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ARTICLE INFO ABSTRACT

Keywords: Nature offers a boundless source of inspiration for designing bio-inspired technologies and advanced materials.
Protein-based materials Cephalopods, including octopuses, squids, and cuttlefish, exhibit remarkable biological adaptations, such as
Cephalopods dynamic camouflage for predator evasion and communication, as well as robust prey-capturing tools, including
Reflectins . . . .

T . beaks and sucker-ring teeth that operate under extreme mechanical stresses in aqueous environments. Central to
Histidine-binding proteins . i X A i .
Suckerins these remarkable traits are structural proteins that serve as versatile polymeric materials. From a materials

science perspective, proteins present unique opportunities due to their genetically encoded sequences, enabling
access to a diversity of sequences and precise control over polymer composition and properties. This intrinsic
programmability allows scalable, environmentally sustainable production through recombinant biotechnology,
in contrast to petroleum-derived polymers. This review highlights recent advances in understanding cephalopod-
specific proteins, emphasizing their potential for creating next-generation bioengineered materials and driving

sustainable innovation in biomaterials science.

1. Introduction

From a materials science perspective, proteins — in particular struc-
tural proteins - can be seen as extremely interesting biopolymers
composed by well-defined amino acid sequences controlled at the ge-
netic level by a bottom-up approach. Thus, the final polymer composi-
tion and functional properties are genetically encoded, which represents
an enormous advantage in terms of materials design. Host cells translate
this genetic code in vivo into a polymeric protein sequence using a car-
bon source, enabling the production of desired biopolymers through
recombinant, scalable biotechnological methods, which offer significant
environmental benefits. In addition, protein biopolymers can be pro-
cessed under mild conditions (usually taking advantage of their intrinsic
self-assembling mechanisms) into a variety of structural and functional
biodegradable materials. Thus, several biotech companies are currently
producing recombinant structural proteins with applications in textiles,
medicine and cosmetic applications. A recent in-depth review from
Miserez and co-authors covers aspects related to the molecular design

and artificial production of protein-based biological materials [1].
Observing Nature is a source of inspiration to design and engineer
advanced functional materials and develop bio-inspired technologies.
Cephalopods, including octopuses, squids, and cuttlefish, are fascinating
animals with peculiar properties. One of the most astonishing features is
their camouflage ability, by modulating their colour and texture as a
mechanism to hide from predators and to communicate [2]. Another
interesting observation is that cephalopods are ferocious predators
containing extremely strong beaks and sucker ring teeth with unprece-
dented robustness and flexibility, working under elevated shearing and
compressive forces in aqueous environments [3]. It is fascinating that
three cephalopod-specific families of proteins serve as the foundation for
these materials, enabling a remarkable range of light-manipulating
properties and prey-capturing abilities. Here, we focus our attention
on these three protein families: reflectins involved in light manipulation
and camouflage found typically in the skin, histidine-binding proteins
found in beaks, and suckerins which are the sole components of
sucker-ring teeth (Fig. 1). Reflectins are intrinsically disordered proteins
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(IDPs) that self-assemble into aggregated nanostructures that further
organize into platelets and beads. In vitro, reflectin-based materials have
shown light modulating properties and proton conductivity, with ap-
plications ranging from electronics to tissue engineering. In the beak,
histidine-binding proteins (HBPs) form coacervates that infiltrate the
chitin-fiber network and provide hardness to the whole structure. HBPs
and derived peptides, with their ability to form coacervates, have been
explored as efficient delivery systems, rivalling with existing
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commercially available vehicles. In the sucker ring teeth, suckerin pro-
teins self-assemble into robust supramolecular structures that form a
semicrystalline polymer, reinforced by nano-confined p-sheets, resulting
in a network with mechanical properties comparable with those of the
strongest engineered polymers. Suckerin-based materials present inter-
esting properties, such as glass-to-rubber transition, antibacterial ac-
tivity, conductive properties, and modulated toughness, giving rise to a
wide variety of applications.

Reflectins
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Fig. 1. Structural and functional insights of cephalopod proteins, their biotechnological production and processing into biomaterials. (A) Cephalopod proteins and
their structural features. Reflectins, found in leucophores and iridophores, are important for light reflection and structural coloration. Histidine-rich beak proteins,
present in squid beaks, feature Ala-rich, His-rich, and Gly/His-rich motifs that contribute to mechanical strength and rigidity. Squid ring teeth (SRT) proteins, located
in the suction cup, contain His-rich (M1) and Gly-rich (M2) motifs, providing toughness and elasticity. (B) Biotechnological production workflow for cephalopod
proteins. Genes coding for wild-type or engineered protein sequences are cloned into DNA expression vectors, transformed into bacterial hosts, and expressed in
nutrient-rich media. The resulting proteins are purified and processed into functional materials. Created in BioRender. Roque, C. (2025) https://BioRender.

com/r11f005.
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This review explores the biological roles of reflectins, HBPs, and
suckerins, emphasizing both wild-type and engineered proteins, as well
as derived peptides, along with their structure-function relationships.
We will discuss how these sequences are processed into advanced
functional materials, their applications, and the future potential of en-
gineering cephalopod proteins for materials science.

2. Reflectins and inspired materials
2.1. The biological context of reflectins

Cephalopods present an extraordinary dermal architecture that plays
a crucial role in their ability to manipulate light and rapidly adjust their
coloration [4]. The dermal layer of cephalopods has three main types of
specialized organs and cells: chromatophores, iridophores, and leuco-
phores as depicted in Fig. 2A. The synergy between these three layers
enables remarkable dynamic coloration through light absorption,
transmission, and reflection. As a result, cephalopods can change their
patterns and tune structural color across a wide spectrum of visible light
[5-8].

The top layer of cephalopod skin contains thousands of absorptive
chromatophore organs that are filled with pigment granules of red,
yellow, and brown colors. These chromatophores are connected to the
radial muscles that, through their contraction and dilatation, control the
exposure to the incident light area of the pigmented sac [5,6]. Beneath
the chromatophores, there are two layers of light-reflecting cells: iri-
dophores and leucophores. Differently from chromatophores that pro-
duce structural color due to the presence of pigments, iridophores and
leucophores manipulate incident light through higher-order assemblies.
Both types of cells contain protein-based insoluble moieties (e.g.

Skin tissue
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platelets or beads) with a higher refractive index in comparison to the
refractive index of the surrounding cellular structures [7,9,10]. These
insoluble structures are primarily composed of proteins from the unique
family of cephalopod-proteins known as reflectins, that self-assemble
into such remarkable architectures [9].

Inside iridophores, reflectins form multilayer structures of insoluble
protein-based platelets alternated with the extracellular matrix [11].
The high concentration of reflectins in the platelets (estimated at 380
mg/mL [11] and about 18 % of the total dry weight of the dermal iri-
docytes [12]) contributes to a higher refractive index (1.44-1.51) in
comparison to the extracellular space (1.35 + 0.03) [13]. Such periodic
arrangements create a natural Bragg reflector that, through thin-film
interference phenomena, can create the iridescence colors of the entire
visible spectra [14,15]. Cephalopods tune their structural coloration
through the variation of the platelets thickness and the distance between
them, through a process mediated by the neurotransmitter Acetylcho-
line (ACh) [12,16]. The release of ACh activates the enzymes responsible
for the site-specific phosphorylation of reflectins [12] (tyrosine, serine
and histidine side chains) and causes the neutralization of reflectins
positive charge [11,16]. As a consequence, charge repulsion between
reflectin particles decreases, leading to condensation [11,15], that
causes a shrinking of the protein platelets and reduction of the distance
between them, thus altering the thickness of the Bragg reflector layers
and the specular reflection of the incident light with different wave-
lengths and intensities.

Regarding leucophores, reflectins are one of the constituents found
within spherical microparticles (leucosomes) that constitute leuco-
phores [10]. The random distribution of polydisperse leucosomes in-
duces the scattered reflection of the incident light in all directions in an
angle-independent manner. Leucophores dynamically control the
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Fig. 2. Illustration of the cephalopod skin structure and reflectin self-assembly. (A) Cross-sectional schematic of the dermal layer, highlighting chromatophores with
pigment granules, followed by iridophores and leucophores, which enable dynamic camouflage. B) Depiction of the hierarchical self-assembly of reflectin proteins,
where charge interactions regulate the transition from monomers (~4 nm) to nanoparticles (~20 nm) and ultimately into higher-order structures (<1000 nm). Under
physiological conditions (pH ~7.0), Coulombic repulsions keep monomers dispersed, while charge neutralization reduces repulsion, allowing attractive forces to

drive self-organization into structured assemblies.
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transparency of the cephalopods and function as white Lambertian
surfaces, exhibiting broad-band reflectance and light diffusion [6,10,
13].

Besides cephalopods’ skin tissue, reflectin-based platelets can be
found in reflective tissues of the eye and light organ reflector (LOR)
where they are also arranged in insoluble platelets [17,18]. More
recently, reflectins were also identified as a structural constituent within
pigment granules of chromatophores in Sepia officinalis [19]. It is sug-
gested that their presence in chromatophores enhances the optical
properties of their granules contributing to the animals’ rapid
adaptation.

2.2. Reflectins organization and assembly
Reflectins are intrinsically disordered proteins (IDPs) which can be

organized in two types — canonical and non-canonical sequences.
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Overall, reflectin sequences present a deficiency in bulky hydrophobic
amino acids (<2.0 %), such as leucine, isoleucine, and valine, which are
essential for forming compact folds and stable canonical secondary
structures. On the other hand, reflectins are notably abundant in
charged amino acids (>35 %), that increase the disorder conformation
due to strong intrachain electrostatic repulsions. There is also a high
content of methionine, arginine and tyrosine residues, important to
establish weak inter- and intra-chain interactions involved in the self-
assembly process. Furthermore, the substantial presence of highly
polarizable residues, including phenylalanine, histidine, methionine,
tyrosine, arginine, and tryptophan, contributes significantly to a high
refractive of reflectin-based structures (dn/dc) [20].

So far, canonical sequences have been the most widely studied, and
the typical modular sequence comprises several conserved Repeating
Motifs (RMs: MDX5(MDXs)nMDX3.4, where X =S, Y, Q, W, H, R) and a
highly conserved N-terminal domain (N-term: MEPMSRMTMDFQ/
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Fig. 3. Overview of the pathway from natural reflectins to functional materials. Reflectins derived from squids and cuttlefishes are categorized into wild-type and
engineered sequences, including variants, e.g. RefCBA, Ref(2C)4, and DpRA1 with specific mutations. These proteins undergo various processing techniques to form

diverse materials.
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HGRY/LMDSQGRM/IVDP), all connected by linkers as shown in
Figs. 1A and 3. Linkers are much more variable in composition and
length in comparison to RMs and show a cationic nature since they are
enriched in arginine and histidine residues.

The capacity of reflectin nanoparticles to self-assemble is one of the
secrets to both their ability to organize into higher-order structures in
biological systems and their capacity to form advanced functional ma-
terials. The exact in vivo mechanism by which the formation of reflectin-
based ultrastructures remains unknown up to the present day. None-
theless, the combination of in vitro and in silico studies have been
contributing to understand reflectins self-assembly mechanism and to
understand how it can be reconfigured in vitro, as further explained.

Levenson and colleagues used full-length reflectins (A1, A2, B, and C)
from Loligo opalescens and a series of reflectin Al-based mutants, to
study how self-assembly varies upon modification of proteins’ net
charge as a surrogate of phosphorylation [21,22]. The authors corre-
lated the net charge density of the cationic linkers and the final size of
the reflectin nanoparticles, with a lower net charge leading to the for-
mation of larger nanoparticles. Moreover, they showed that the driving
force that triggers the structural transition upon charge neutralization is

Table 1
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spatially distributed within the cationic linkers along the protein’s
sequence instead of being confined to a specific position [15,21-23].
These results have been further detailed on a colloidal model of the
pH-modulated self-assembly of reflectin Al and liquid-liquid phase
separation at high pH (LLPS) [24]. Recently, Lychko and co-workers
studied the kinetics of charge-dependent reversible condensation of
reflectin nanostructures, highlighting the effect of protein sequence on
the remarkably fast and steady reversible condensation of reflectin nano
and microstructures as a function of pH [25]. Fig. 2B schematically
represents the hierarchical self-assembly of reflectins, summarizing the
key processes and correlations observed in these studies.

2.3. Reflectin-based materials

Reflectins were first reported in the squid Euprymna scolopes by
Crookes and colleagues in 2004 [9], and since then several advanced
materials and biomimetic technologies arose [15,17,18,26]. Over the
past 20 years, a multitude of reflectin sequences have been isolated from
other species of squids [27-30], cuttlefish [31,32], and octopuses [33],
with a particular emphasis on proteins from squids and cuttlefishes,

Wild-type reflectin sequences used to produce bio-based materials. The table includes the key features of the protein sequences and the resulting materials as well as

potential applications of these materials.

Protein name Species MW pl Key features Applications Ref

/Uniprot ID (kDa)

Reflectin 1a Euprymna ¥36.7 %8.84  Reflectin-based films show reversible color changes Optical & stimuli-responsive: production of [28]
(R1a)/ scolopes with humidity fluctuations. stimuli-responsive photonic biopolymer.

Q6WDN8 Reflectin-based fibers lack crystallinity

Reflectin 1b Euprymna 38.0 8.92 Light scattering changes result from reflectins self- Optical & stimuli-responsive: materials with [47]
(R1b)/ scolopes assembling into micro- and nanoscale structures in stimuli-induced light scattering
Q6WDN7 response to stimuli.

Reflectin A1 Doryteuthis 44.6 9.06 Reflectin-based films exhibit reversible color changesin  Optical & stimuli-responsive: biomimetic [17,
(RA1)/ (Loligo) pealeii response to humidity, mechanical stress, and acidity. chemically and mechanically modulated infrared 34]
D3UA43 camouflage coating.

Reflectin-based films with proton conductivity of ~2.6 ~ Ionic conductors: development of organic and [36,

x 1073 S em ™, a proton transport activation energy of  biological protonic transistors. 41,

~0.2 eV and proton mobility of ~7 x 1073 em? v~! s 45]

Injecting or extracting protons directly into the Bio-base photochromic devices: coloration [26]

reflectin-based layer alters its thickness, leading to changes in response to proton flow.

observable shifts in reflectance spectra and coloration.

R1A films facilitate the adhesion, proliferation, and Effective substrate for the growth and [46]

differentiation of the hNSPCs differentiation of cells.

The introduction of reflectin into human cells affected Optical engineering of mammalian cells: [48,

their optical properties (i.e., refractive index, light incorporation of reflectins into cells to tune their 49]

scattering) optical properties (i.e., refractive index and light
scattering).

Amorphous photonic crystals (APCs) coated with Responsive coatings: coating with reflectin to [44]

reflectin were responsive to the acid stimuli in the NIR  incorporate stimuli-responsive properties.

region.

Reflectin A2/ Doryteuthis 29.1 9.02 RefA2-based materials showed proton conductivity Ionic conductors: development of organic and [38]

D3UA44 (Loligo) pealeii between 4.3 x 10°Scm ! and 7.4 x 1075 S em™! biological protonic transistors
28.3 Inside human cells RA2 creates diverse nanostructures,  Cellular optical engineering: Integrating reflectins ~ [40]
like nanoparticles and ribbon-like forms, maintaining to adjust cell properties like refractive index and
consistent refractive indices across environments. light scattering.
Optical reporters: Monitoring cell events like
growth or division.

Reflectin 1 Sepia officinalis ¥35.6 98.92  All three reflectins self-assemble into higher order Responsive optical coating: coating with reflectin ~ [31]
(R1)/ structures. to incorporate stimuli-responsive properties.
10JGVO Processed reflectins form thin films with structural blue

Reflectin 2 Sepia officinalis ¥31.8 98.60  color that changes with humidity levels.

(R3)/
10JGV1

Reflectin 8 Sepia officinalis ~ V37.6 28.85
(R8)/
10JGV7

Reflectin B1/ Sepioteuthis 30.8 ©8.89  Precise control of the reflectin-based assemblies Optical & stimuli-responsive: reflectin-based [29]
PNA lessoniana through modulation of hydrophobic interactions. coating with tunable structural colors that mimic

Tunable coloration in reflectin-based thin films based
on particle size.

cephalopods’ dynamic camouflage.

@ Indicates that the MW and plI were not reported in the literature and were calculated using the Prot/Param tool on the EXPASy server. As an input, it was used the

sequence reported in the corresponding reference or protein sequence available in the database without the histidine tag.
Y NA - Not available.
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which have been the most studied and explored for biomimetic mate-
rials (Fig. 3). Several research teams use full-length, wild-type as well as
engineered versions of reflectins to produce protein-based materials [17,
28,34,35]. In the next sections, we summarize the works regarding the
processing and use of reflectins (Table 1) and engineered versions
(Table 2) in materials science.

Reflectin proteins and peptides can undergo various treatments using
distinct processing techniques, such as flow-coating [28], spin-coating
[35], drop-casting [36], Langmuir-Schaefer deposition [29], and
blow-spinning [37], resulting on a variety of materials, from single and
multi-layer films, to reflectin nanoparticles monolayers and fibers
(Fig. 3). The resulting materials, more specifically thin-films, show
promising optical and proton conductivity properties [18,38,39] which
are considered to be intrinsic to the unusual primary reflectin sequence
[40,41]. Reflectin-based films displayed responsiveness to applied
physicochemical stimuli, such as solvent vapors (e,g, water and acetic
acid), proton injection/extraction or mechanical stretch [38,42,43].

2.3.1. Materials based on wild type reflectin sequences

Inspired by the natural function of reflectins, Kramer and colleagues
were the first to recombinantly produce a reflectin protein from
Euprymna scolopes. The produced protein was further processed into a
variety of materials such as diffraction gratings, reflectin-based thin
films, and fibers. Notably, thin films exhibited optical properties
reversibly tuned through vapor-induced manipulations as shown in
Fig. 4A [28].

As genetic information from various cephalopod species became
accessible, different reflectin protein sequences were found. Cai et al.
used reflectins from Sepia officinalis (reflectin 1, reflectin 2, and reflectin
8) to recreate in vitro the dynamic and reversible color changes observed
on animal skin. Films with structural white and blue colors that turn
colorless upon film hydration were produced by spin-coating [31].
Similar work was conducted by Wolde-Michael and colleagues, as
full-length reflectin sequences from Euprymna scolopes, Sepia officinalis,
and Doryteuthis pealeii were used to create single-layer thin films with
angle-dependent optical signals over the wide spectrum range
(UV-Vis-NIR) [35]. The authors also described the production of a
biomimetic reflectin-based Bragg reflector, by spin-coating alternative
layers of reflectin and bovine serum albumin (BSA). Due to such periodic
architecture, the obtained films showed lower angle-dependent optical

Table 2
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properties [35].

Recently, a different approach was taken to obtain films with
structural color. Low-polydisperse reflectin nanoparticles were pro-
duced by colloidal chemistry using full-length reflectin B1 from Sepio-
teuthis lessioniana. Here, through hydrophobic interactions modulation,
it was possible to precisely control reflectin nanoparticles size from 170
to 1000 nm. This modulation was achieved by adjusting solvent polarity
which stabilized the hydrophobic regions of reflectin during the self-
assembly process. A monolayer of reflectin nanoparticles with
different dimensions were then immobilised by click chemistry onto
azide-functionalized wafer substrates. The resultant films demonstrate
variable structural colors dependent on the size of the nanoparticles
used (Fig. 4A) [29].

Apart from the applications of reflectin-films for optical phenomena
in the visible range, several examples extended to the development of
biomimetic camouflage coatings within the infrared wavelength range.
Phan and colleagues used reflectin A1 from Doryteuthis pealeii to develop
a dynamic and stimuli-responsive reflectin-based coating whose optical
properties could be tuned between visible and infrared wavelengths
(400-1200 nm) as represented in Fig. 4B [34]. It has been demonstrated
that the films’ thickness varies in response to specific stimuli, such as
acetic acid vapor, undergoing reversible swelling upon exposure to the
vapor [17]. This variation alters the refractive index of the bio-based
material, consequently inducing shifts in light reflectance spec-
tra—shrinking resulting in a blue shift, while swelling leads to redshifts.
Additionally, authors showed that coatings can be equally deposited on
rigid (e.g. a silicon wafer, glass slide) [34] and flexible [17] substrates
(e.g. FET tape) increasing the number of possible reflectins’
applications.

Reflectins’ capacity for stimuli-responsiveness has valuable appli-
cations in the sensing field and can be combined with other types of
materials. Thus, Wang et al. used full-length reflectin A1 from Dor-
yteuthis pealeii to coat inorganic particles, recognized for their role as
photonic crystals. Their study revealed that films comprising these
reflectin-coated particles exhibited enhanced and reversible respon-
siveness to acidic environments. This responsiveness was characterized
by notable shifts observed in the reflectance spectra [44].

In addition to optical characteristics, reflectin-based materials
exhibit impressive electrical properties, particularly in terms of proton
conductivity, comparable with non-protein biomolecules [38,43,45].

Engineered reflectin sequences and reflectin-based peptide sequences used for production of bio-based materials. The table includes the key features of the protein
sequences and the resulting materials as well as potential applications of these materials.

Protein name Species MW (kDa) pl Key features Applications Ref
Reflectin 1A Doryteuthis 43.0 %9.06 Proton conductivity of reflectin-based materials can Ionic conductors: development of [36]
(Loligo) pealeii (DE—-A) (WT) be modulated through variation of the amount of organic and biological protonic
44.6 polar charged residues. transistors with tunable conductivity.
(Random)
RefCBA Euprymna scolopes ~14.0 25.07 RefCBA-based films with different thicknesses and Optical & stimuli-responsive: photonic [30]1
structural colors biopolymer that responds to humidity
variations.
Ref (2C)4 Euprymna scolopes 15.7 7.87 Minimal region of reflectin sequences that can Optical: materials with stimuli-induced [471
recapitulate the light scattering properties observed light scattering
in thin films of the full-length protein.
8.89 Ref(2C)4-based device showed proton conductivities ~ Long-range ionic conductors: [39]
with values of ~0.4 mS cm™! and sustained proton development of peptide-based protonic
transport over distances of~1 mm. transistors.

Reflectin A1 Doryteuthis 7.8 5.77 Mechanical agitation alters RfA1TV peptide folding,  Self-Assembly: RfA1TV forms diverse [51]
truncated variant (Loligo) pealeii that directly impacts the architecture of RFA1TV- structures (nanoparticles, fibrils, beads-
(RfA1TV) based higher-order structures and refractive index on-a-noodle) via mechanical agitation.

distribution. Optical properties: Different RFA1TV
architectures exhibit varied refractive
index distributions.
Protopeptide A common motif 0.99 3.7 Protopetide demonstrates the ability to self-assemble  Self-assembly: modulation of fiber [37,
in reflectin into higher-order structures and can be processed assembly through solvent variation 53]
sequences into submicron fibers, hydrogels, and films.

@ Indicates that the MW and pl were not reported in the literature and were calculated using the Prot/Param tool on the EXPASy server. As an input, it was used the
sequence reported in the corresponding reference or protein sequence available in the database without the histidine tag.
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Copyright 2025, John Wiley and Sons. (C) Proton injection/extraction effects on reflectin film thickness and reflectance in a sandwich-like device architecture.
Reproduced with permission [26]. Copyright 2025, John Wiley and Sons. (D) Microscopy images showing adhesion of different mammalian cells on reflectin films.
Reproduced under terms of the CC-BY license [46]. Copyright 2025, Phan et al., published by American Chemical Society. (E) AFM analysis of RfA1TV peptide
assembly under mechanical agitation over time. Reproduced under terms of the CC-BY license [51]. Copyright 2025, Umerani, M et al., published by National
Academy of Sciences. (F) Self-assembled protopeptide-based hydrogels at different pH conditions. Reproduced under terms of the CC-BY license [53]. Copyright
2025, Dias et al., published by Frontiers Media S.A. (G) Engineered reflectin-expressing human cells altering light attenuation under varying NaCl concentrations.
The scale bars are 225 pm. Reproduced under terms of the CC-BY license [49]. Copyright 2025, Chatterjee, A. et al., published by Springer Nature.

Full-length reflectins A1 and A2 (wild-type or histidine-tagged) from
Doryteuthis pealeii were used to fabricate protein-based protonic tran-
sistors with similar properties [38,43]. Research demonstrated that two
key components with significant influence on electrical responses of the
reflectin-based active layer are: environmental humidity conditions and
the electrodes used [36,45]. Consequently, to increase proton conduc-
tivity it is preferable to maintain higher humidity levels to increase the

formation of hydrogen-bonded pathways for proton transport and use
electrodes that facilitate direct proton injection (e.g. palladium hydride
(PdHx)) [26,36,43]. Additionally, Phan et al. showed that through direct
injection or extraction of protons, it is possible to achieve dynamic
variation of optical properties of a reflectin-based active layer [26]. As
highlighted in Fig. 4C these variations manifest as changes in structural
color and shifts in reflectance spectra. Research into the impact of
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protein sequence composition has also uncovered the significant role of
residues featuring carboxylic acid side chains (such as glutamic and
aspartic acids) in modulating protonic conductivity [26]. It has been
postulated that these amino acid residues may serve as proton donors or
facilitate more efficient proton transport. Indeed, studies have demon-
strated that reflectin sequences with higher content of glutamic and
aspartic acids yield materials with higher protonic current density [36].

Besides intriguing electro-optical properties, Phan and colleagues
demonstrated how reflectin films can be used as effective substrate for
the growth of the mammalian cells [46]. As presented in Fig. 4D, authors
verified that films made of recombinant Reflectin 1A (Doryteuthis pealeii)
facilitate cell adhesion after seeding and support their proliferation as
well as differentiation [46].

2.3.2. Materials based on engineered reflectin sequences

Given the modular and repetitive architecture of the reflectins
sequence, there have been several works reporting engineered reflectin
sequences with variable lengths. In 2012, Qin and co-workers designed a
peptide-refCBA (MW = 14 kDa), a simplified version of the full-length
Reflectin 1a from Euprymna scolopes comprising its key conserved mo-
tifs [30]. The peptide was recombinantly produced in the soluble form,
significantly facilitating its purification in comparison to the full-length
proteins, which are expressed in inclusion bodies and require harsh
conditions for purification [50]. Additionally, due to the high refCBA
solubility, water-based peptide solutions were used for film production,
employing both flow-coating and spin-coating techniques. This
approach not only facilitates biomaterial synthesis, but also provides
more sustainable practices. Moreover, despite lower complexity, refCBA
was hierarchically organized during film production and the resultant
films were stimuli-responsive and changed color upon water exposure,
due to thickness variations [30].

In 2017, Dennis et al. identified a small 23 amino acid region in the
sequence of R1b from Euprymna scolopes named 2C, that reproduces the
film characteristics observed in the complete protein [47]. The 4-conca-
temer of this peptide (Ref(2C)4) yielded films that retain the
stimuli-responsive and light-scattering properties observed with the
full-length protein [47]. As a follow-up of this study, in 2021, Xu and
colleagues used the same His-tagged concatemer Ref(2C)4, to produce
two-terminal devices with 4 to 8-fold higher values of bulk proton
conductivity when compared to the full-length protein. Moreover, the
authors showed that using a rationally engineered reflectin polypeptide
enables the production of long-range proton transport (over distances of
~1 mm) [39].

Furthermore, Umerami and colleagues generated a truncated version
of Reflectin A1 from Doryteuthis pealeii (RFA1TV) that comprises the first
repeating motif of the sequence (RM) and its preceding linker region
[51]. Folding variations of RfA1TV were induced by applying mechan-
ical force. As presented in Fig. 4E, upon continuous mechanical agita-
tions, reflectin peptides tend to gain more order and increase the p-sheet
content. These variations in folding were also linked to the diverse
architectural formations from the hierarchical self-assembly of the
peptide (e.g. nanoparticles, beads-on-a-noodle, fibrils) [51].

While investigating the origin of reflectin genes in cephalopods,
Guan and colleagues identified an octapeptide sequence that was pre-
sent not only within reflectin sequences, but also in the genome of the
bacteria Vibrio fischeri [32]. This sequence, called protopeptide, consists
of YMDMSGYQ and according to their studies was transposed from
bacteria to cephalopod likely due to their symbiotic interaction [32,52].
Besides the original sequence, some variants were identified and include
(Y/W/G)MD(M/F)X(G/N)X5, where X represents S, Y, Q, W, H, or R.
Authors further demonstrate that protopetide can hierarchically
self-assemble into well-dispersed nanostructures [32]. More recently,
Dias et al. investigated the original protopeptide sequence (YMDMS-
GYQ) self-assembly and took advantage of this property to produce
peptide-based spun fibers using the solution blow-spinning technique
[37,53]. By varying the solvent type, authors modulate protopeptide
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self-assembly, forming sub-microfibers with different morphology and
variable thickness [37]. In a different study, protopeptide hydrogels
were produced. Through a series of experimental and in silico studies
authors demonstrated that protopeptide chains interact via - stacking
and H-bond interactions mediated by tyrosine. Such interaction led to
the formation of p-sheets and consequently higher order structures, such
as fibrils as demonstrated in Fig. 4F [51].

On a final note, it should be highlighted that reflectins applications
can be further broadened. A recent investigation led by Gorodetsky’s
group has engineered the optical properties of mammalian cells by
introducing the gene encoding for reflectin Al from Doryteuthis pealeii
through transfection [40,48,49]. The combination of the genetically
engineered mammalian cells and microscopy techniques revealed the
effective expression of reflectin within the cells and the formation of
highly polydisperse spheroidal nanoparticles (with a diameter <1000
nm) and irregularly shaped nanostructures (d >200 nm), closely
resembling leucosomes size [40,48,49]. The formed reflectin-based
nanostructures showed a higher refractive index (>1.42) in compari-
son to other cellular components (typically <1.40) [48,54]. Cell expo-
sure to chemical stimuli (100 mM NaCl) causes aggregation of
reflectin-based formations giving rise to larger and more polydisperse
assemblies with higher refractive index (shifting from 1.41 to 1.43 to
1.44-1.46). Consequently, this alteration influenced the transparency of
cells and their light-scattering ability, as demonstrated in Fig. 4G [48,
49]. This study underscores the potential of reflectin-based nano-
structures in cell engineering, paving the way for novel applications in
areas such as bioimaging, biosensing, and optogenetics.

3. Histidine-binding proteins and inspired materials
3.1. The biological context of histidine-binding proteins

Beaks are one of the very few hard parts of cephalopods body used
for hunting and feeding [55]. The squid beak is composed by proteins
(50 %), chitin (15-20 %) and other organic materials (30-35 %) and is
divided in two parts: the wing (base of the beak) and the rostrum (tip).
Among other biological structures, squid beak composition is most
similar to the insect exoskeleton [56]. The beak mechanical properties
are determined by the water content and the chemical crosslinking be-
tween chitin and two proteins: Chitin-binding protein (CBP) and
Histidine-binding protein (HBP) [57,58]. The water, chitin and protein
content vary gradually along the beak which influences their mechanical
properties (Fig. 6A). There is a decrease of hardness and stiffness from
the rostrum to the wing accompanied by a significant increase of water
concentration and chitin content and a decrease in protein quantity [57,
59]. CBPs and HBPs play a distinct and interconnected role in main-
taining the beak structure. CBPs form hydrogen-bonds with chitin,
altering its hydrophobic properties and forming a well-hydrated scaf-
fold. This ensures high flexibility of the attachment point of the beak in
the buccal mass. HBPs mechanically stabilize, infiltrate and strengthen
the beak scaffold while stiffening it due to dehydration caused by HBPs
ability to form coacervates. So, the wing, being the softer region of the
beak, does not present HBPs [57,60]. To date, only the beak proteins of
Humboldt squid (Dosidicus gigas) were explored even though
histidine-rich proteins were found in Doryteuthis pealeii and Euprymna
scolopes [61]. As CBPs are present in other organisms and they have been
widely studied and reviewed [62-64], we will focus our analysis on the
unique histidine-binding proteins of cephalopods and their applications
in materials science.

3.2. Organization and assembly of histidine-binding proteins

Histidine-binding proteins (HBPs) are predominantly hydrophobic
with a high content of glycine, alanine and histidine residues (over 50
%) and with an isoelectric point around 6. Three histidine-rich beak
proteins - HBP1, HBP2 and HBP3 - have been reported so far (Fig. 5)
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[571.

The N-terminal of HBPs is non-repetitive and composed of Gly-, Ala-
and His-rich regions. The length is variable since the number of Ala-rich
regions and the size of His-rich domains present is not constant [57,65].

The C-terminal portion of HBPs is predominately hydrophobic, with
repetitive motifs that may be interspersed by linkers. It usually consists
of two typical pentapeptide sequences: GHGX,Xp, motif and GFA/
GX.GX4A motif. In the GHGX,Xp motif, histidine residues are flanked by
Gly residues where X, is usually a hydrophobic residue, such as proline,
valine or leucine; while, X}, is usually a tyrosine, but it can also be a

histidine. This motif is similar to the hydrophobic repeats rich in glycine
and valine responsible for elastin self-coacervation [57,66]. The most
common variations of the pentapeptides are GHGPY and GHGLY (Fig. 5,
in light blue) [57]. The other typical motif is the GFA/GX.GX4A, where
X, is typically proline or alanine; while, X4 is either phenylalanine or
tyrosine. The presence of this motif, namely the modular peptide GAGFA
or GFA is optional in HBPs sequences. Its absence in HBP-2 suggests that
itsrole is not related with self-coacervation but with f-sheet stabilization
(Fig. 5, in orange) [65,67].

HBPs are IDPs that can partake in LLPS (Fig. 6A) [60,68].
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Coacervation of HPBs starts when there is a change in pH - the depro-
tonation of histidine side chains, namely through the GHGX X} region
[60,65], alters the protein net charge and triggers hydrophobic inter-
molecular interactions controlled by Tyr-Tyr interactions (aromatic
stacking of side chains) leading to coacervate condensation [60]. It has
been found that the pentapeptide GHGLY is particularly important to
LLPS and should be present in 4 consecutive repeats. Alternatively, there
should be at least two repeats of the pentapeptide GHGLY, separated by
a spacer with enough conformational flexibility. This spacer should be
composed of at least three copies of GHGLH/GAGFA or a combination of
the peptides GAGFA/GFA and GHGHL [60,65].

Considering the distinct architecture of HBP-1 and HBP-2 conserved
domains, Cai designed two peptides: (i) pepHBP-1 with HBP-1 residues
G!12 to Y!%° (GHGLY GAGFA GHGLH GFA GHGLY), and (ii) pepHBP-2,
composed by a consensus sequence of 26 amino acids - (GHGXY)sW,
where X can be either valine, proline or leucine - derived from the HBP-2

10

protein.

pepHBP-1, just like the full-length protein, showed a higher G’ (10!
Pa) than pep-HBP-2 (0.1 Pa). These results, adjoined with the CD
spectra, point to the importance of GAGFA and GFA motifs to the for-
mation of p-sheet domains and the enhancement of the physical cross-
linking density in the coacervates [65]. On the other hand, pepHBP-2
presented liquid-like behavior since G’ was smaller than G’’. This pep-
tide presented self-coacervation behavior under pH 8 and 0.5 M ionic
strength (conditions similar to seawater pH and salinity), further
proving the role of the GHGXY repeats to drive beak maturation due to
coacervation [57].

3.3. Soft materials based on histidine-binding peptides and proteins

Peptide-derived from HBPs have been engineered and explored in
applications related to their potential to spontaneously self-condensate
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in aqueous environments and to form coacervates under defined con-
ditions. Table 3 provides a comparative analysis of key features of wild-
type HBP sequences and engineered peptides, as well as reported ap-
plications (also in Fig. 6).

A first study reported pepHBP-2 peptide coacervates in aqueous
buffer conditions, which were used to encapsulate glucose oxidase and
insulin with near 100 % efficiency. In an environment with high con-
centration of glucose, the monosaccharide diffuses into the coacervates.
Glucose is then converted to gluconic acid by the glucose oxidase
creating an acidic environment that triggers the dissociation of the co-
acervates and the consequent release of insulin. The amount of insulin
released is proportional to the glucose concentration in the blood stream
and can be done at least 3 times, with only a portion of insulin being
released at each time. This system presents low toxicity and preserves
the integrity of the cargo but still has some leakage when there is no
glucose present. The authors suggested that this can be minimized by
either mutating some of the amino acids in the peptide or by adjusting
the number of tandem pentapeptides [69].

In a different study, a pepHBP-2 crosslinked coacervate was explored
as a vehicle for liver cancer therapy via thermo-chemotherapy. The
chemotherapeutic drug Doxorubicin and magnetic nanoparticles were
enclosed within the microdroplets formed by the coacervates. These
cytocompatible coacervates are guided to the target cells via an external
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magnetic field. When it is inside the cancerous cells, the drug is released
by applying an external alternating magnetic field, that will be followed
by a rise in temperature that stimulates the disintegration of the co-
acervates leading to a controlled release of the carrier molecules leading
to HepG2 liver cancer cell death. It is worth to notice that there was
some cargo release at physiological temperature, but the majority was
released between 42 °C and 45 °C. Due to the nanoparticles, this system
can be used for both therapy and diagnostics since their magnetic
properties provide means for imaging to monitor the treatment having
real-time assessment of the treatment efficiency. The combination
thermo-chemotherapy treatment was more successful than either
treatment alone [70].

The sequence of pepHBP-2 was further altered by adding a lysine
single point mutation in position 16 (pepHBP-K) which switched the
phase separation pH from 7.5 to 9. Afterwards, a disulfide containing
moiety was added to the new lysine of pepHBP-K to neutralize the
positive charge, increase the total hydrophobicity of the peptide and
triggering redox responsiveness. Finally, an acetyl and a phenyl group
were added to the extremity of the self-immolative moiety so that the
phase separation occurred at a pH lower than 6.5. The modified
pepHBP-K (pepHBP-SR) formed pH and redox-sensitive coacervates
used for cargo release across the cytoplasm. Once inside the cells, the
cargo is released via redox reactions, mainly due to glutathione-

Table 3
Key features and applications of wild-type and engineered Histidine-binding protein and peptide sequences.
Protein name/Uniprot ID Species MW pl Key features Applications Ref.
(kDa)

Wild-type proteins

HBP-1/A0A0G2UMWS8 D. gigas  15.2 6.03 Expressed in the insoluble fraction. High Not described [57,60,
solubility at low pH. Self-coacervate in pH near 65]
physiological but pH window can be broadened
increasing ionic strength. Coacervates present
shear-thinning behavior. Rheology shows gel-
like behavior. Several peptides were engineered
from this sequence to study the pentapeptide
GHGXY ability to phase separate.

HBP-2/A0A0G2UHG9 D. gigas  18.2 6.15 Protein expressed in the insoluble fraction. High ~ Not described [57,65,
solubility at low pH. Self-coacervate pH near 78]
physiological but pH window can be broadened
increasing ionic strength. Coacervates can have a
size of ~1 pm. Coacervates do not appear to have
shear-thinning. Rheology shows gel-like
behavior

HBP-3/A0A0G2UJ03 D. gigas  15.1 6.5 Long Gly-rich repeats Not described [571

Engineered peptides

pepHBP (also referred as D. gigas V2.6 %715  Mostly hydrophobic. Self-coacervation. In Not described [57]

DgHBP-pep) conditions similar to sea water, it is between
precipitation and coacervation.

pepHBP-1 (also referred D. gigas V2.2 9710  Residues G113-Y135 of HBP-1. Rheology shows  Not described [65,79]

as GY23). gel-like behavior. Several variants were made to
study the impact of single mutations in
coacervates viscoelastic properties.

BEAK D. gigas  “5.46 10.6  N-terminal and part of C-terminal of HBP-1 Efficient tag that facilitates proper protein folding [75]

and function and simplifies purification in soluble
fraction of difficult to express proteins
pepHBP-2 (also referred D. gigas 2.8 7.9 5 repeats of the GHGXY and a single C-terminus  Cargo release: insulin; doxorubicin and [65,69,
to as HBpep, DgHBP-2 Trp residue. Rheology shows liquid-like nanomagnetic particles; aggregation-induced 70,74,
peptide and GW26) behavior. High loading capacity. Without cargo,  emission (AIE)-fluorogen; 76]
coacervates can have a size of ~1 pm. Non-
cytotoxic. Good encapsulation efficiency. Several
variants were made
HBpep-SR (also referred D. gigas 2.9 8.37 Lysine conjugated with self-immolative moieties ~ Cargo release: enhanced green fluorescence protein [71-73,
to as HBpep-SP) added to increase coacervation pH. High loading ~ (EGFP); Alexa Fluor 488 (AF)-labelled lysozyme; 76,77,
capacity. Very efficient delivery system when Bovine serum albumin (BSA); R-phycoerythrin 80]

compared with other commercially available.
Protects cargo from degradation. Redox-driven
disassembly. Non cytotoxic. Several variants
were made.

(larger red fluorescence protein (R-PE)); Saporin;
B-galactosidase, mitochondria-derived activator
(Smac, AVPIAQK); proapoptotic domain (PAD,
KLAKLAK KLAKLAK); anticancer peptides (dPMI-5,
MP-189 and MP-950); CRISPR/Cas-9 machinery
(pDNA, mRNA/sgRNA and ribonucleoprotein)

) Indicates that the MW and pI were not reported in the literature and were calculated using the Prot/Param tool on the EXPASy server.
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mediated mechanisms. They have the capacity to efficiently recruit,
carry and release with high efficiency small peptides (726 Da), larger
proteins (430 kDa) and mRNA. It was proven that the mRNA is protected
from RNase activity, opening the possibility of this technology to be used
for mRNA-based therapies and vaccines. It is to note that this system can
also be used as a mean to increase transfection and subsequent gene
editing efficiency due to its ability to encapsulate and transport the
components of the CRISPR/Cas9 system, particularly the Cas9 protein in
its native form, something than the usual vehicles are not as effective
[71-73].

The potential to rationally engineer the sequence of pepHBP-2 was
further studied. Variants of pepHBP-2 were designed bearing the OmpT
recognition site (2 arginine residues) positioned between the GHGXY
pentapeptides. Peptide coacervates were formed in the presence of a
fluorogen which remained encapsulated. The signal emission occurs
when fluorogen molecules aggregate due to proximity at high concen-
trations, and thus it detects LLPS via aggregation induced emission. As
OmpT is an E. coli outer membrane protease, peptide coacervates were
cleaved in the presence of the bacteria, and thus the coacervates were
disassembled and fluorescence altered. This method enabled the detec-
tion of E. coli by naked eye in the presence of UVA light [74].

Another creative application for HBP-derived peptides and their
coacervates was reported considering that the N-terminal domain of
HBPs does not partake in LLPS and might facilitate the expression of the
aggregation-prone C-terminal. Gabryelczyk et al. designed a tag (BEAK-
tag) derived from HBP-1 peptide comprised of the N-terminal and part of
the C-terminal that has a role in coacervate formation. With this tag,
usually difficult to obtain amyloidogenic and hydrophobic peptides
were successfully recombinantly expressed by avoiding early aggrega-
tion of the protein during overexpression. The expression is then done
without undesired chemical modifications and in the soluble fraction
resulting in an inexpensive, fast and high yield procedure. Furthermore,
the formed membraneless organelles further facilitated purification by a
chromatography-free method while preventing premature aggregation
(Fig. 6C) [75].

4. Sucker ring teeth proteins and inspired materials
4.1. The biological context of suckerins

Sucker ring teeth (SRT) are present in the suction cups lining the
tentacles of cephalopods, in particular squids and cuttlefish. Tentacles
are used to strongly hold onto prey through contraction of the sucker
muscles, causing an inward motion of the triangular teeth to pierce
through skin and scales [81,82]. Due to its predatory function, SRT are
exposed to elevated shearing and compressive forces, demanding a
combined degree of mechanical robustness and flexibility [81]. SRT is
quite unique as it only contains proteins in its composition — denomi-
nated Suckerins. SRT exhibits exceptional mechanical properties, with
an elastic modulus, ranging from the tooth core to the periphery be-
tween 4.5 and 7.5 GPa in the dried state and 1.75-2.75 GPa when hy-
drated, respectively [82], to an elevated thermal resistance [83]. These
values are comparable to spider silk fibers, with elastic modulus ranging
from 0.012 to 13.8 GPa (variation depends on the spider species)
[84-86].

4.2. Suckerins organization and assembly

Suckerins contain an elevated content of glycine, tyrosine and his-
tidine residues. Other prominent amino acids are leucine, alanine,
valine, threonine, serine and proline [82,83]. These amino acids arrange
themselves into modules M1 and M2.

Module 1 [M1] isrich in Ala, Val, Thr, Ser, and His residues and has a
length of 11 residues [81,83]. It forms a crystalline domain that drives
the formation of f-sheets, providing mechanical strength to the SRT,
reminiscent to the crystalline domains found in spider dragline silk [87].
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[M1] modules are composed by hydrophobic polypeptide sequences A1:
AATAVS, A2: AAAVS, A3: AAATVS, and A4: ATTAVS, combined with
the most abundant hydrophilic H1: HTTHHA (Fig. 7).

Module 2 [M2] is rich in Gly, Leu, and Tyr, contains between 20 and
30 residues [81,83] and forms amorphous domains. These sequences
organize in flexible chains that provide plasticity and elasticity, also
denoting similarity to amorphous domains in spider dragline silk [87].
Interestingly, it has been shown that a fraction of [M2] modules may
also partake in f-sheet formation at elevated concentrations. In more
detail, this mechanism occurs due to a conformation transition from
helices to f-sheets stabilized by intrachain hydrophobic interactions,
through the C-terminal Val residue and zn-r stacking through Tyr resi-
dues [83,88,89]. [M2] modules contain a combination of G1: GYG, G2:
GGY, G3: GGLY, and G4: GLGGY polypeptides [83,88,90].

Proline, which is known to be a $-sheet disruptor [91], often flanks
[M1] modules, limiting the size of the crystalline domains and sepa-
rating them from the amorphous domains [88], in such a way that the
motif P[M1]P[M2] is commonly found in tandem repeats in several
suckerin sequences [83].

Structural studies on suckerin derived peptides proposed the orga-
nization of the crystalline domains into stacks of five f-sheets [83] in
parallel or anti-parallel orientation [92] stabilized by H-bonds and n-nt
stacking interactions, mainly by the histidine residues [83,88,92]. The
formation of S-sheets is driven by the hydrophobic portion of the [M1]
modules, while the hydrophilic His-rich fraction provides solubility in
mild acidic conditions and stability to the structure [92]. Representative
A1H1 peptide, AATAVSHTTHHA, revealed the organization of -sheets
and the pH-dependence of their secondary structure [92,93], while the
peptide GV8, GLYGGYGYV, showed f-sheet formation in the amorphous
region, as previously noted [89].

Suckerins assembly is formed by nanoconfined and randomly ori-
ented stacks of f-sheets that stabilize an amorphous domain [83,88],
providing SRT with a flexible yet robust foundation, ideal to resist the
shear and compressive stresses usual to prey capture.

4.3. Materials from wild-type suckerin sequences

Since their discovery, suckerin proteins have been extensively
explored to produce a range of materials for distinct applications. Wild
type sequences are not exclusive to this research, engineered sequences
have also been designed and produced, as well as relevant peptide se-
quences from D. gigas suckerin-19 (Table 4). All forms of suckerin pro-
teins exhibit interesting properties and applications which will be
explored in the discussion below. Fig. 7 presents an overview of the
suckerin pathway from its natural source to functional materials, while
Fig. 8 illustrates examples of practical applications and the processing of
suckerin-based materials.

Dosidicus gigas suckerin-19 has been the most characterized and
explored to date. This protein stands as a suckerin family reference it is
the most abundant suckerin in D. gigas, it is rich in the repeat motif P
[M1]P[M2] and presents a medium-range molecular weight (39 KDa)
compared to other suckerin sequences [81,84].

The mechanical properties of recombinant suckerin-19 derived ma-
terials are highly tuneable [90,94]. Suckerin-19 has been processed into
films, exhibiting ~7.5 GPa moduli in the dried state, similar to native
SRT, but decreasing to 5-8 MPa in the wetted state, meeting the
threshold of hydrated spider dragline silk (10 MPa). Ruthenium-based
photo crosslinking of the suckerin films, through the tyrosine residues
abundant in the [M2] amorphous domains, yielded an elastic modulus of
6-7 GPa in the hydrated state, very close to the moduli in the dried state
(8-9 GPa). These represent the highest moduli achieved in hydrated
protein-based materials, and even surpasses many polymers, in terms of
modulus and hardness.

Interestingly, the elastic modulus of crosslinked suckerin was
demonstrated to be inversely correlated with the crosslinking density
[90]. A high crosslinking of the tyrosine residues limits chain backbone
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Fig. 7. Overview of suckerins pathway from animal to functional materials. Suckerins from L. vulgaris and D. gigas squids are being extensively studied and engi-
neered for the development of bio-based functional materials through a variety of techniques.

flexibility, therefore inhibiting g-sheet formation. Exploiting this prop-
erty, the elastic moduli of suckerin has been tuned down to the range of
100 MPa, yielding soft materials, like hydrogels (Fig. 8B).

An alternative mode of enzymatic crosslinking, using horseradish
peroxidase (HRP), has also been implemented on recombinant suckerin-
12, a smaller isoform of SRT derived from D. gigas [95]. The enzymatic
crosslinking of suckerin-12, which is based upon the same principle of
di-Tyr covalent bonding between the [M2] amorphous domains,
allowed the preparation of mechanically stable hydrogels, which was
not possible to achieve using the afore-mentioned Ruthenium-based
photo crosslinking method.

Biocompatibility and cell viability has been demonstrated in re-
combinant suckerin-19, by growing human stem cells on suckerin-19
films [94]. Immortalized human keratinocytes (HaCaT) and primary
human dermal fibroblasts (HDF) cells were also attached on bioinspired
octapeptide, GV8, hydrogels, and a healthy cell morphology after
attachment was demonstrated (Fig. 8B) [96]. Additionally, suckerins
have an inherent anti-bacterial activity, as a result of being positively
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charged at near neutral pH, due to presenting typically high isoelectric
points [97], with the correlation between positively charged bio-
materials and antibacterial capacity already being an well-known
feature [97].

Due to its biocompatibility, suckerin-19 has been exploited as a drug
carrier agent, in the form of precipitated di-Tyr crosslinked nano-
particles, with a uniform size distribution [98]. Amphiphilic by nature,
precipitated suckerin-19 nanoparticles contained a hydrophobic f-sheet
interior in aqueous solution, into which therapeutic drugs could be
loaded. With a His-rich interior, the rate and extent of drug release could
easily be modulated by pH, repelling the drug molecules by protonation
of the His residues. The cytotoxicity and antitumoral effect of
drug-loaded suckerin nanoparticles has thus been proven both in vitro
and in vivo systems, with suckerin facilitating intracellular drug delivery
and ensuring continued high drug concentration in the tumour site, by
controlled drug release. These particles were also tested as gene carriers
of plasmid DNA [98]. Similar to drug encapsulation, DNA was
condensed and stabilized by non-electrostatic interactions with the
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Table 4
Comparative analysis of key features and potential applications of wild-type, engineered and peptides derived from suckerin proteins.

Protein name/ Species MW pI Key features Applications Ref.

Uniprot ID (kDa)

Wild-type proteins

LvSRT-18/”NA L. vulgaris 18.0 8.09 Self-healing capability; Reversible glass-to-rubber Fuel cells, controlled release tech, self- [100,112,
transition healing patches 114]

LVSRT-21/"NA L. vulgaris 21.0 8.07 Self-healing textiles [100,113]

Suckerin-12/ D. gigas 24.3 8.04 Modular repeats; Antibacterial activity; Biomedical, biosubstrates for forming [83,95,99,

AOA075LXT7 Biocompatibility gold nanoparticles 108,115]

Suckerin-19/USNYJ1  D. gigas 39.0 8.33  Most abundant in D. gigas; Modular repeats; Biomedical, photonics, sensing devices, [83,84,90,94,
Medium-range molecular weight; Antibacterial biosubstrates for forming gold 98,991
activity; Biocompatibility nanoparticles

Engineered proteins and peptides

TR-n4 - 15.0 7.07  Conductive properties; Increased toughness with Conducting materials [102-104]
repeats

TR-n7 - 25.0 7.24 [102-104]

TR-n11 - 42.0 7.37 [102-104]

TR-n25 - 86.0 7.56 [102-104]

Tr-n7 (polyA, noH) - 25.0 5.27  Altered conductive properties in the absence of [102-104]
histidine residues

Syn-n4 - 15.7 7.09  Increased toughness and extensibility with repeats; ~ Template for electrode printing, [105-107]
constant elastic modulus and yield strength thermal actuators

Syn-n7 - 25.8 7.25 [105-107]

Syn-nll - 42.7 7.40 [105-107]

Suckerin-12-Dopa D. gigas 24.8 - Enhanced wet-resistant adhesive properties Biomedical [108]

Suckerin19-Spider E. australis + D. 33.1 - Precisely defined nanocapsules hydrogels Drug release [109,116]

Silk Fusion Protein  gigas + A.
ventricocus
AlH1 D. gigas 12.0 7.06  Self-assembles into S-sheet amyloid like-fibrils Biomembranes, biosensors, energy [89,110]
conversion devices
GV8 (GX8) D. gigas 7.84 5.52 Undergoes 31¢-helix to f-sheet transition, with Biomedical [89,111]

increase of concentration in water;

Hidrogels

2 NA - Not available.

hydrophobic f-sheets within the nanoparticles. Gene transfection was
shown effective, and despite being lower than for polyethylenimine
(PED) nanoparticles, suckerin-19 presented negligible cytotoxicity, thus
allowing higher dosage of therapeutic DNA.

In another work, drug-bearing microneedle arrays of suckerins
extracted from SRT were fabricated by soft lithography in a PDMS mold
[97]. The Young Modulus of the formulated microneedles could easily
be tuned by exposure to solutions of different pH, and in turn, modulate
the release kinetics of drugs subcutaneously in vitro models, which has
not been reported in other bio-based microneedle materials. A simple
application of the suckerin microneedles with a urea solution (present in
dermal creams up to 4M), could release ~2 % of the total encapsulated
drug, which is comparable to commercially available alternatives. The
intrinsic antibacterial activity of suckerins, as mentioned above, also
added to the increased safety of employing these materials as micro-
needle devices, reducing the risk of infection, as demonstrated by the
measurement of colony forming units, in comparison to standard
microneedle materials, presenting a reduction in cell density of four
orders of magnitude.

The abundant Tyr residues found in suckerin-19 and suckerin-12
have been used as templates for the deposition of gold nanoparticles,
by acting as reducing agents of HAuCly salts into Au [99]. Gold nano-
particles can be used for biomedical applications (e.g. as drug carriers),
where inhibiting aggregation of particles is crucial for maintaining the
desired properties. The elevated Tyr content of suckerins (up to ~15 %)
allowed the spatially controlled deposition of Au nanoparticles,
compared to other silk alternatives [99].

Suckerins from Dosidicus gigas have been the most extensively stud-
ied proteins for materials’ production and applications, but a few
suckerins from Loligo vulgaris and Sepiotheutis lessoniana have also been
exploited and processed into interesting biomaterials.

Suckerins in their native form typically present reversible thermo-
plastic properties. Recombinant expressed suckerin-19 lacks this
feature, only allowing processing in solution phase. Recombinant

14

suckerin from L. vulgaris (LvSRT-18) preserved its thermoplasticity,
which was attributed to its smaller size, compared to suckerin-19, due to
the increased amount of hydrogen bonding in the smaller proteins
[100].

The lack of covalent interactions confers suckerins an exceptional
thermal processability, on par with commercial synthetic polymers.
Heating the protein in water is enough to obtain a fully processable
material. Because the p-sheet crystal lattice remains intact up to a
degradation temperature of 220 °C, the mechanical properties of suck-
erins are fully reversible, allowing it to be reshaped and reused multiple
times, in a wide thermal spectrum [101]. These features make suckerins
a sustainable alternative to synthetic thermoplastics derived from fossil
fuels, an acknowledged environmental concern.

4.4. Materials from engineered suckerin sequences

Several suckerin variant sequences have been designed [102-107].
Tandem repeat (n = 4, 7, 11, and 25) polypeptide sequences were
designed, based on the amorphous domain YGYGGLYGGLYGGLGYG,
and the crystalline domain PAAASVSTVHHP [102] The increase in
tandem repeats correlated linearly with the tensile modulus and ulti-
mate toughness [103], highlighting the relation between tandem repe-
tition and the rheological properties of suckerins. These sequences could
be explored to fabricate materials that require these properties, such as
biosensing or tissue engineering.

A recombinant form of D. gigas suckerin-12 has also been expressed
using residue-specific incorporation of 3,4-L-dihydroxyphenylalanine
(Dopa) in replacement of Tyr residues in the amorphous domain. This
synthetic biology strategy allowed to enhance wet-adhesion kinetics to
produce wet-resistant adhesive films with suckerins. The results were
very promising, as suckerin glues exceeded the adhesive properties of
mussel proteins (the gold standard for marine adhesive properties)
[108].

Another study has combined suckerins with spidroin domains from
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Fig. 8. Suckerins biological context, structure and applications (A) SRT proteins, located in the suction cup, provide toughness and elasticity due to the formation of
p-sheets. (B) Examples of the practical applications and processing of suckerin-based materials. Top left: Illustration of immortalized human keratinocytes (HaCaT)
and primary human dermal fibroblasts (HDF) cells on bioinspired octapeptide, GV8, hydrogels. Images of live cells stained with fluorescein diacetate (FDA), top row,
and overlay of FDA and bright-field images, bottom row, demonstrate healthy cell morphology after attachment. Reproduced with permission [96]. Copyright 2025,
Elsevier. Top right: Photograph of a 10 mM GI8 peptide hydrogel prepared in a syringe barrel mold. Reproduced with permission [111]. Copyright 2025, American
Chemical Society. Middle right: SEM image of recombinant S-19 nanoparticles with controlled particle sizes of 100-200 nm. Reproduced with permission [98].
Copyright 2025, American Chemical Society. Bottom left: Recombinant SRT-18 was expressed and molded into a dog bone shaped beam showing the thermoplastic
properties. Reproduced under terms of the CC-BY license [112]. Copyright 2025, Sariola, V. et al., published by Springer Nature Limited. Bottom right: Example of a
self-healing textile. An SRT-coated cotton fiber was produced and cut into three pieces. Then, it was repaired by applying pressure and warm water. Reproduced with

permission [113]. Copyright 2025, American Chemical Society.

spider silk, to produce suckerin-silk fusion proteins, for the construction
of precisely defined nanocapsules by controlled nanoprecipitation
[109]. A suckerin construct containing hydrophobic modular p-sheet
forming peptides PAATAVSHTHHA and amorphous peptides GLGGYG-
GLYGGY, derived from suckerin-19, was flanked by water soluble
N-terminal and C-terminal domains from spider silk, of E. australis and
A. ventricosus, respectively, providing solubility at neutral pH. The
nanoprecipitation of the fusion protein yielded nanocapsules of precise
diameters, while performing nanoprecipitation of the suckerin sequence
alone resulted in an ill-defined mixture of protein capsules and aggre-
gates. These materials serve as good platforms for the delivery of ther-
apeutics through biocompatible protein-based nanocapsules and other
encapsulation applications.

Single polypeptide sequences derived from suckerin-19 have also
been exploited. These sequences allow simpler peptide chemical syn-
thesis and purification protocols [81,89,110] and have found
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applications, such as: i) Ala- and His-rich peptides produced amyloido-
genic materials [110]; ii) Gly-rich peptides self-assembled into hydro-
gels in aqueous media, and displayed easily tuneable
concentration-dependent properties [89]; as well iii) finding possible
applications as soft tissue adhesives [89]; or iv) drug encapsulation [89].

5. Conclusion and future perspectives

Every day we dive deeper into the intricate mechanisms of nature.
These discoveries drive innovation, inspiring more efficient, sustainable,
and transformative solutions. Cephalopods are part of this phenomenon
as their unique skin, beak, and ring teeth compositions have sparked
scientific breakthroughs worldwide, leading to novel materials and
technologies. At the root of this potential are the unique properties that
reflectins, histidine-binding proteins, and suckerins possess, which can
be explored to develop novel biomaterials.
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Since their discovery, reflectins have been studied intensively to
understand their in vivo mechanism and how they allow light manipu-
lation in cephalopods cells. Scientists have also tried to use these pro-
teins to mimic the light manipulation effect namely through thin films.
These materials showed interesting properties, such as proton conduc-
tivity, stimuli responsiveness, and a high refractive index. These allow
applications ranging from ionic conductors to responsive coatings and
cellular optical engineering.

Histidine-binding proteins have been studied due to their ability to
partake in liquid-liquid phase separation and to form coacervates. These
coacervates can be used for high-efficiency encapsulation and subse-
quent controlled release of compounds. HBPs and engineered peptides
derived from HBPs, which can form coacervates, have been used as very
efficient delivery systems that protect cargo from degradation and
redox-driven disassembly. This technology rivals existing commercially
available vehicles, and using these peptides allows for the introduction
of several point modifications that can be made to meet specific re-
quirements. This makes HBP coacervates a very versatile and promising
new approach for preventing and treating diverse diseases ranging from
diabetes to cancer.

Finally, suckerins have been studied due to the elevated degree of
mechanical robustness and flexibility they provide to the sucker ring
teeth of squids and cuttlefish. They self-assemble into robust supramo-
lecular structures that form a semicrystalline polymer reinforced by
nano-confined p-sheets, resulting in a network with mechanical prop-
erties rivalling those of the strongest engineered polymers. Suckerins
have demonstrated several interesting properties, such as glass-to-
rubber transition, thermoplasticity, thermal conductivity, and modu-
lated toughness. These lead to potential applications in various areas,
from biomedical applications to conducting materials, sensing devices,
and bioplastics.

Thanks to the efforts of several research groups over the past de-
cades, the field of protein-based materials has matured to a point in
which the design of function can be finely tuned by the encoded genetic
sequence, with potential to replace petroleum-based materials. Still,
there are several challenges to be addressed in the coming years. One
aspect refers to the production by recombinant expression in host cells,
which requires carbon sources that may compete with food resources.
Thus, low-cost carbon sources as CO5 from atmosphere or industrial
emissions are promising avenues to increase scalability and reduce
environmental impact of the manufacturing stage. Other challenges are
associated with the implementation of scalable downstream processes
that help reduce the final cost of the product with the required purity, as
well as water consumption and waste generated. Finally, the processing
of proteins into a variety of materials should avoid the use of toxic
solvents that perpetuate eternal chemicals in the environmental loop.
This can be achieved by fine tuning protein sequence to increase solu-
bility in environmentally friendly solvents. Thus, carbon neutrality de-
serves special attention for the implementation of protein-based
materials, as one must take into account the full loop from production to
biodegradation after use.
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