Published on 10 July 2023. Downloaded by Xiamen University on 8/28/2023 9:44:18 AM.

ChemComm

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2023,
59, 9599

Received 28th April 2023,

Accepted 10th July 2023 Qian Wang,

Yun-Bao Jiang & *
DOI: 10.1039/d3cc02076b

rsc.li/chemcomm

We report that the core sequence of amyloid p (Ap) peptide, KLVFF,
when equipped with a C-terminal cysteine residue, exhibited an
extremely low minimum hydrogelation concentration of 0.05 wt%
in the presence of Ag* in pH 5 buffer, with this concentration 2
orders of magnitude lower than that of the pentapeptide itself. The
CD signal of the Ag*-L-KLVFFC hydrogel was observed to be
sensitive to the early-stage aggregation of amyloid p peptide.

As soft materials, peptide-based hydrogels have attracted
remarkable attention because of their intrinsic biocompatibil-
ity and biodegradability, and have been utilized as platforms
for chem/biosensing, tissue engineering, drug delivery, and
wound healing.' The generation of peptide-based hydrogels
relies on a hierarchical assembly of peptides into nanostruc-
tures via a variety of supramolecular interactions such as
hydrogen bonding, aromatic interactions, hydrophobic inter-
actions, and electrostatic interactions.? Particularly, peptides
that adopt a B-sheet secondary structure have been widely
employed to create hydrogels.>” The Alzheimer’s-disease-
implicated amyloid B (AB) peptide is one of the most well-
known peptides that form B-sheet-rich fibril structures upon self-
assembling. The key motif pentapeptide AP(16-20), i.e., KLVFF,
has been reported to be crucial for amyloid fibrillization.® On the
basis of the KLVFF sequence, many hydrogelators have been
developed with excellent mechanical properties and low mini-
mum gelling concentrations.” Although KLVFF peptide self-
assembles into a B-sheetrich fibre structure, it remains liquid
in water up to a concentration of 4 wt%, while fragile hydrogels
form only in PBS solutions at 3 wt% because of the enhanced
electrostatic interactions between their side chains.'
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Amyloid peptide hydrogels via formation of
coordination polymers with Ag™ by its core
peptide equipped with a C-cysteinet}

* Fu-Peng Zhou, Dan-Dan Tao, Jin-Hong Wei, Rui Cai and

Our group previously reported cysteine and cysteine-derived
ligands, in the presence of Ag', forming coordination polymers
and hydrogels in aqueous solutions; the formation of these
products was substantially facilitated by the argentophilic
interactions (Ag"---Ag’ interactions) along the backbone and
the interactions between side chains of the ligands attached to
the backbone." ™ We thus envisaged that the gelation of the
AP core peptide sequence would be enhanced when equipped
with a terminal cysteine residue (Scheme 1). We specifically
envisaged that, in the presence of Ag’, the formation of Ag'-
peptide coordination polymers would promote the directional
assembly of the peptides along the polymeric backbone by
bringing the peptide molecules close together, hence yielding
a higher local concentration, stronger interactions, and conse-
quently enhanced gelation. Herein we report our discovery of
the indeed dramatically enhanced hydrogelation of the KLVFF
sequence equipped with a C-terminal cysteine residue, in the
presence of Ag' in a buffer of pH 5, with an extremely low
minimum gelation concentration of 0.05 wt%, ca. 2 orders of
magnitude lower that of the pentapeptide itself.
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Scheme 1 Structure of KLVFFC (KC) and schematic depiction of inter-
actions between KC and Ag* in the formed coordination polymer and
hydrogel.
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Hexapeptide - or o-KLVFFC (KC, Scheme 1) was dissolved in
0.1 M HNO; followed by heating to make sure that the peptide
became fully disaggregated. The final pH of the solution was
adjusted to 5 using aqueous NH;. Hydrogels were formed
instantly upon adding 1 equivalent of Ag' to the peptide
solution, by specifically using a 0.1 M AgNO; stock solution,
and remained stable for several days. The minimum gelling
concentration of 1-KC and p-KC peptides in the presence of Ag*
was found to be 0.05 wt% (0.66 mM), whereas the peptide itself
remained in solution, but did precipitate in the absence of Ag"
(Scheme 1). For comparison, Ag'-rac-KC hydrogels were also
prepared by adding Ag" to the enantiomeric mixture of 1-KC
and p-KC, with the minimum gelling concentration of the
opaque hydrogel being much higher than 0.5 wt%. The self-
supporting nature of the gels was evident upon inverting a vial
containing a sample of the gel (Fig. S1, ESIT). The 1-KLVFF peptide
hydrogel was prepared using the above-mentioned method, but
no gel formation was observed at 1.0 wt% (Fig. S2, ESIT).

Absorption and circular dichroism (CD) spectra of 1-KC and
p-KC peptides in the presence of Ag' of increasing concen-
tration were first examined, in order to demonstrate the for-
mation of Ag™-1-KC and Ag'-p-KC coordination polymers and
their supramolecular chirality. 1-KC peptide, for example, in
aqueous solution showed a negative Cotton effect at a wave-
length of 191 nm and a weak positive Cotton effect at 220 nm,
but no CD signals beyond 240 nm (Fig. 1a and b), indicating the
random coil nature of the secondary structure of the free
peptide.”® In the presence of Ag’, a new band at 345 nm
developed in both absorption and CD spectra (Fig. 1b and d),
a sign of the occurrence of Ag™ --Ag" interactions,”” which
suggested the formation of Ag'-KC coordination polymers.
Mirror-image-related CD signals at 283 nm and 345 nm were
observed for p-KC in the presence of Ag', suggesting that the
supramolecular chirality of the Ag'-1-KC and Ag'-p-KC coordi-
nation polymers was due to the molecular chirality of the KC
peptide. Plots of absorbance and CD signal against concen-
tration of Ag' showed a 1:1 stoichiometry (Fig. S3 and S4,
ESIT). Increasing the concentration of Ag'-1-KC or Ag'-p-KC
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Fig. 1 Absorption (a), (b) and CD (c), (d) spectra of L-KC and b-KC
peptides (dashed lines) and Ag*-L-KC and Ag*-p-KC coordination poly-
mers (solid lines), measured in 1 mm cuvettes. [Ag*] = [L-KC] = [p-KC] =
100 pM or 0.0076 wt%.
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coordination polymers, up to 0.05 wt%, led to the formation
of hydrogels, with concomitant increases in the intensities of
the absorbance and CD signals but no changes in their spectral
profiles (Fig. S5 and S6, ESIf). This result indicated that
gelation did not change the supramolecular chirality of the
Ag'-KC coordination polymers.

The "H NMR spectra of 1-KC and p-KC showed well-resolved
signals; significantly broader signals were observed in the
spectra of the Ag'-1-KC and Ag'-p-KC hydrogel samples (Fig.
S20, ESIt), indicating formation of the coordination polymers.
The MALDI-TOF mass spectra of the Ag'-1-KC and Ag'-p-KC
hydrogels suggested the presence of several types of repeat
units composed of dimeric KC peptides and Ag" (Fig. S21, ESIY).
FT-IR and XRD measurements were also taken to elucidate the
gelation mechanism in terms of the peptide secondary
structure (Fig. 2a and b). In general, the amide I region IR
(1600-1700 cm ™), assigned to the stretching of amide C=O0 in
the peptide backbone, is a useful tool to analyse peptide
secondary structures; for example, bands at 1610-1640 cm '
and about 1700 cm ' are assigned to anti-parallel B-sheet
structures.'® Compared to the KC peptide, the Ag™-i-KC or
Ag'-p-KC hydrogel in the current work showed a strong band
at 1637 cm ' and a weaker broad band at about 1685 cm ™ *,
suggesting an anti-parallel-B-sheet packing of the peptide back-
bones in the hydrogel framework. A new band appeared at
1725 em™ " upon hydrogelation, likely resulting from stretching
of COOH in the side chains of the ligands,"**° which suggested
possible hydrogen bonding between side chains in the hydro-
gel. CD spectra of the coordination polymers in the sol state
examined as a function of the enantiomeric excess (ee) of KC
showed a linear CD-ee dependence (Fig. S8, ESIt). This result
indicated a self-sorting of the ligands upon formation of their
coordination polymers of Ag" and indicated a highly ordered
structure of the peptide chain, despite its intrinsic flexibility,
when attached to the polymeric backbone. The FT-IR and CD
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Fig. 2 FT-IR spectra (a), (b) and XRD patterns (c) of L.-KC and p-KC and
hydrogels of Ag*-L-KC and Ag*-p-KC.
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spectral data thus indicated that the coordination of Ag" to KC
peptide promoted a secondary structural transformation of the
peptide from random coil to B-sheet, favourable for the inter-
actions between side chains of the ligands in the coordination
polymers and in turn the hydrogelation of the peptides. X-ray
diffraction (XRD, Fig. 2¢) of lyophilized Ag"-1-KC hydrogels
showed peaks corresponding to 0.94 nm, 0.47 nm and
0.32 nm, corresponding to ratios of 1, 1/2 and 1/3, respectively.
This result indicated a lamellar structure for the hydrogel, with
a d-spacing of 0.94 nm, calculated using the Bragg equation.*”

Morphologies of 1-KC and p-KC peptides and their
assembled structures, i.e., Ag'-KC coordination polymers, were
characterized using TEM and SEM. Peptides 1-KC and p-KC
formed fibre-like structures, with widths of ca. 10 nm (Fig. 3a
and b). Self-assembled 1-KLVFF peptide also showed fibre-like
structures that corresponded well with the cryo-TEM results in
the literature (Fig. S2, ESIT).'® The dried samples of Ag*-1-KC
and Ag'-p-KC coordination polymers in the sol state already
showed a lamellar morphology (Fig. 3c and d), agreeing with
the conclusion of strong crosslinking and packing of KC
peptides in the B-sheet structure upon binding Ag', as also
indicated in the XRD pattern (Fig. 2c). Lyophilized Ag"-1-KC and
Ag'-p-KC hydrogels showed each a relatively compact lamellar
morphology (Fig. 3e and f). Mechanical properties of Ag'-KC
hydrogels were investigated by performing rheometry, using a
parallel plates geometry with 20 mm plates and a sample
thickness of 500 microns. The linear viscoelastic region (LVR)
of the stress—strain response was determined using amplitude
sweep over the region of 0.1%-100%. Dynamic shear amplitude
sweeps at 10 rad s~' showed gel breaking under strain from
10% to 50% (Fig. S9 and S10, ESIt). For time and frequency
sweep measurements, LVR of 1% was used for 0.05 wt%

Fig. 3 TEM images of L-KC (a), p-KC (b), Ag*-L-KC (c) and Ag*-p-KC (d)
and SEM images of lyophilized Ag*-L-KC (e) and Ag*-p-KC (f) hydrogels.
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Fig. 4 Rheological properties of Ag*-L-KC and Ag*-p-KC hydrogels at

the minimum hydrogelation concentration of 0.05 wt% and at 2.0 wt?%,
examined at 1% and 3% strains, respectively.

hydrogels and LVR of 3% was used for 2.0 wt% hydrogels. For
0.05 wt% Ag'"-1-KC and Ag'-p-KC hydrogels, the storage modulus
G’ was ca. 1 order of magnitude larger than the loss modulus G”,
indicating the gel nature of the materials (Fig. 4). For 2.0 wt%
Ag'1-KC and Ag'-p-KC hydrogels, the high G’ values suggested
that the hydrogels exhibited good mechanical properties (Fig. 4).
The mechanical character of the 2.0 wt% Ag'-rac-KC hydrogel was
also assessed (Fig. S11, ESIt), and its storage modulus was
measured to be significantly lower than those of Ag™-1-KC or
Ag'-p-KC hydrogels, possibly due to the high tendency for the
peptide to precipitate in the racemic hydrogel.

Finally, the Ag'-KC hydrogels were applied for sensing of
AB(1-40) monomer and aggregates. AB(1-40) peptide was dis-
aggregated and prepared according to an established proto-
col.”> AB(1-40) monomer film was suspended in DMSO to a
concentration of 2.5 mM, followed by being subjected to vortex
sonication, and then being diluted with PBS buffer (pH 7.5) to a
final concentration of 50 pM and incubated at 37 °C to allow for
it to aggregate. Samples of AB(1-40) monomer of increasing
concentration and oligomers, respectively, were mixed with
samples of 1-KC or p-KC peptide prior to the addition of Ag",
after which the CD signals of the resulting hydrogels were
measured. For the Ag'-p-KC hydrogel and even to a higher
extent for the Ag*-L-KC hydrogel, the CD signal at 345 nm was
found to be quenched by AB(1-40) monomer (Fig. 5a). The
results also suggested that the Ag'--Ag" interactions
were increasingly weakened by increasing concentrations of
AB(1-40) monomer (Fig. S12-S14, ESIT). Based on these results,
the supramolecular chirality was concluded to have been
perturbed by AR monomers. Surprisingly, substantial quench-
ing by up to 70% of the CD signal of the Ag"-1-KC hydrogel by
AB(1-40) aggregates was observed after incubation for 6 h,
whereas that of the Ag"-p-KC hydrogel underwent almost no
change, again exhibiting an enantiomeric discrimination
(Fig. 5b and Fig. S15-S17, ESIt). As the incubation time was
increased from 6 to 12 h, the CD signal was quenched to
decreasing extents, indicating a lack of effect of larger aggrega-
tions of AB(1-40) on the Ag'- - -Ag" interactions in the hydrogel
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Fig. 5 Quenching of CD at 345 nm of Ag*-L-KC and Ag™-p-KC hydrogels
by AB(1-40) monomer (a) and AB(1-40) aggregates (b). Concentration of
hydrogels was maintained at 0.1 wt%. [AB(1-40) monomer] = 0.1-10 pM;
for aggregation assay [AB(1-40) aggregates] = 1 uM.

network. Aggregation of AB(1-40) was at the same time monitored
using the classic thioflavin T (ThT) fluorescence assay, which
showed that during the initial stage of incubation, from 0-10 h,
AB(1-40) peptide was at the nucleation phase (Fig. S18 and S19,
ESIf).>®> This observation was of great significance for the
observed substantial change in the CD signal of Ag"-1-KC hydro-
gels for sensing early-stage AP aggregation, because conventional
spectroscopic methods for studying AP aggregation usually lack
sensitivity to the initial nucleation phase,* a critical stage in the
development of Alzheimer’s disease.”®”® Our results, therefore,
showed that the Ag™-KC hydrogels could be powerful label-free
materials for sensing and probing AP peptides at their early
aggregation stage. Note that HeLa cells showed high viability in
the presence of low concentrations of Ag'-1-KC, but their viability
decreased as the concentration of Ag'-1-KC was increased from
0.025 Wt% to 0.05 wt% (Fig. S22, EST+).

In summary, we proposed and verified a scheme to enhance
the hydrogelation of short peptides by taking the core pentapep-
tide in AB(1-40), KLVFF, as an example, and equipping it with a
C-terminal cysteine residue to form the hexapeptide KLVFFC
(1-/0-KC). This hexapeptide, in the presence of Ag', exhibited an
extremely low gelation concentration of 0.05 wt% in pH 5 buffer,
almost 2 orders of magnitude lower than that of the pentapeptide
itself. This result was rationalized by the formation of Ag'-KC
coordination polymers that brought the peptides in the polymeric
backbone into close proximity and thereby enhanced interactions
and gelation. Indeed, a characteristic anti-parallel-p-sheet packing
pattern was found to be present in the Ag™-KC hydrogels, and
these hydrogels were found to be structurally similar to the semi-
flexible biopolymers.”” Notably, CD signals of the Ag"--Ag"
chromophores formed in Ag*-1-KC hydrogels, but not the Ag*-p-
KC hydrogels, were shown to be sensitive to the early-stage
aggregation of AP(1-40), being therefore a powerful label-free
material for identifying AP at its early aggregation stage. We
expect that this strategy of enhancing gelation of peptides, by
attaching a terminal cysteine residue to allow formation of
coordination polymers with Ag*, will prove applicable to a broad
range of functional peptides, for eventually making peptide-based
soft materials.
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