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ABSTRACT: Short peptides are versatile molecules for the construction of supramolecular materials. Most reported peptide mate-
rials are hydrophobic, stiff, and show limited response to environmental conditions in the solid-state. Herein, we describe a design
strategy for minimalistic supramolecular metallo-peptide nanofibers that, depending on their sequence, change stiffness, or reversibly
assemble in the solid-state, in response to changes in relative humidity (RH). We tested a series of histidine (H) containing dipeptides
with varying hydrophobicity, XH, where X is G, A, L, Y (glycine, alanine, leucine, and tyrosine). The one-dimensional fiber for-
mation is supported by metal coordination and dynamic H-bonds. Solvent conditions were identified where GH/Zn and AH/Zn formed
gels that upon air-drying gave rise to nanofibers. Upon exposure of the nanofiber networks to increasing RH, a reduction in stiffness
was observed with GH/Zn fibers reversibly (dis-)assembled at 60-70 % RH driven by a rebalancing of H-bonding interactions between
peptides and water. When these metallo-peptide nanofibers were deposited on the surface of polyimide films and exposed to varying
RH, peptide/water-vapor interactions in the solid-state mechanically transferred to the polymer film, leading to the rapid and reversi-

ble folding-unfolding of the films, thus demonstrating RH-responsive actuation.

Supramolecular materials based on biological building blocks
hold promise for various applications in biotechnology, materi-
als science, and medicine.'” Water is often the solvent of
choice, driving self-assembly of sequence-specific biopolymers
to form structures with wide-ranging properties. Peptide and
protein-based materials are increasingly considered for applica-
tions outside aqueous environments, including the solid-state,
e.g. as electronic wires, films, surface coatings, actuators, or
barrier materials.®!3 For these solid-state applications, peptide
nanostructures are typically assembled in aqueous media and
then dried.'*'” Their dynamics, integrity, or functionality may
be compromised in the absence of liquid water and the hydro-
phobic effect.

Peptide- and protein-based materials that retain their structures
in the dried state are typically stiff fibrous materials, such as
silks, elastin-like peptides, and amyloid structures with hydro-
phobic domains rich in strongly directional H-bonding pat-
terns.'®2! Other examples used in the solid-state are minimalis-
tic hydrophobic peptides (such as diphenylalanine, FF, or the
related proline tripeptide, (PFF), peptide amphiphiles that are
functionalized with aromatic residues.”>?® These materials can
be remarkably stable in the solid-state >*-*°, and some of them
can also be assembled in non-aqueous media.****> Both the for-
mation conditions of supramolecular fibers and their solid-state
stability and responsiveness requires consideration of solvent
interactions.**3¢ There are currently few examples of peptide or
protein-based materials that display stimuli-responsiveness in
the solid-state, yet such materials hold promise as actuators and
tunable barriers.”’

Herein, we introduce a design approach for polar peptide nano-
fibers that are stable under dry conditions and responsive to wa-
ter-vapor in the solid-state. We opted for a strategy that combi-
nes metal coordination and H-bonding interactions to support
fiber formation through a combination of His-Zn coordination
observed in metalloproteins, amyloid fibers, and peptide-based

materials,*®* thereby de-emphasizing the role of aromatic
amino acids in a hydrophobic core,***’ complemented by fle-
xible H-bonding domains to favor competing interactions with
water-vapor (Figure 1).

The designs were inspired by metallo-peptide-based porous ma-
terials that undergo conformational change in the presence of
guest solvents or gas molecules.’®* A recent report shows that
reversible metal/peptide coordination can lead to changes in
amphiphilicity, conformation, and stabilization of emulsions.*'
We selected four histidyl dipeptides, combining His-Zn coordi-
nation and varying polarity at the N-terminal (Log P: -3.11
(GH)> -2.62 (AH)> -1.39 (LH)>-1.34 (YH)) (Figure 1A). To
find conditions for self-assembly of Zn(II)/dipeptides to form
nanofiber networks, we considered water and water/methanol
mixtures with varying pH to influence solubility and the proto-
nation state of imidazole and termini (Figure 1B and Table S1-
S3). All four peptides were fully soluble in water at 10 mM. In
MeOH, AH and LH precipitated, while GH and YH remained
soluble. In 1:9 water/MeOH mixtures at acidic pH (2-3), clear
solutions were obtained both in the absence or presence of
ZnCl, due to protonation of the imidazole nitrogen, preventing
binding to Zn (I).*'*> At pH~12, it was found that GH and AH
formed gels in presence of ZnCl,. Deprotonation of carboxylic
acid was deemed essential for metal coordination and conse-
quent gelation (Figure 1B). LH/Zn and YH/Zn precipitated un-
der these conditions. These results demonstrate that tuning the
hydrophobicity of the N-terminal amino acid (G <A <L <Y) and
nonaqueous solvation at elevated pH impacts on the metallo-
peptide assembly. It was also noticed that the gelation of GH/Zn
(12h) occurred much faster compared to the AH/Zn (48h) (Fig-
ure S1 and Table S3). The mechanical strength of the GH/Zn
and AH/Zn gels were assessed by oscillatory rheology, demon-
strating viscoelastic properties (Figure S2).
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Figure 1. (A) Metallo-dipeptide design with varying hydrophobicity. (B) Exploration of solvent conditions in presence of 10 mM dipeptides
with and without 10 mM Zn(II). (C-F) AFM and TEM images indicating the formation of the twisted nanofibers structures of GH/Zn (C

and D) and AH/Zn (E and F) post solvent evaporation.

To measure the stability of the nanofibers in the dry state, the
gels were deposited on a silicon wafer and carbon grid, air dried
for 24h and analyzed using atomic force microscopy (AFM) and
transmission electron microscopy (TEM). AFM revealed nano-
fibers for GH/Zn (Figure 1C and Figure S3) and AH/Zn (Figure
1E and Figure S4) (with the former having a chiral appearance),
and amorphous aggregates for LH/Zn and YH/Zn (Figure S5).
The twisted appearance of nanofibers assembled from GH/Zn
compared to the AH/Zn may be related to the flexible backbone
for GH (Figures S3-S4). TEM analysis also confirmed the for-
mation of nanofibers for both the GH/Zn (Figure 1D and Figure
S3) and AH/Zn (Figure 1F and Figure S4).

To gain supramolecular structural insights in the dry state, se-
veral complementary spectroscopic techniques were employed.
We performed solid-state *C cross-polarization magic angle
spinning (CP-MAS) NMR experiments on the air-dried samples
of GH/Zn, AH/Zn, GH, and AH dipeptides. °C CP-MAS NMR
shows the characteristic peak shifting and broadening of car-
bonyl carbon (-C=0) at 174 and 177 ppm for GH and GH/Zn
carboxylate (-COO) due to Zn-O bonding interactions (Figure
2A).%4 The broadening of the amide (-CONH-) carbonyl (-
C=0) (164 ppm) peak suggests the presence of hydrogen bon-
ding interactions between the amide carbonyl groups. The peak
at 134 and 127 ppm of GH was downfield shifted to 142 and
136 ppm indicating coordination of the imidazole nitrogen with
Zn (I1).**® The glycine -CH, peak also downfield shifted from
40 to 45 ppm from GH to GH/Zn, confirming side chain inter-
actions, in line with previous observations for Zn-coordinated
peptide structures.’®*° The peak at the beta CH; also downfield
shifted from 28 to 30 ppm from GH to GH/Zn. CP-MAS NMR
supported the assemblies of GH/AH and Zn (II) with respect to
coordination and side chain interactions (Figure 2B for AH/Zn
and Figure S6-S9).

X-ray photoelectron spectroscopy (XPS) analysis further con-
firmed the metallo-peptide coordination for GH/Zn and AH/Zn.
Deconvolution for GH/Zn of Ols spectrum exhibited peaks at
529.79 eV indicating the Zn-O bond.*** The additional peak at
532.84 eV corresponds to water/MeOH and 528.20 eV indi-
cated C=0 bonds (Figure 2C). Deconvolution of the Zn2p3/2
spectra revealed that the presence of Zn-N (1018.75 eV) and
Zn-O bond (1019.84 eV) (Figure 2D). Deconvolution of the
N1s spectrum exhibited peak at 397.39 eV which indicates the
Zn-N bond. Further, Cls spectra supported the presence of pep-
tide associated C=0, C-O, C-N, C-C, C-H bonding interactions
(Figure S10). Similarly, XPS of AH/Zn also suggested the for-
mation of the metallo-peptide nanofibers through metal-peptide
binding. Deconvolution of Ols spectra indicating the Zn-O
bond and C=0 bonds, Zn2p3/2 spectra revealed that the pres-
ence of Zn-N and Zn-O bond for AH/Zn (Figure 2E, 2F and
Figure S11).

Self-assembled nanofibers were further analyzed by Raman
spectroscopy, showing changes in molecular interaction of the
GH upon Zn (II) coordination.’'>? The metal-peptide coordina-
tion and dynamic H- bonds caused Raman peak shifts compared
with those of its metal-free dipeptide (Figure S12). The hydro-
gen bonding was verified with Fourier transform infrared spec-
troscopy (FT-IR) with an intense peak at 3100-3400 cm™ which
indicates potential presence of hydrogen bonding. The signal at
1623 cm’ indicates C=0 and His stretching and the signal at
1455 cm™ also indicates carboxylate symmetric stretching for
metal binding (Figure S13 and S14). Based on the above evi-
dences, we propose the supramolecular architecture shown in
Figure 2G where COO™ and imidazole coordinate with Zn(II) to
form Zn(GH)»/ Zn(AH),. We note that a similar tetrahedral co-
ordination arrangement was found to be favored in AB-Zn(Il)
metalloprotein complexes, albeit with COO" ligand provided by
Glu/Asp side chains.*’
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Figure 2. Structural characterization of metallo-peptide nanofibers of GH/Zn and AH/Zn upon air-drying from the gel state. '°C
Solid-state CPMAS NMR spectra of the GH and GH/Zn (A), and AH and AH/Zn nanofibers (B) showing chemical shift changes
upon nanofiber formation in the dry state upon Zn(II) coordination. (C-F) XPS analysis confirmed the binding between metal and
peptide in the GH/Zn and AH/Zn xerogel in the dry state. Deconvolution of the O1s spectrum revealed peaks at 529.79 eV indicating
the presence of Zn-O bonds (C) and Zn2p3/2 spectra showed the presence of Zn-N (1018.75 eV) and Zn-O bonds (1019.84 eV) for
GH/Zn (D), whereas deconvolution of Ols spectrum revealed peaks at 529.4 eV indicating the presence of Zn-O bonds (E) and
Zn2p3/2 spectra showed the presence of Zn-N (1018.6 eV) and Zn-O bonds (1019.3 eV) (F) for AH/Zn. (G) Proposed core structure

of metallo-peptide nanofibers.

To further verify the feasibility of these structures, geometry
optimizations at RI-B3LYP-D3(BJ)/def2-SVP were performed
to estimate the metal-peptide interactions (Figure 3 and details
in SI computation part). Density functional theory (DFT) sug-
gested the feasibility of the proposed Zn-O and Zn-N binding
modes for the monomers of the GH/Zn and AH/Zn (Figure 3A,
3E and Figure S30 in SI), respectively. The noncovalent inter-
actions plots depict the stabilization of the side chains over the
His for GH/Zn (Figure 3B, 3C and Figure S31,32 in SI) and
AH/Zn (Figure 3F, 3G and Figure S31,32 in SI). The proposed
monomer structure also suggests the feasibility of the one-di-
mensional assembly via directional hydrogen bonding between
the imidazole of His and amide C=0 groups, with polar groups
presented at the fiber surface, and a core that is stabilized by
Zn(II) coordination (Figure 3D and Figure 3H). The formation
of the dimers is found to be favorable process (Figure 3B, 3F
and Figure S33 in SI). The calculated dimerization energy (AE,)
and enthalpy of dimer formation (AH,) are -18.2 and -12.4
kcal/mol and -16.8 and -10.8 kcal/mol, respectively (SI, Table
S4), proving the more likelihood of GH/Zn to form head-on as-
sociation and one-dimensional fiber formation compared to that
of AH/Zn. The NCI plots of (GH/Zn), (Figure 3C) and
(AH/Zn), (Figure 3G) clearly exhibit blue colored surfaces, in-
dicating the C=0---H-N hydrogen bonds in both cases. The
origin of the C=0---H-N hydrogen bonds in (GH/Zn), can be
demonstrated from comparing Figure S32 and S33 in SI. In case
of the decamers, the average C=0---H-N hydrogen bonds dis-
tances are 1.677 A and 1.702 A for GH/Zn and AH/Zn, respec-
tively. The adaptability in the GH/Zn (Figure 3D) drives the
chiral/twisted appearance of the nanofibers compared to the
AH/Zn (Figure 3H). The stability lies in the noncovalent inter-
actions present therein as shown in Figure S34 in SI. The overall

architecture generates polar fibers with a metallo-coordinated
core (Figure 2G).

AH/Zn-10 mer

Figure 3. Illustrations of the DFT optimized structure. (A, E)
Coordination unit of GH/Zn (top) and AH/Zn (bottom). (B, F)
Energy minimized dimer of GH/Zn (top) and AH/Zn (bottom)
shows strongly directional hydrogen bonding between imidaz-
ole and amide C=0. (C, G) NCI isosurface plot of GH/Zn and
AH/Zn monomer, the isosurface is generated for s = 0.4 a.u. (D,
H) One dimensional assembly of the GH/Zn (top) and AH/Zn
(bottom) nanofibers through hydrogen bonding between the di-
mers. Note that, GH/Zn shows more twisted structure com-
pared to AH/Zn due to the side chain adaptability of the gly-
cine. Color code: C, gray; H, white; N, blue; O, red; Zn, steel
blue.
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Based on the analysis of various solvent systems as depicted in
Figure 1B, we anticipate the H-bonds to be dynamic, with com-
petition between the side chain and solvent interactions. To un-
derstand changes in H-bonding interactions, we studied GH/Zn
and AH/Zn nanofibers using environmental Fourier transform
infrared spectroscopy (FT-IR). FT-IR exhibited an intense peak
at 1623 cm™! for GH/Zn (Figure S15), and AH/Zn gradually
broadened upon hydration (Figure S16). For GH/Zn, we ob-
served the greater broadening of 1623 cm™ peak at 70 % RH,
while AH/Zn spectra did not show appreciable change.” The
signal at 1455 cm™! due to carboxylate symmetric stretching also
intensified with high RH. This finding led us to further explore
the effects of RH on GH/Zn and AH/Zn nanofiber assemblies

30%RH

10%RH

GH/Zn

AH/Zn

@

GH/Zn

AH/Zn

in the solid state. A customized RH-controlled AFM was em-
ployed to analyze changes in topography and mechanical prop-
erties. It was found that GH/Zn fibers fully disassembled at 60-
70 % RH in a reversible manner, whereas AH/Zn nanofibers
remained intact within the same RH (Figure 4A, and Video 1).
The (dis-)assembly in the solid-state was further verified using
environmental SEM and brightfield microscopy (Figure 4B and
Figure S17-S19, and Video 2-3). AFM also revealed that
GH/Zn reorganized into spherical structures upon hydration,
where directional hydrogen bonding is displaced by interactions
with water-vapor in line with FT-IR data (Figure S20).53%

50%RH 70%RH

nm

Liquid
state

Figure 4. Vapor induced (dis)-assembly through varying RH. (A) Customized RH- dependent AFM topography shows the (dis)-
assembly of the metallo-peptide nanofibers upon varying RH from 10 % and 70 %. (B) Environmental SEM shows morphologic

changes of GH/Zn and AH/Zn nanofibers in response to RH change.

Using DFT calculations, we optimized water complexes featur-
ing both GH/Zn and AH/Zn dimers, incorporating two water
molecules inserted between the dimers which disrupt the inter-
molecular C=0---H—N hydrogen bonds (Figure S35 in SI). The
energy of formation (AEw) for these complexes and their cor-
responding enthalpy change (AHw) are as follows: AEw values

are -17.7 and -17.0 kcal/mol, while AHw values are -13.9 and -
12.9 kcal/mol (details in SI, Table S5), respectively. The differ-
ence indicates the stability of both GH/Zn and AH/Zn dimers
up to a certain point, but dissociation is more favorable in the
case of GH/Zn dimer compared to the AH/Zn dimer.

To evaluate the water adsorption/desorption properties of the
metallo-peptide nanofibers during humid/dry cycles, dynamic
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vapor sorption (DVS) was performed. The water sorption iso-
therm revealed that GH/Zn had more tendency to adsorb water
compared to the AH/Zn (Figure 5A). Specifically, the GH/Zn
isotherm revealed a change in mass of 65 %, with a minimum
water uptake between 5 % RH and 70 % RH; a step change was
observed at 70 % RH correlating with the (dis-)assembly of the
GH/Zn nanofibers at ~70 % RH in line with the FT-IR data
(Figure 5A and Figure S15-S16). Whereas for AH/Zn, only a
30 % mass change was observed (Figure S21). Brunauer-Em-
mett-Teller (BET) analysis of the air-dried gels of GH/Zn and
AH/Zn indicates the mesoporous nature of the bulk materials of
the metallo-peptide nanofibers (Figure S22).

To understand the mechanical tunability of the metallo-peptide
nanofibers with different RH, we performed nanoindentation to
evaluate the Young’s modulus using a RH-controlled custom-
ized AFM. A significant difference in the stiffness of GH/Zn
and AH/Zn nanofibers was observed when RH was varied from
~10 % to 70 % (Figure 5B). GH/Zn nanofiber stiffness contin-
uously decreased upon increasing RH, while AH/Zn shows a
drop of the stiffness at 30 % RH which remains constant up to
70 % RH. This observation correlates with the (dis-)assembly
of the GH/Zn leads to the gradual drop of the young moduli,
while AH/Zn didn’t lead to complete disassembly. Compared
to previously reported hydrophobic core-based peptide nano-
fibers, both GH/Zn and AH/Zn nanofibers exhibited lower stiff-
ness (1-4 GPa), which could be attributed to the coordination
and solvation effects.'*'>!7 This observation indicates a corre-
lation between the stiffness of GH/Zn and AH/Zn nanofibers
with varying RH and also metallo-peptide-water-vapor interac-
tions of GH/Zn and AH/Zn in the solid-state.
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Figure 5. (A) Water sorption isotherms of the solid-state
GH/Zn and AH/Zn nanofibers. (B) Young’s moduli of water-
vapor responsive stiffness changes for GH/Zn (left) and AH/Zn
(right) nanofibers in the solid-state at different RH levels (10 %
to 80 %). (C) Schematic representation of polar metallo-peptide
nanofibers coated polyimide film responsible for water-vapor
induced mechanical actuation properties. (D) Metallo-peptide
nanofibers coated polyimide films reversibly folds/ unfolds in
response to RH changes from 10- 80 % (scale bar, 2 mm). (E)
Energy density of metallo-peptide nanofibers.

Finally, we investigated whether the supramolecular metallo-
peptide-water-vapor interactions could be used to actuate a soft
polymer film (Figure 5C). A polyimide film was coated with
the metallopeptide nanofibers. Upon exposure to varying RH,
both GH/Zn and AH/Zn coated polyimide film rapidly and re-
versibly curled and straightened over 50 cycles (Figure 5D, Fi-
gure S23 and video 4). The actuation energy density of GH/Zn
and AH/Zn reaches 8.1 MJ/m?® and 2.8 MJ/m’, respectively (Fi-
gure 5E and Fig S23). These values are comparable with those
of previously reported high-performance water-responsive pep-
tide crystals.'> The higher energy density of GH/Zn may be at-
tributed to the relatively greater stiffness of GH/Zn across the
entire RH range.

In summary, we introduce metallo-peptide nanofibers com-
posed of hydrophilic dipeptides that coordinate Zn (II) ions and
provide a polar interface. These nanofibers are produced by as-
sembly and gelation in methanol/water at pH~12 followed by
air drying. Notably, these nanofibers reversibly (dis-)assemble
in the solid-state upon exposure to varying RH. Further, when
metallo-peptide fibers were deposited onto polyimide films, the
nanofibers exhibited rapid mechanical actuation and fold-
ing/unfolding of the polyimide film. The changes of the stift-
ness and morphology of the GH/Zn and AH/Zn demonstrated
that peptide flexibility and hydrophilicity strongly influence the
interactions between metallo-peptides and water vapor in the
solid-state. We propose that the key driver is a rebalancing of
H-bonding interactions between peptides and water, combined
with the use of metal coordination. This work introduces design
features for solid-state responsive peptide materials with tuna-
ble or erasable mechanical actuation properties triggered by wa-
ter-vapor, which could be relevant for the developing respon-
sive barrier materials and actuators.
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