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Supramolecular hybrid of Fe pentanuclear complex/ diblock
copolypeptide amphiphiles with pH-responsive
nano/microstructures in water

Keita Kuroiwa,*2 Touka Tada, 2 Miki Ichise, @ and Shigeyuki Masaoka ®

A pentanuclear iron (Fe5) complex was successfully co-assembled with an amphiphilic diblock copolypeptide in aqueous
solution, forming well-organized supramolecular aggregates that exhibit distinct spectroscopic and redox properties. The
hybrids adopted pH-responsive morphologies ranging from vesicle-like structures to micron-scale sheets, as confirmed by
DLS, SEM, and TEM analyses. These measurements demonstrated that pH-dependent changes in aggregation state directly
influence the redox behavior of the Fe5 complex. Cyclic voltammetry revealed that hybrids incorporating longer poly(L-
aspartic acid) segments and shorter poly(L-leucine) segments displayed enhanced water accessibility and ion transport,
resulting in pronounced pH-dependent redox shifts. Vesicle-like structures, in particular, facilitated greater interaction
between the metal centers and the aqueous environment, thereby promoting redox activity. Collectively, these findings
demonstrate that the self-assembled peptide matrix regulates both the oxidation state and electrochemical response of the
pentanuclear iron complex. This work highlights a promising strategy for tuning supramolecular environments to modulate
catalytic behavior and provides a foundation for designing bioinspired polypeptide—metal complex hybrid systems capable
of improving electrocatalytic water oxidation and oxygen evolution efficiency.

Introduction

The interactions between peptides (proteins) and metal
complexes are crucial motifs in many biological systems, such as
metalloproteins, where they facilitate synergistic
supramolecular assemblies.’® In natural systems, these
processes often involve dissipative mechanisms, such as the
self-assembly of oxygen carriers. These biological concepts have
inspired generations of materials scientists to develop
responsive and adaptive materials based on self-assembling
polypeptides with metal complexes formed through both
covalent and non-covalent interactions.!

In particular, advances in understanding the principles of
hierarchical ordering at the micro- and mesoscopic levels,
together with macroscopic functional control, have enabled the
rational design of adaptive supramolecular polypeptide—metal
hybrid materials.’2 A prominent and widely adopted approach
involves forming architectures in aqueous environments
through the interplay of hydrophobic and hydrophilic domains.
The resulting assemblies are stabilized by cooperative and
reversible interactions such as hydrogen bonding, electrostatic
forces, host—guest interactions, metal-ligand coordination,
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hydrophobic interactions, and n—n stacking. Multiple hydrogen
bonds and m—mt stacking not only stabilize the supramolecular
structures but also induce highly directional, high-aspect-ratio
assemblies.13-17

Peptides incorporating metal complexes are particularly well
suited for creating responsive materials that function in
biologically relevant aqueous environments, owing to their
intrinsic and tunable driving forces for forming extended,
ordered structures.’® Furthermore, these peptide-based
superstructures exhibit biocompatibility and desirable
functional properties for medical and catalytic applications.?®
Diblock copolypeptide amphiphiles are especially versatile in
controlling supramolecular structures, depending on factors
such as the combination of hydrophilic and hydrophobic amino
acids, the degree of polymerization, and the balance between
the two domains.222 Their ability to form hydrogels and
interact with various guest molecules allows the creation of
functional and stimuli-responsive soft materials.?3 24

To broaden the application of multi-stimulus-responsive
peptides, we focused on their interactions with metal
complexes. Based on the self-assembly behavior of diblock
copolypeptide amphiphiles, it is possible to spatially organize
hydrophilic and hydrophobic metal complexes in a defined
sequence.?>28 By exploiting the magnetic transitions,
luminescence control, and redox properties of metal
complexes, highly directional polypeptide/metal hybrid
assemblies can be constructed, with tunable magnetic and
electrochemical properties depending on the metal centers.
Previous studies have demonstrated the ability to control
physical properties in such supramolecular assemblies;
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however, interactions with small molecular metal complexes
require a molecular design that preserves the intrinsic self-
assembly properties of the polypeptide. In such designs, the
balance between hydrophilic and hydrophobic domains is
critical to maintaining structural integrity and responsiveness.

In this context, we selected the diblock copolypeptide
amphiphile poly(L-aspartate)-block-poly(L-leucine) ((Asp)m-b-
(Leu)n) as a versatile molecular scaffold. The hydrophilic
aspartate residues provide multiple coordination sites through
carboxylate groups, while the hydrophobic leucine segment
forms a-helical secondary structures that drive hierarchical self-
assembly. This combination enables both solubilization and
spatial control of metal complexes within well-defined
nanostructures in water.

Oligonuclear metal complexes, as key motifs of catalytic
metal centers, are of particular interest due to their ability to
facilitate electron transfer and metal-metal interactions.??-3!
Among them, the synthetic pentanuclear iron complex
[Fe'sFe",(us-0)(u-L)e]* (Fe5; L = 3,5-bis(pyridyl)pyrazole) (Fig. 1
left) represents an archetypal redox-active cluster.32 This
complex possesses D3 symmetry and a trigonal-bipyramidal
framework, in which three equatorial Fe ions are bridged to two
axial Fe centers through p-oxo and p-hydroxo linkages. Such a
geometry allows flexible valence interconversion between
Fe(ll), Fe(lll), and Fe(lV) states, resulting in efficient
intramolecular electron transfer and high catalytic activity
toward oxygen evolution. The Fe5 complex functions as a
robust and selective oxygen evolution catalyst under
electrochemical conditions, exhibiting a current conversion
efficiency of approximately 90 % and an exceptional turnover
frequency of 1900 s™'. These features make Fe5 an attractive
building block for constructing redox-active supramolecular
systems that mimic natural metalloenzymes.

COOH

m:n=

14 6(1)
163: 9(2)
208:41(3)

[Fe"yFe"(1ug-0)(u-L)g]** (Fe5)
Figure 1. Schematicillustration from crystal structure of Fe5 and
Chemical structure and illustration of Fe pentanuclear complex
[Fe'"sFe"(us-O)(u-L)e]>* (Fe5) and diblock copolypeptide
amphiphiles consisting of aspartate and leucine ((Asp)m-b-(Leu)n
1-3).

Despite these advantages, Fe5 complexes suffer from
inherent limitations such as poor solubility in water and the
formation of racemic mixtures, which hinder their applicability
in aqueous or chiral environments. To address these challenges,
we sought to hybridize Fe5 clusters with amphiphilic diblock
polypeptides that can provide both solubilization and chiral
induction. The aspartate residues are expected to coordinate to
the Fe centers, improving dispersion in agueous media, while
the a-helical leucine segments introduce chiral asymmetry and
guide the supramolecular organization of the complex.

2| J. Name., 2012, 00, 1-3

In this study, we report the design of a multicompgnent selfs
assembling system comprising hydroph@Bicl F&% Fistérs 33Aad
(Asp)m-b-(Leu)n diblock copolypeptide amphiphiles (Fig. 1 right).
This molecular architecture allows the spatial arrangement of
Fe5 complex within the peptide matrix, enabling modulation of
their redox behavior and the formation of hierarchical
nanostructures in aqueous environments. The resulting self-
assembled hybrid materials exhibit tunable redox properties
and chiral organization, offering a new strategy for developing
supramolecular metalloprotein  mimetics that integrate
catalytic activity, chirality, and aqueous processability.

Experimental

The polypeptides, Fe5 complexes, hybrid assemblies, and all
reagents used in this study were prepared according to
previously reported methods, as described in earlier
publications (refer to the Supporting Information for details;
Fig. S1-S7 and Table S1). 'H NMR spectra were acquired using
an ESC 400 (JEOL Ltd. Tokyo, Japan). FT-IR measurements were
obtained on a Spectrum 65 FT-IR (PerkinElmer, Inc., Waltham,
MA, USA). Gel permeation chromatography/light scattering
(GPC/LS) was performed at 60 °C using a Shimazu LC solution
GPC system incorporating a RID-10A differential refractometer
detector and a CBM-20A pump/controller (Shimadzu Co., Ltd.
Kyoto, Japan). Separations were achieved using 105, 10® A, and
500 A Phenomenex Phenogel 5 pm columns with 0.1 M LiBr in
DMF as the eluent and sample concentrations of 1 mg/mL.
Pyrogen-free deionized water was obtained from Direct-Q3-UV
(Merck KGaA, Darmstadt, Germany) purification units.
Transmission electron microscopy (TEM) was performed using
a Titan Themis 200 (Thermo Fisher Scientific Co. Ltd., Waltham,
MA, USA) operating at 200 kV. TEM samples were prepared by
transferring the surface layers of solutions to carbon-coated
grids (Okenshoji Co., Ltd., Tokyo, Japan). Scanning electron
microscopy (SEM) was carried out with an ERA-600 microscopy
(Elionix Inc. Tokyo, Japan). operating at 20 kV. Scanning electron
microscope samples were prepared by transferring the surface
layers of dispersions to Cu plate. DLS measurements were
acquired using an DLS-6000 with He-Ne laser (Otsuka
Electronics Co., Ltd. Osaka, Japan). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) data were obtained
with an iCAP 7400 instrument (Thermo Fisher Scientific Co. Ltd.,
Waltham, MA, USA). UV-visible spectra were obtained using RF-
2500PC spectrophotometer (Shimadzu Co., Ltd., Kyoto, Japan).
Circular dichroism (CD) spectra were recorded on a J-820
spectropolarimeter (JASCO Corp., Tokyo, Japan) using a 0.1 mm
pathlength quartz cylindrical cell. The measurements were
performed with a bandwidth of 1.0 nm and a scan speed of 200
nm min~'. An CV-50W potentiostat analyzer (ALS Co. Ltd.,
Tokyo, Japan) was used for the electrochemical measurements,
which were carried out at room temperature in a three-
electrode cell. A glassy carbon (GC) rod (diameter 3 mm,
geometric area 0.071 cm2) implanted in polyether ether ketone
(PEEK) was purchased from BSM. The GC electrode was used as
the working electrode, and a Pt wire and an Ag/AgCl (KCI

This journal is © The Royal Society of Chemistry 20xx
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saturated) electrode were used as the counter and reference
electrodes, respectively. The electrode was immersed in
dispersion of [Fe5] = 0.1 mM in 0.5 M KCl aqueous solution, and
cycled several times between a potential of —0.40 and 1.10 V
until a steadystate voltammogram was reached.

Results and discussion
Preparation of hybrids.

The hybrid Fe5 complex/diblock copolypeptide amphiphiles
were prepared at a metal complex concentration of 0.1 mM.
The pentanuclear Fe complex and each anionic diblock
copolypeptide amphiphile were first measured separately in
sample tubes to achieve a 3:10 molar ratio of the Fe5 complex
to aspartic acid residues. To prepare the aqueous polymer
solution, 10 mL of deionized water was added to the tube
containing the anionic diblock copolypeptide amphiphile. This
polymer solution was then transferred to the tube containing
the Fe5 complex under gentle stirring to form hybrid samples
1-3. The resulting mixtures were purified by dialysis to remove
any unreacted or undissolved species. The dialyzed solutions
were subsequently lyophilized, and the obtained solids were
redissolved in 2 mL of water to afford aqueous solutions of the
hybrids (1: Aspmna-b-Leus, 2: Aspiss-b-Leus, and 3: Asp,os-b-
Leuar). All prepared hybrids (1-3/Fe5) were systematically
characterized by elemental analysis and ICP-OES measurements
(see Supplementary Information, and Table S2). These analyses
confirmed that the hybrids were formed with an Asp-to-Fe5
molar ratio of precisely 10:3, consistent with the intended
composition. The well-defined and reproducible Fe contents
indicate that the Fe5 complexes are incorporated into the
diblock copolypeptide matrices without undergoing significant
structural degradation or fragmentation during hybrid
formation. The molecular integrity of the Fe5 complex within
the hybrids is further corroborated in subsequent sections by
UV-vis absorption and circular dichroism (CD) spectroscopy
following the discussion of the nanostructures, and their
electrochemical properties are examined in detail later by cyclic
voltammetry (CV).

For each hybrid (1-3)/Fe5 sample, the pH of the aqueous
solution was adjusted to 4, 7, or 10 using 0.1 M NaOH or 0.1 M
HCI solutions. In all cases, the resulting aqueous solutions
exhibited slight turbidity, suggesting the formation of colloidal
supramolecular assemblies. Further characterization of these
assemblies by electron microscopy and dynamic light scattering
is described in the following sections.

Structural characterization of hybrids.

Transmission electron microscopy (TEM) images of the pH-
dependent aqueous samples of the complexes are shown in Fig.
2. In 1/Fe5, sheet-like aggregated structures several
micrometers in width were observed (Fig. 2a—c). At pH 4 (Fig.
2a) and pH 7 (Fig. 2b), vesicle-like domains with diameters of
approximately 100 nm were found within these sheets,
whereas at pH 10, the sheets exhibited several internal vesicular
structures (Fig. 2c). Similar morphological trends were observed

This journal is © The Royal Society of Chemistry 20xx
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for 2/Fe5 (Fig. 2d—f). In contrast, 3/Fe5 showed 3a,sjgnificently
higher abundance of vesicle-like structurB&at pH 29(Fig"2g)3ad
pH 7 (Fig. 2h). Particularly at these pH values, vesicles with
diameters around 500 nm aggregated to form continuous film-
like assemblies. At pH 10, irregular polymer film structures
several micrometers in size were observed (Fig. 2i).

Figure 2. TEM image for hybrids of (a) 1 /Fe5 at pH 4, (b) 1 /Fe5
at pH 7, (c) 1 /Fe5 at pH 10, (d) 2 /Fe5 at pH 4, (e) 2 /Fe5 at pH
7, (f) 2 /Fe5 at pH 10, (g) 3 /Fe5 at pH 4, (h) 3 /Fe5 at pH 7, (i) 3
/Fe5 at pH 10, where [Fe complex] =0.1 mM.

Among the hybrids, 3/Fe5 displayed vesicle- and sheet-like
morphologies with greater rigidity compared to 1/Fe5 and
2/Fe5. This enhanced stiffness is likely attributed to the longer
hydrophilic Asp and hydrophobic Leu segments, which promote
both intermolecular and hydrophobic interactions. Owing to
these distinct structural characteristics, a more detailed
examination of 3/Fe5 was conducted (Fig. 3). At pH 4,
multilamellar vesicles exhibiting a lamellar pattern with layer
thicknesses of approximately 30—50 nm and interlayer spacings
of about 3 nm were observed (Fig. 3a). X-ray crystallographic
data of the Fes complex indicate a lattice constant of 30 A (3.0
nm) along the c-axis, 32 suggesting that the peptide assemblies
encapsulate the metal complexes to form multilayered vesicle-
like structures. Based on the chain length of peptide 3, a B-sheet
in the all-trans conformation would extend to ~40 nm, while an
a-helix would measure ~26 nm, implying that a single peptide
molecular layer can incorporate multiple layers of metal
complexes (discussed later). With increasing pH (Fig. 3b, c), the
lamellar order became progressively disordered, leading to the
formation of sheet-like films as the interlayer spacing
diminished and eventually disappeared. These results indicate
that protonation and deprotonation of aspartic acid residues
modulate the coordination environment of Fe5 complexes,
driving a morphological transition from vesicle-like to sheet-like
structures.

J. Name., 2013, 00, 1-3 | 3
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Scanning electron microscopy (SEM) images ofthe,freezes
dried samples are shown in Fig. S8. @ahsister DAt 1TEM
observations, all hybrids exhibited sheet-like aggregates
ranging from a few to several tens of micrometers in size. For
1/Fe5 and 2/Fe5, fragmented sheet-like structures were
predominant at pH 4 (Fig. S8a, S8d), whereas smoother, more
continuous sheets were observed as the pH increased (Fig. S8).
In 3/Fe5, granular structures coalesced into larger, smoother
sheets at higher pH, corroborating the vesicle-to-sheet
transformation observed in TEM.Further elemental mapping by
scanning transmission electron microscopy coupled with
energy-dispersive X-ray spectroscopy (STEM—EDS) revealed
that the sheet-like structures contained substantial amounts of
carbon (C), nitrogen (N), and oxygen (O) from the peptide
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Figure 4. DLS measurement for hybrids of (a) 1 /Fe5, (b) 2 /Fe5,

and (c) 3 /Fe5, prepared by the samples at different pH, where

[Fe complex] =0.1 mM.

Figure 3. HR-TEM image for hybrids of (a) 3 /Fe5 at pH 4, (b) 3
/Fe5 at pH 7, (c) 3 /Fe5 at pH 10, where [Fe complex] =0.1 mM.
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Table 1. Maximum and Average Sizes in Volume-Based Size
Distributions Obtained from Dynamic Light Scattering in Fig. 4

pH Peak /nm Average /nm
1 /Fe5 pH4 230 245

pH7 225 284

pH10 241 520
2 [Fe5 pH4 149 184

pH7 175 325

pH10 121, 893 1345
3 /Fe5 pH4 251 314

pH7 236 297

pH10 223,9543 6352

The size distribution of the aqueous microstructures was
further examined by dynamic light scattering (DLS) at room
temperature (Fig. 4, Table 1). The pH 4 samples exhibited
monodisperse distributions with hydrodynamic diameters of
150-250 nm, corresponding well to the vesicular structures
observed in TEM. As the pH increased to 7 and 10 for 2/Fe5 and
3/Fe5, the DLS profiles gradually shifted from monodisperse to
polydisperse, with larger structures up to several micrometers
detected at pH 10. These results strongly support the formation
of micrometer-scale sheet-like aggregates in aqueous media,
consistent with the morphological evolution observed by
electron microscopy.

Physicochemical Properties of hybrids.

The UV-vis spectra of the hybrids exhibited distinct
responses to pH variation (Fig. 5). For 1/Fe5, absorption peaks
were observed at 200-300 nm and 350-550 nm (Fig. 5a). The
Fe5(BF4)3 complex is known to show four characteristic spectral
stages corresponding to oxidation from the Sp to S, states.32 In
the So state, a strong band appears around 400 nm, attributed
to the metal-to-ligand charge transfer (MLCT) transition of the
low-spin Fe(ll) ion. In the hybrid 1/Fe5, little spectral change
was detected upon pH variation, suggesting limited redox
flexibility.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. UV-vis spectra for hybrids of (a) 1 /Fe5, (b) 2 /Fe5, and
(c) 3 /Fe5, prepared by the samples at different pH, where [Fe
complex] =0.1 mM.

In contrast, 2/Fe5 exhibited a gradual decrease in absorbance
near 400 nm, with an isosbestic point at 558 nm (Fig. 5b),
indicating a pH-dependent equilibrium between redox states.
The changes were more pronounced for 3/Fe5 (Fig. 5c), where
the 400 nm band—prominent at pH 7 and 10—almost
disappeared at pH 4. During oxidation from So to S;, small
spectral shifts indicated oxidation of the high-spin Fe(ll) site,
while the transition from S; to S, caused the 400 nm band to
vanish, reflecting the predominance of Fe(lll).32 These results
clearly demonstrate pH-dependent oxidation behavior.
Morphological observations revealed vesicle-like structures
forming at lower pH, suggesting that such assemblies provide a
favorable microenvironment for oxidation in aqueous media.
This effect was particularly evident for 3/Fe5, where both pH
variation and morphological transformation accelerated
oxidation.
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Figure 6. CD spectra for hybrid of (a) 1 /Fe5, (b) 2 /Fe5, and (c)
3 /Fe5, prepared by the samples at different pH, where [Fe
complex] =0.1 mM. CD spectra over a broader range (190-900
nm, (d) 1 /Fe5, (e) 2 /Fe5, and (f) 3 /Fe5) show a slight induced
circular dichro-ism (ICD) around 500 nm for 2/Fe5 and 3/Fe5 at
pH 4.

‘Wavelength /nm

The circular dichroism (CD) spectra provided insights into
peptide secondary structures and their relationship to
morphology (Fig. 6). For 1/Fe5, a positive Cotton effect around
190-200 nm—characteristic of B-sheet conformations33-36—
was observed at pH 4 (Fig. 6a). As pH increased, this signal
diminished, consistent with a transition toward random coil
structures. For 2/Fe5 and 3/Fe5, a positive Cotton effect near
195 nm and a negative one near 205 nm were observed at pH 4
(Figs. 6b, 6c), indicating a-helical characteristics.374° With
increasing pH, the negative band intensified, implying a gradual

loss of a-helicity and the emergence of random coil components.

Correlating these findings with morphological observations
suggests that vesicle-like structures are associated primarily
with a-helical conformations, whereas sheet-like aggregates
correspond to random coil and B-sheet structures. In the
extended CD spectra (190-900 nm), weak induced circular
dichroism (ICD) bands appeared around 500 nm for 2/Fe5 and
3/Fe5 at pH 4 (Figs. 6e, 6f). These ICD signals likely originate
from exciton coupling between the chiral peptide environment
and the metal complex, implying strong peptide—metal
interactions under acidic conditions that may promote vesicle
formation and enhance redox activity.
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Cyclic voltammetry (CV) measurements were conducted in
0.1 M NaClO4 aqueous solution at a scan rate of 10 mV s™ (Fig.
7). Because the pentanuclear Fe5 complex is insoluble in water,
its intrinsic redox properties have been established primarily in
organic solvents such as acetonitrile, where three reversible
redox couples are observed at approximately 0.13, 0.30, and
0.68 V vs. Fc/Fc*. These redox processes are assigned to
successive one-electron transitions of the intact Fe5 core,
namely Fe' ;Fe'; 2 Fe''sFely, Fe''sFe'l; 2 Fe'';Fe's, and Fe'';Fe'''s
2 Fe''1Fe'y, respectively.3? In the present aqueous peptide—Fe5
hybrid systems, oxidation waves at potentials close to these
characteristic values were observed, particularly under acidic
conditions (pH 4), indicating that the multinuclear Fes
framework remains intact after hybrid formation. Importantly,
UV—vis absorption spectra of all hybrids exhibited nearly
identical absorbance intensities and spectral profiles
corresponding to the Fe5 complex, irrespective of peptide
composition or pH conditions. This observation strongly
supports that the Fe5 complexes are not decomposed or
leached from the assemblies in water, but are preserved within
the peptide matrix in comparable concentrations across all
hybrid systems.

The electrochemical response, however, showed a
pronounced dependence on supramolecular morphology.
Among the hybrids, 3/Fe5 displayed markedly enhanced redox

This journal is © The Royal Society of Chemistry 20xx
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currents, particularly at pH 4, whereas 1/Fe5 and 2/Fe5
exhibited smaller and less pH-dependent currents. TEM and
STEM analyses revealed that 3/Fe5 forms multilayered vesicle-
like assemblies under acidic conditions, while the other hybrids
tend to form more compact or fragmented sheet-like structures.
These multilayered vesicles are expected to provide
interconnected aqueous domains and ion-permeable pathways,
allowing water molecules and electrolyte ions to access the
embedded Fe5 complexes more efficiently.

Rather than being completely buried within a dense peptide
matrix, the Fe5 complexes in 3/Fe5 are likely distributed along
hydrated interlayers or near internal aqueous interfaces of the
multilayer vesicles, enabling smooth ion exchange and electron
transfer at the electrode interface. In contrast, in 1/Fe5 and
2/Fe5, stronger confinement within less hydrated peptide
domains likely limits electronic communication and suppresses
the observed current intensities. Regarding the potential
degradation of peptide structures under oxidative conditions,
the observed stability of the UV—vis and CD spectral features,
together with the reproducibility of CV responses across
repeated scans, indicates that the diblock copolypeptide
framework remains structurally stable within the investigated
potential window. Moreover, the amphiphilic nature of the
diblock copolypeptides enables dynamic yet robust self-
assembly, allowing local structural rearrangements without
catastrophic degradation, even under electrochemically active
conditions. These results demonstrate that the redox activity of
the Fe5 complex in water is governed not only by its intrinsic
electronic structure but also by the supramolecular architecture
of the peptide assembly. In particular, the multilayered vesicle-
like structures formed by 3/Fe5 at pH 4 provide a favorable
microenvironment that balances structural stability, water
accessibility, and electronic communication, thereby enabling
smoother electrochemical activation of the intact Fe5 complex
in aqueous media.

Combined UV-vis, CV, and DLS results suggest molecular
alignment of the metal complexes within the polypeptide
framework. TEM observations revealed vesicular
nanostructures with organized Fes arrangements, indicating
that peptide—metal interactions dictate supramolecular
ordering. The Fe5 cluster’s oxidation states are highly sensitive
to environmental conditions, suggesting adaptable 1D or 2D
packing arrangements. Elemental analysis confirmed that the
optimal hybrid composition corresponds to a 3:10 ratio of Fe5
complex to diblock copolypeptide amphiphile, which maximizes
solubility and promotes stable self-assembly. Crystallographic
analysis indicates that Fe5 complexes form compact 1D chains
along the c-axis with loose intermolecular packing (~30 A
spacing), consistent with the periodicity of carboxyl groups in B-
sheeted, or random coiled poly(L-aspartic acid), as predicted by
AlphaFold2 and confirmed via PyMOL simulations (Fig. $12). 4!
42 These results support the hypothesis that the Fe5—peptide
interactions arise from a delicate balance between B-sheet-rich
amphiphilic polypeptides and the flexible Fe5 clusters. The
lengths of the poly(L-aspartic acid) and poly(L-leucine) blocks
play critical roles in determining the nanoscale structure and
redox properties of the hybrids. Variations in block length

This journal is © The Royal Society of Chemistry 20xx
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modulate metal-peptide interactions, ion-transpogt, agtivatiop
energies, and overall electrochemical bekavisr FRErefbid 3the
redox activity of the Fe5 cluster complexes is governed by
peptide-mediated self-assembly dynamics, which control
structural phase transitions and electron transfer within the Fe5
network. (Fig. 8)

a) b)

Poly-Asp Fe5 complex
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ey i = Ja 2}
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Multilayer vesicle
Figure 8. Hierarchical schematicillustration of the self-assembly
of diblock copolypeptide amphiphiles 3 /Fe5, showing how
diblock copolypeptide amphiphiles with Fe pentanuclear
complexes (a) form a vesicular-like structure (b).

Conclusions

In this study, we successfully demonstrated the aqueous self-
assembly of a redox-active pentanuclear iron complex (Fe5),
known for its high catalytic stability in oxygen evolution, with
amphiphilic diblock copolypeptides composed of aspartic acid
and leucine. The resulting hybrid system enabled the formation
of well-organized supramolecular architectures in water—
ranging from vesicle-like to sheet-like structures—whose
morphology and oxidation state were both tunable by pH.

The Fe5 complex, possessing multiple accessible oxidation
states, efficiently incorporated into peptide-based
assemblies, overcoming its intrinsic water insolubility and
racemic nature. Structural analyses by TEM, SEM, and DLS
revealed that at lower pH, multilayered vesicle-like
morphologies were predominant, whereas at higher pH, these
transformed into extended sheet-like aggregates. These
morphological transitions were closely correlated with the Fe
oxidation state and the redox response observed in UV—-vis and
cyclic voltammetry measurements.

Furthermore, circular dichroism spectroscopy indicated that
a-helical peptide conformations favored vesicle formation,
while random coil and B-sheet structures corresponded to
sheet-like assemblies. These findings suggest that pH-
dependent protonation of aspartic acid residues modulates
peptide—metal thereby both

was

interactions, controlling
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supramolecular morphology and redox behavior. The length
and hydrophobic balance of the diblock copolypeptide
segments were also found to be key parameters in tuning
aggregation, redox activity, and structural organization.

Overall, the present study demonstrates that hybridization of
diblock polypeptide amphiphiles with redox-active multinuclear
metal complexes enables precise structural and electronic
control in aqueous environments. This approach provides a
promising design strategy for constructing artificial
metalloprotein-like systems, where cooperative peptide—metal
interactions may facilitate water oxidation and electron
transfer. Further optimization of water molecule transport
within the peptide matrix is expected to advance this system
toward biomimetic catalysts capable of enhancing
electrocatalytic oxygen evolution efficiency.
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