a more hydrophilic
environment (Fig. 9(B)), and there is only one type of hydro-
philic solvation in the hydration shell and no ALPSS is
observed. Note that the rotational motion is fast but anisotropic
as evidenced from the three lines with different line intensities.
This can be attributed to the rather large Fmoc group. Upon
adding Fmoc-FF, the hydrophilic nature of the hydrogel was
not only preserved but also slightly increased (by about 3 MHz,
see Table S2, ESIt). However, the dynamics of the spin probe
clearly become restricted, which could be due to the interaction
between the aromatic Fmoc group of the probe and the Fmoc-
FF gel network, or the probe itself being directly influenced and
rotationally hampered by the gel structure.

The presence of aluminium cations induces a minor popu-
lation of low-polarity radical species (~20%), but the majority
of the spin probes still resides in hydrophilic (water-rich)
environments. Similar to the effect observed with TEMPO, the
addition of iron results in the detection of three distinct spin
species for Fmoc-TOAC. However, in contrast to TEMPO,
the low-polarity solvation and spin exchange interactions
(~5 MHz) are more dominant. The polarity sensed by the third
species (~20%) is increased significantly, with a ~7 MHz
difference from the two other components.

The spectral shapes of TB spin probe species in the gels are
more anisotropic compared to the other two spin probes (see
Fig. 9(C)). The spin probe itself resides in a highly polar
environment, as indicated by the 4;5, of ~53 MHz. As expected,
TB exhibits slower dynamics, which can be attributed to the
rather rigid attachment of the TEMPO-based radical esterified
to a benzoic acid group in the TB molecules. This iss reflected
in the broad and anisotropic EPR spectra of all TB-containing
hydrogels. The rotational dynamics of TB-containing samples
are also slower compared to those of the other two spin probes

(A)

(B)
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(see Tables S1-S3, ESIt), which for Fmoc-TOAC may seem
surprising, as Fmoc is much larger/heavier and more rigid than
the benzoic acid part of TB. When inspecting Fig. 1, it becomes
clear that the chemical attachment of the NO-containing part to
the Fmoc region is through several single bonds or bonds with
only partial double-bond character, so that in TB the NO-
containing part is more rigidly attached. In the presence of
Fmoc-FF, the hydrophilic nature of the spin probe is thus
maintained, but its rotational motion significantly slowed
down (~24 ns). A component with slower dynamic (low-field
peak) also becomes visible more clearly. This suggests that TB
molecules reside in water-rich regions that are confined by the
Fmoc-FF gel network, similar to the behavior observed for
Fmoc-TOAC. Adding aluminium cations to Fmoc-FF gels con-
taining TB induces a highly non-polar environment around the
spin probe, as indicated by a sharp decrease in 4;, (~12 MHz,
from ~53 MHz for Fmoc-FF-TB to 41 MHz, see Fig. 9(C) and
Table S3, ESIt). Additionally, the spectral component with the
more strongly restricted rotational motion seems reduced in
intensity.

Both observations contrast with the behavior observed for
Fmoc-TOAC in Fmoc-FF gels with AI**, which highlights the
presence of TB in a confined hydrophobic surroundings (pos-
sibly deep inside the gel network) in the presence of aluminium
cations. The addition of iron cations to Fmoc-FF-TB gels also
led to a decrease in the polarity of the environment with an A4,
of ~46 MHz, accompanied by very slow dynamics that are
present again, similar to the Fmoc-FF-TB system.

Among the spin probes used, only TEMPO induces hydro-
phobicity in its surrounding water shell by forming a lower-
polarity solvation shell. This effect was also observed in the
presence of Fe*". The other two spin probes, TB and Fmoc-
TOAC, exhibited fully hydrophilic environments around the
probes (in reference samples without hydrogels). Spectral
simulations also revealed different solvation tendencies
between the MCHs. Spin probing of Fe**-containing hydrogels
shows that iron induces higher-polarity solvation shells
around the spin probes, while the overall gel network remains

(©) (D)

Scheme 1 A schematic cross-section of different types of solvation shells based on EPR data is shown. Hydrophilicity and hydrophobicity are color-
coded as blue and red, respectively. (A) TEMPO exhibits the ALPSS effect, while (B) the TEMPO moiety in TEMPO-benzoate (TB), even in the presence of
Fmoc—FF, resides in fully hydrophilic regions. (C) Hydrophobic effect and strong solvated, metal-dominated regions govern aluminium-containing
samples with TB, leading to strongly hydrophobic NO environments. (D) Addition of iron to Fmoc-TOAC-FF gels increases the contribution of a lower-

polarity solvation shell.
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relatively hydrophobic, with A;s, values between 41-44 MHz (see
Tables S1-S3, ESIt).

This suggests that Fe®" promotes the formation of more
water-rich areas within the gel system. Iron ions do, however,
also lead to a reduction of rotational motion for a fraction of
the spin probes, in particular visible for the two probes contain-
ing aromatic residues. The situation is quite different in Al*'-
containing gels, in particular visible for the two probes contain-
ing aromatic residues. In these gels, the effect of adding the
AP’" cations changes the interplay between two intermolecular
weak forces—hydrogen bonding and n-n interactions—differ-
ently. Also, all spin probes seem to exhibit strongly hydropho-
bic surroundings, with A;s, values between 41-43 MHz. When
considering that the IR-spectroscopic findings indicate a stron-
ger complexation of amides (and to a lesser degree of carba-
mates) with AI** over Fe®", one may conclude that Fe** ions
tend to dominate and strengthen the solvated and hydrogen-
bonded amide/carboxylic acid regions, effectively restricting
residence times of the amphiphilic spin probes (around their
NO groups) in these strongly polar regions. Al*‘ions do not
complex the amide/carbamates as strongly as Fe**, however it
benefits from a wide range of non-covalent interactions which
may translate into more loosely packed highly polar regions
that can then be probed mainly by the amphiphilic parts of the
spin probes. A graphical summary of these observation is
depicted in Scheme 1.

Conclusion

In materials science, functionality of the material is of prime
interest. Yet, a deep understanding of the molecular mechan-
isms underlying the materials’ functions is not only of funda-
mental scientific interest but also needed for the ability to
establish correlations between the “bottom-up” features of
materials, predict their performance, and ultimately improve
and design new materials. In this report, we studied how the
incorporation of trivalent metal cations, aluminium and iron,
into short peptide-based protected diphenylalanine hydrogels
influences their nanoscale and macroscopic properties, using
ATR-IR and EPR spectroscopies, along with rheological char-
acterizations. The addition of metal cations, although in a very
small quantities significantly increased the toughness of the
gels, by almost an order of magnitude. IR spectra suggest for
complexation between the peptide amide groups and metal
cations, as evidenced by shifts in the amide A and carbonyl
stretching bands. Among the two employed cations, Fe*" was
complexed more strongly by the amino acids than AI**, which
confirms observations made by dynamic moduli measure-
ments, indicating that the toughness of the metal-containing
hydrogels may be attributed to the formation of ligand biding
between the metal cations and the peptide, in synergy with non-
covalent hydrogen bonding including differential solvation
shells and n-r interactions.

TEM images reveal distinct fibril formation mechanisms,
including helical structures and superstructures. In the
presence of AI** cations, we observed larger droplet sizes,
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suggesting the development of liquid-liquid phase separation
and the emergence of solute-rich droplets. This observation is
further supported by spin-probing EPR spectroscopy. Alumi-
nium tends to induce lower-polarity hydration shells and,
creating a hydrophobic environment for co-dissolved spin
probe molecules. In contrast, iron complexation forms more
robust solvated complexes with the amide groups of the dipep-
tide and promotes more water-rich regions within the hydrogel,
which remain accessible to spin probes while still maintaining
strong mechanical properties.

Altogether, we were able to develop a detailed model of the
interactions occurring at the nanoscale with notably different
interaction tendencies between the two metal cations studied.

Since biological systems often function in buffered solu-
tions, we also prepared buffered hydrogels to investigate the
effect of electrostatic interactions on the self-assembly process.
Our results suggest that the potential for microgel formation
should be taken into account, and that better gelation does not
necessarily correlate with higher stability of the formed gels.
TEM micrographs reveal helical superstructures and stiff rib-
bons in all three used buffers and water. In contrast, the MCHs
do not show the stiff ribbon structures, a discrepancy that will
be further elucidated in following reports.
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