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Biomolecular self-assembly presents a convenient and promising approach for fabricating functional
nanomaterials. The inherent structural and functional diversity of biomolecules facilitates the creation of a
wide spectrum of biological nanomaterials through this intricate process. These versatile materials have
demonstrated extensive utility in multidisciplinary domains, encompassing materials science, biomedical
engineering, tissue engineering, nanotechnology, and analytical science. This review focuses on self-assembled
biomolecular materials for energy harvesting applications, organized into 4 main aspects. Firstly, we introduce
the self-assembly methods and key factors involved in biomolecular self-assembly mechanism, including
hydrogen bonding, covalent bonds, =—r interactions, electrostatic interactions, and hydrophobic/hydrophilic
interactions. Secondly, we discussed the structural characteristics of different types of self-assembled
biomolecular materials and introduced their mechanical, piezoelectric, ferroelectric, semiconductor, and
biocompatibility properties. Next, the application of self-assembled biomolecular materials in energy
harvesting was studied, mainly focusing on piezoelectric nanogenerators, triboelectric nanogenerators, water-
enabled electricity generation, and other types of energy harvesting devices. Finally, we emphasized challenges
in the area encompassing not only the design of the materials and assembly regulation but also probable
efforts in improving performance and application fields. We believe that this review will elucidate diverse
functions of self-assembled biomaterials, paving the way for the innovative design of biomaterials not only
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for energy harvesting systems but also for biomaterial-based microelectronic devices.

Introduction

The current global energy crisis and environmental pollution
have become key factors hindering the improvement of human
living standards. Energy, as the cornerstone of modern social
development, directly impacts human quality of life and envi-
ronmental sustainability through its generation, storage, and
consumption. Researchers around the globe have been offering
their solutions to the problem of energy shortage, and different
energy harvesters have emerged to convert biomechanical,
thermal, or chemical energy into electrical power. Among the
energy harvesters, the most extensively studied energy harvest-
ing devices include the piezoelectric nanogenerator (PENG),
triboelectric nanogenerator (TENG), photovoltaic cell (PVC),
biosolar cell (BSC), automatic wristwatch (AW), pyroelectric
nanogenerator (PYENG), biofuel cell (BFC), thermoelectric
generator (TEG), and endocochlear potential (EP) collector,
among others [1-4].

Simultaneously, the importance of the sustainability is
increasingly highlighted to ensure the survival and development
of future generations. Biomaterials, as products of biological
resources, characterized by renewability and biodegradability, are
considered an essential component of sustainable development.
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Beyond their role as sustainable resources, biomaterials also
embody a deeper connection to life processes through their
inherent ability to form ordered structures—a phenomenon
rooted in the fundamental principle of biomolecular self-assembly.
Biomolecular self-assembly serves as the foundation of life, mani-
festing ubiquitously within living organisms. It encompasses a
wide spectrum of processes, ranging from the assembly of
simple lipid molecules into phospholipid bilayers [5], the folding
of peptide chains into intricate protein structures [6], the forma-
tion of the DNA double helix [7], to the construction of complex
organelles [8], cells [9], tissues [10], and organs [11]. These hier-
archical self-assembly events involving biomolecules at various
scales provide an essential framework for the functionality and
activity of living organisms. The self-assembly process of biomol-
ecules entails the spontaneous formation of ordered aggregates,
guided by both dynamics and thermodynamics. This intricate
process relies on the synergistic interplay of diverse noncovalent
forces, including hydrogen bonding, electrostatic interactions,
hydrophobic effects, n—x interactions, and van der Waals forces,
which dictate the shape and functionality of the resulting
assemblies [12,13]. Drawing inspiration from biological sys-
tems, utilizing biomolecules as building blocks for fabricating
nanostructures with diverse size and morphology has garnered
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important attention and research interest. Biomolecules possess
the capability to self-assemble, forming nanoscale or microscale
structures, holding tremendous potential for applications in bio-
medicine, nanotechnology, energy, and other fields.

We present a comprehensive review of the assembly mecha-
nisms and methods involved in the self-assembly of various bio-
molecules, encompassing amino acids, peptides, and proteins.
The primary mechanisms driving the assembly process, such as
hydrogen bonding forces, electrostatic forces, hydrophobic inter-
actions, T-T interactions, and van der Waals forces, are discussed
in detail. Additionally, we delve into the properties exhibited by
the self-assembled materials, including piezoelectricity, ferroelec-
tricity, semiconductor behavior, and biocompatibility.

Furthermore, the application of self-assembled biomaterials,
particularly in the field of energy harvesting, is explored along
with an overview of recent research progress in PENGs, TENGs,
water-enabled electricity generation, and other types of energy
harvesting devices. Finally, we address the current challenges and
prospects for self-assembled biomaterials in energy harvesting.
This review further provides valuable insights for readers and
researchers seeking to comprehend their diverse applications,
which range from energy harvesting to the development of new
materials for extensive utilization in nanotechnology, materials
science, analytical science, and biomedical engineering.

A Wide Variety of Biomaterials

Biomolecules include amino acids, peptides, proteins, DNA/
RNA, viruses, etc. These biomolecules are specifically chosen as
focal points for investigation due to their unique combination
of natural abundance, structural versatility, and inherent bio-
compatibility—traits that make them exceptionally well-suited
for sustainable energy harvesting applications. Amino acids, for
instance, exhibit remarkable chemical diversity, with side chains
that can act as redox centers, enabling electron transfer crucial
for energy conversion processes. Peptides, composed of amino
acid chains, offer structural flexibility and can self-assemble into
ordered nanostructures such as nanofibers and sheets; these
architectures provide large surface areas, which enhance charge
accumulation and facilitate efficient energy capture. Proteins,
with their complex 3-dimensional (3D) structures, often possess
inherent functionalities like piezoelectricity, allowing them to
convert mechanical energy into electrical energy directly. This
section mainly introduces the structure, fabrication method,
and self-assembly mechanism of biomaterials.

Amino acids

Amino acids are organic compounds containing alkaline amino
groups and acidic carboxyl groups, which are the basic building
blocks for peptides and proteins. Benefiting from the diversity
of R-groups, a wide variety of amino acids have emerged [10].
According to the unique R-group, it can be divided into 3 catego-
ries with different hydrophobicity and other properties: aliphatic
amino acids (glycine, alanine, valine, leucine, isoleucine, serine,
threonine, cysteine, methionine, aspartate, glutamate, aspar-
tame, glutamine, lysine, and arginine), aromatic amino acids
(phenylalanine, tyrosine, and tryptophan), and heterocyclic
amino acids (histidine and proline) (Fig. 1).

Amino acids have the following properties: (a) Chemical
modification. The C terminus of amino acids is carboxyl group,
and the N terminus is amino group. Due to the simple molecular
structure and active site, amino acid molecules can be modified
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by a chemical coupling method to achieve special functions [14].
(b) Multiple stimulus responsiveness. Biological self-assembled
materials are generated by the combination of amino acid/short
peptide derivatives via weak intermolecular contact forces such
as electrostatic interaction, hydrogen bonding, n-= stacking, and
hydrophobic interaction [15]. As a result, self-assembled bioma-
terials are extremely sensitive to changes in their physical envi-
ronment, exhibiting stimulation-response characteristic [16,17].
Changes in the environmental temperature, pH, ion type and
intensity, enzymes, and light conditions induce changes in the
nanostructure. (c) Chirality. Chirality is a basic property of living
beings that exists widely in nature and affects the structure and
properties of amino acids, short peptides, proteins, and DNA
double helix. The assembled nanostructures have distinct physi-
cal and chemical characteristics due to the diversity and biocom-
patibility of amino acids.

Peptides

Polypeptides are the most chemically versatile biopolymers that
are made up of 20 different amino acid components. Peptide
self-assemblies have found widespread applications because of
their good thermostability and mechanical stability, semicon-
ductivity, piezoelectricity, and optical characteristics. Peptides
have the following properties: (a) Peptides could be easily modi-
fied at the molecular level, such as introducing substance groups
and compounds (enzymes, nanoparticles, antibodies), giving
peptide-based nanomaterials with tailored features. (b) Peptide
self-assembly process could be well-designed by adjusting the
secondary building block, such as a-helices and p-sheets [18,19].
Peptide self-assembly is dependent on the conformation of the
structure, including o-helices, f-sheets, and p-hairpins. a-Helical
peptide is accessible to chemical synthesis and modification, but
prone to thermodynamic instability. Peptides with B-sheets can
form highly ordered nanotubes, vesicles, and so on [20]. A nec-
essary condition of f-hairpin self-assembly is the presence of
bent amino acid sequence in the peptide chain segment. The
efficient method to control peptide self-assembly is to control
the diffusive kinetics of peptide monomers and enzymes.

Proteins

Proteins are nature’s primary building blocks for the construction
of sophisticated molecular machines and dynamic materials,
which fold into unique nanometer dimensions from polypep-
tides. The folding of polypeptide chains introduces structural
and functional complexity, inspiring scientists to design protein
assemblies.

It is worth noting that protein self-assembly and protein fold-
ing are 2 different processes. The polypeptide folding process is
independent of environment or concentration, and it is under
thermodynamic control. Meanwhile, the polypeptides are con-
strained to the polypeptide backbone steric/dihedral stringently.
Protein assembly usually leads to 1D, 2D, and 3D ordered poly-
meric materials, and the connections between protein mono-
mers are the most important determinants of the architectures,
characteristics, and activities of assembled crystals. The protein
self-assembly process is dependent on the environment and
concentration, and is not always thermodynamic control and
steric constraints [6,21]. Protein—protein interfaces, such as the
helical interface, -sheet elongation, and coordinates, determine
the structure and function of protein assemblies. Assembly sym-
metry shows stacking order of building units and affects the
physical properties of the protein assemblies (Fig. 2).
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Fig. 1. The 20 amino acids that make up the main building blocks of proteins in living organisms [161]. Adapted with permission of [161]. Copyright 2014. The Royal Society

of Chemistry.

The structure of the protein assembly is essential for its prop-
erty, and its practical function is often revealed during its dynamic
interaction with the environment. The following properties of
protein assemblies have attracted the most attention. (a) Stability.
The stability of protein assemblies is important to their functions
and applications; however, most natural proteins are only stable
in restricted temperature and pH ranges. The targeted chemical
modification and design are required to improve stability, such
as decreasing the surface area of exposed solvent, increasing the
amount of intermolecular interactions, and containing the con-
formational space of the building block. (b) Biocompatibility.
Proteins are natural biomaterials that can deliver drug and rec-
ognize biological materials. (c) Mechanical properties. The pro-
tein assemblies have wonderful strength, elasticity, toughness,
and self-healing properties, due to the hierarchically organized
and strongly interconnected structures. By adjusting the interac-
tions between interproteins, the mechanical characteristics can
be modified extensively.

Other biomaterials

In addition to the abovementioned biomaterials, there are other
natural/genetically modified biomaterials, such as cellulose,
wood, silk, and so on. Cellulose is composed of f-p-glucose
units linked by f-1,4 glycosidic bonds. Rigid microfibrils (with
a diameter of 10 to 30 nm) are formed between molecular
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chains through hydrogen bonds, which further assemble into
a fiber network structure. The coexistence of its crystalline
region (ordered arrangement) and amorphous region (disor-
dered arrangement) endows the material with unique mechani-
cal properties. Cellulose has a tensile strength of 300 to 700 MPa
and an elastic modulus of 130 GPa, superior to most synthetic
polymers. It can be gradually decomposed into glucose by cel-
lulase and has excellent environmental compatibility and bio-
degradability (Fig. 3A) [22]. Wood is a lightweight and strong
layered composite material formed by the interfacial self-
assembly of cellulose (40% to 50%), hemicellulose (20% to
30%), and lignin (15% to 30%). The air-dried wood has a density
of 0.3 to 0.9 g/cm” and flexural strength of 50 to 150 MPa that
is higher than many synthetic composites of the same density
(Fig. 3B) [23]. Silk is mainly composed of fibroin. Its primary
structure contains repeated alanine/glycine sequences that self-
assemble into nanocrystalline domains through p-sheets and
amorphous regions of random coils. Cocoon silk is composed
of 2 fibroin fibers coated with sericin, and smooth fibers are
formed after degumming. It has high mechanical toughness
and biocompatibility. The tensile strength of natural silk is about
400 to 500 MPa, and the elongation at break can reach 20% to
30%, showing good combination of high strength and flexibil-
ity. Fibroin can be degraded into natural amino acids and is
suitable for in vivo implant applications (Fig. 3C) [24]
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Fig. 2. Schematic image of 3 components of supramolecular protein assembly [162]. Adapted with permission of [162]. Copyright 2014. The Royal Society of Chemistry.

Interaction and Self-Assembly Mechanism

Although the mechanisms of biomolecular self-assemblies are com-
plicated, the basic interactions of biomolecular self-assemblies
have been well expounded with the hydrogen bond, covalent
bond, n—m interaction, electrostatic interaction, and hydrophobic/
hydrophilic interactions [12,25].

Hydrogen bond

Hydrogen bonding is a special intermolecular or intramolecu-
lar interaction between hydrogen atoms and atoms with large
electronegativity. Intermolecular hydrogen bonding interac-
tions play an important role as a more common driving force
in the self-assembly of biomolecules. Intermolecular hydrogen
bonding interactions can promote the orderly assembly of bio-
molecules and strengthen the connection between biomol-
ecules, thus forming biomolecule-based crystals with diverse
functions [12,26].

The hydrogen bond interaction between amino and carboxyl
groups contributes greatly to the stability and functionality of
the amino self-assembly structure. The weak interaction between
oxygen (O) and hydrogen (H) atoms results in low mechanical
strength, allowing for marked ion displacement under stress,
thereby favoring a strong piezoelectric response. The hydrogen
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bonds in biological crystals are closely related to their physical
properties, and these crystals have the potential to serve as func-
tional biomaterials for high-performance energy harvesting
devices. Our group has employed a hydrogen bonding network
in double-layer amino acid crystals to develop a strategy for
enhancing physical properties (Fig. 4A) [27]. The interatomic
interactions and density of state (DOS) properties were explored
by density functional theory (DFT) calculations. We grew vertical
arrays of amino acids, valine, leucine, and isoleucine by physical
vapor deposition (PVD) processes and revealed their Stranski—
Krastanov growth mechanism based on intermolecular hydrogen
bonding interactions, and these arrays showed substantially
enhanced piezoelectric properties (Fig. 4B) [28].

Wang and colleagues [29] synthesized D-]J-1 (p-Pro-p-Phe-
D-Lys-D-Leu-D-Ser-D-Leu-p-His-D-Leu-NH,), which was an
all-p-enantiomer of peptide Jelleine-1 (J-1). The hydrogen
bonding interaction during the formation of D-]J-1 hydrogel
was evaluated by ThT (thioflavin T) binding assay. As a benzo-
thiazole salt fluorescent probe, ThT can visualize and quantify
the presence of B-sheet conformation, which is mainly driven
by hydrogen bonding, thus indirectly confirming the involve-
ment of hydrogen bonding in the formation of D-J-1 hydrogel.
Xu and colleagues [30] designed peptides based on the general
formula Ac-I 3 XGK-NH,. The side-chain hydrogen bonding
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Springer.

(H-bonding) interaction among p-sheets (defined as polar zip-
pers) led to distinctive nanoribbons, while the insertion of
hydrophobic amino acid residues resulted in amyloid-like
nanofibrils (Fig. 5A) [30]. Gazit and colleagues [31] confirmed
that tryptophan assembles into dipeptides via hydrogen bond-
ing interactions by cyclo-phenylalaninetryptophan (cyclo-FW)
and cyclo-tryptophan-tryptophan (cyclo-WW) crystals data
and MD (molecular dynamics) simulations, demonstrated that
tryptophan-based aromatic dipeptide supramolecular struc-
tures are direct wide-gap semiconductor, and pointed out that
hydrogen bonds and aromatic interactions endow aromatic
dipeptide supramolecular structures with unique properties
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such as rigidity and thermal stability, enabling them to serve
as bio-organic supramolecular semiconductors for the fabrica-
tion of biocompatible microelectronics to realize applications
like energy harvesting.

Hydrogen bonds are also important in protein assemblies.
Wang et al. [32] developed a novel strategy to convert the
24-mer cage-like ferritin into non-native 8-mer protein nanor-
ings by selectively eliminating a key subunit interface (the C,-
C, interface) through truncation of the inherent C terminus.
Crystallographic analysis revealed that these nanorings self-
assemble into nanotubes via head-to-tail hydrogen bonding, with
adjacent nanotubes staggering to form 3D porous architectures
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contammg round pores (8.04 A%) and 4-angle star-shaped pores
(10.54 A”) (Fig. 5B). Ouyang and colleagues [33] proposed a
protein-directed assembly strategy that used hydrogen bonding
to organize proteins and organic linkers into a highly crystalline
hybrid framework. The Fourier transform infrared (FTIR) mea-
surement and theoretical modeling suggested that protein sur-
face residues and organic linkers were connected with hydrogen
bonds during the assembly process.

Covalent bonds

Although the self-assembly of biomaterials relies mainly on
noncovalent interactions, relatively weak covalent bonds such
as coordination bonds may also be involved. These interactions
work cooperatively, leading to complex yet coherent self-assembly
processes and well-defined architectures. For example, the pep-
tide porphyrin chromopeptide (TPP-G-FF) was designed by
Yan and colleagues [34] through the covalent conjugation
of FF with porphyrin, a photosensitive pigment molecule. The
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MD simulation showed that the combined effects of n-stacking
and hydrophilic interactions contribute to the stabilization and
organization of chromopeptide assemblies, thereby facilitating
the formation of well-defined nanodots (Fig. 6A). Additionally,
surface proteins of Gram-positive bacteria have enhanced
mechanical stability through 3 intramolecular covalent bonds:
isopeptide bond (Lys—Asn/Asp), thioester bond (Cys-Gln), and
ester bond (Thr-Gln), to resist physical stress and enzymatic deg-
radation in the host environment. These bonds form spontane-
ously during protein folding. The response characteristics were
revealed by atomic force microscopy (AFM) single-molecule
force spectroscopy. The isopeptide bond can withstand a breaking
force of 1.5 nN, and the thioester bond irreversibly binds to the
host ligand under a force above 35 pN (Fig. 6B) [35]. A lignin-
based macromolecular autocatalytic system was used by Nie
and colleagues [36] to initiate the rapid in situ polymeriza-
t10n of monomers into polyacrylamide (PAM) chains. DFT and
'H nuclear magnetic resonance (NMR) results indicate that
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covalent-like hydrogen bonds are formed between Tr molecules
and PAM chains; additionally, cellulose nanofibers (CNFs) were
incorporated as a gel network enhancer. Through this approach,
a hydrogel-based triboelectric material was successfully pre-
pared, featuring versatile characteristics such as 2,840% stretch-
ability, antifreeze performance at —18 °C, and antidehydration
ability at 40 °C.

n—7 interaction

Some biomolecules, including peptides, proteins, DNA, enzymes,
and viruses, contain aromatic motifs, which make it possible to
form highly ordered superstructures by n—x interactions [12].
Amino acids with nonpolar side chains can form nanostruc-
tures through n-r interactions. Das and colleagues [37] con-
structed a carboxybenzyl-protected, L-phenylalanine-appended
bola-amphiphile. NDI-1 and the concentration-dependent
"H NMR proved the existence of n—x interaction between
the NDI chromophores. n-x interaction can promote peptide
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self-assembly, particularly for n-conjugated peptides, like aro-
matic peptides.

In pure organic solvents like toluene, the solvent effect might
make the 1—n interaction more prominent. Yan and colleagues
[38] co-assembled L-Lys-L-Lys and porphyrins to form dipeptide-
porphyrin nanorods with good photostability and sustained
photocatalytic activity. The self-assembly process was driven
by electrostatic and hydrogen bonding between dipeptide-
porphyrin molecules and n—x interactions between porphyrin—
porphyrin molecules, which was proved by ultraviolet/visible
(UV/Vis) absorption spectrum and FTIR spectrum. The nanorods
further aggregated into a fiber bundle structure under van der
Waals forces (Fig. 7). Tao et al. [31] examined peptide-protein
interactions in the assembly process of peptides and gra-
phene oxide (GO) with pyrene that served as a label of pep-
tides and enhanced the interaction between the peptide and
GO with n-x interactions and hydrophobic interactions. t—-n
stacking interactions enabled the ordered protein self-assembly
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and nanoribbons by introducing histidine residues into RhuA
(L-rhamnulose-1-phosphate aldolase) [39]. In addition, Raman
data confirmed the presence of cation-n and n—r interactions
between imidazole (IM) rings and carbon nanotube (CNT)
surfaces in IM-cured composites, as reported by Mandal et al.
[40]. The interfacial adhesion between the filler and the elas-
tomer is markedly improved, which was used in dynamically
self-healable, stretchable piezoresistive sensors and TENGs.

Electrostatic interaction

The electrostatic interaction between positive and negative
charges does not involve electron sharing or transfer and plays
a crucial role in the self-assembly of peptides, proteins, enzymes,
etc., leading to the formation of nanostructures [12,41]. Based
on the results of the characteristic distances predicted by geom-
etry optimization being consistent with x-ray scattering data and
transmission electron microscopy observations, Boulmedais and
colleagues [42] proposed that core-shell cylinders are formed
in which polycation chains decorate the micellar structures of
Fmoc-FFpY peptides through electrostatic interactions between
the charged amine groups of the polycations and the phosphate
groups of the peptides. The positively charged amine groups of
poly(allylamine hydrochloride) (PAH) electrostatically attract
the negatively charged phosphate groups on Fmoc-FFpY, trig-
gering instantaneous gelation without peptide dephosphoryla-
tion. This interaction stabilizes a core—shell cylindrical structure,
where PAH chains coat the surface of Fmoc-FFpY micelles,
enhancing mechanical properties.

The electrostatic interaction can greatly affect protein self-
assembly, because proteins are highly charged [43]. Kostiainen et al.
[44] found that the lattice parameters obtained from small-angle
x-ray scattering (SAXS) fitting are consistent with the electron
density map obtained by cryogenic electron tomography (cryo-
ET), providing structural-level evidence that negatively charged
protein cages (e.g., cowpea chlorotic mottle virus and ferritin) can
electrostatically interact with positively charged gold nanopar-
ticles, guiding their self-assembly into 3D superlattices. Such
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electrostatically driven self-assembly not only enables the creation
of novel superlattices with potential in magnetic resonance imaging
but also provides a biocompatible platform for developing nano-
materials in biological applications. Ahn et al. [45] oxidized wCF
to wCF-COOH using piranha solution and then coupled aniline
through electrostatic interaction and in situ oxidative polymeriza-
tion to obtain the carbon fiber-polyaniline emeraldine salt (WCE.
PANLES) composite material. This composite was used as one of
the triboelectric layers in the contact-separation mode TENG,
which generates charges by harvesting energy together with a poly-
vinylidene difluoride (PVDF) membrane (Fig. 8).

Hydrophobic/hydrophilic interaction

Within living organisms, numerous biomolecules possess both
hydrophilic and hydrophobic properties, enabling them to self-
assemble and form specific structures, such as phospholipid
membranes [46]. Amino acids, peptides, and proteins can
also form highly ordered structures due to their hydrophilic-
hydrophobic properties. Chen and colleagues [47] proposed 2
distinct assembly pathways (in solution and on the substrate) for
the self-assembly of small peptide amphiphile (NapFFKYp). The
self-assembly process was initiated from peptide aggregates and
followed by the formation of nanofibers in solution. The nano-
fibers were then twisted to yield highly ordered structures.
Meanwhile, the peptide molecules self-assembled on the sub-
strate to form nanosheets that could be converted into nanofibers
by water molecules (Fig. 9A). MD simulations supported the
presence and great influence of hydrophobic interaction during
the formation of nanofibers. Liu and colleagues [48] investigated
the grafting of collagen mimetic peptide (CMP) with both hydro-
philic and hydrophobic groups, and used FTIR to analyze shifts
in peak positions and intensity variations of CMP’s characteristic
functional groups pre- and post-modification, revealing that
hydrophilic interactions promote fiber aggregate formation,
while hydrophobic interactions favor microsphere formation
(Fig. 9B). This study presents a comprehensive analysis of the
impact of hydrophilic and hydrophobic forces on the assembly
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kinetics, as well as the morphological and structural character-
istics of self-assembled CMP biomacromolecules. Du and col-
leagues [49] bound cationic polyethylenimine (PEI) molecules
to the surface of cellulose fibers during the pulping process,
enhancing the interfacial hydrophilic interactions between fibers.
This substantially improved the wet strength of the cellulose
paper as well as its triboelectric properties.

Synergistic interactions

The self-assembly of biomolecules is a sophisticated process
orchestrated by the synergistic and competitive interplay of mul-
tiple noncovalent forces, including hydrophobic interactions,
hydrogen bonding, electrostatic forces, and van der Waals inter-
actions. These forces do not act in isolation; rather, they form a
dynamic, context-dependent network that guides the pathway
and determines the final structure [50,51]. For instance, hydro-
phobic effects often provide the initial driving force for aggrega-
tion, while hydrogen bonding confers structural specificity and
directionality. The dominance of a particular force is highly
sensitive to environmental conditions such as pH, ionic strength,
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and temperature. A change in pH can alter charge distributions,
thereby shifting the balance between electrostatic attraction and
repulsion, which in turn can amplify or suppress the role of
hydrophobic forces. Understanding this intricate hierarchy and
cooperativity is not merely an academic exercise—it is the foun-
dational knowledge required to achieve precise spatiotemporal
control over self-assembly, enabling the rational design of com-
plex and functional biomaterials from the bottom up.

Physical and Chemical Properties of Self-
Assembled Biomolecular Materials

Mechanical property

The mechanical properties of biomaterials, including elastic
modulus, viscoelasticity, hardness, toughness, and stretchability,
are of great importance in the fundamental studies and applica-
tions [52]. The elastic modulus of biomaterials is usually low and
matches the soft tissues of the human body [53]. Many extracel-
lular matrix (ECM)-based natural materials derived from natural
tissues, such as collagen and glycosaminoglycans (GAGs), have
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near physiological level elasticity. For example, collagen shows
elastic moduli of 1 to 10 GPa [54] and traditional inorganic mate-
rials have elastic moduli of 10 to 10* GPa [55]. To manipulate
the elasticity of these materials, different strategies have been
developed. A common way to achieve elastic regulation is to
change the molecular composition of a material. For example,
the elasticity of composite hydrogels was effectively modulated
by simply changing the molecular weight of HA (hyaluronic
acid) molecules, leading to hydrogels of enhanced stiffness with-
out compromising the biological activity of HA [56].

Viscoelasticity is a crucial mechanical characteristic found
in natural ECM-derived materials like type I collagen gels and
various tissues such as muscle, brain, and adipose [57]. Liu and
colleagues [58] developed a series of injectable, viscoelastic
PEGylated poly (glycerol sebacate) (PEGS-OH) hydrogels that
are chemically cross-linked by clicking, and they investigated
the role of viscoelasticity in the regeneration of developmental
tissues. Eighty percent crosslinked PEGS-OH with incomplete
network slip promoted a marked increase in adhesion and dif-
ferentiation of bone mesenchymal stem cells (BMSCs) com-
pared to 100% and 60% crosslinking degrees.

Hardness is the ability of a material to resist local compres-
sion. The hardness of biomaterials is usually lower in order to
better fit the soft tissues of the human body. Wu and colleagues
[59] subjected the silica-based natural sponge skeleton to low-
temperature hydrothermal mineralization treatment in calcium
hydroxide solution. Calcium hydrated silicate was grown in situ
on the surface of the silica matrix, achieving a tight bond
between the bioactive layer and the matrix, and finally, a natu-
rally derived bioceramic scaffold was obtained. The naturally
derived bioceramic scaffold retains the flexibility and resilience
of the original sponge skeleton, can be arbitrarily cut and tai-
lored into specific shapes, and has ideal processing perfor-
mance, meeting the repair needs of thin-walled bone tissues of
different shapes. Without the introduction of polymer compo-
nents, the naturally derived flexible bioceramics possess flexural
strength and fracture toughness far higher than those of tradi-
tional bioceramics and bioceramic-based composite scaffolds,
featuring combined mechanical properties of light weight and
high strength.

Biological materials usually have a high toughness to ensure
that they do not break easily when impacted. For instance, the
fracture toughness of vertical bone can reach up to 12 MPa m™
[60], while most structural ceramics have a toughness of roughly
1to 3 MPam™[61]. Binand colleagues [62] selected eco-friendly
natural rubber (NR) as the “toughening agent” for buckypaper
(BP). Through a simple vacuum filtration method, NR-toughened
BP (abbreviated as NR-BP) was prepared. The NR-BP combines
flexibility and high electrical conductivity, expanding its applica-
tions in fields such as electromagnetic shielding, thermal conduc-
tivity, Joule heating, and TENGs, providing a new strategy for the
preparation of multifunctional wearable electronic devices.

Stretchability is an essential property for wearable devices
to match varying strains when interfacing with soft tissues or
organs. While piezoelectricity has broad application potentials
as tactile sensors, artificial skins, or nanogenerators, enabling
tissue-comparable stretchability is a main roadblock due to the
intrinsic rigidity and hardness of the crystalline phase. Mao
and colleagues [63] reported an amino acid-based piezoelectric
biocrystal thin film that offers tissue-compatible omnidirec-
tional stretchability with unimpaired piezoelectricity. Built
on this structure, a tissue-compatible stretchable PENG was
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developed, which could conform to various tissue surfaces, and
exhibited stable functions under multidimensional large strains.
Yu and colleagues [64] fabricated cyanoethyl substituted 1.5
hydroxyls on cellulose’s D-glucose, turning its chain into a coiled
structure, creating petrochemical-free S-ionogel. It has ~1,000%
elongation and good biocompatibility and aids self-powered
e-skins.

Piezoelectricity

The piezoelectric effect refers to the internal polarization of a
material when it is subjected to an external force, resulting in
the appearance of equivalent positive and negative charges on
opposite surfaces [65]. The ordered structure, low symmetry,
and absence of inversion centers in biomaterials typically render
them piezoelectric properties [66]. The amino acid glycine,
which is the simplest in structure, can be assembled into 3 crystal
types: o, B, and y [67]. Among them, the p-glycine and y-glycine
exhibit a polar noncentrosymmetric arrangement, whereas
the a-glycine crystallization demonstrates centrosymmetry.
Consequently, the f and y phases of glycine display piezoelectric
behavior, while the a phase of glycine exhibits nonpiezoelectric-
ity [68]. The formation of peptide nanotubes (PNTs) involves
the self-assembly of numerous organic molecules, resulting in
the creation of a group of organic nanotubes [69]. The diphe-
nylalanine (FF) PNTs possess a noncentrosymmetric hexagonal
crystal structure devoid of a reversal center, thereby exhibiting
piezoelectric properties [70], and d;; was estimated in the range
of 5to 50 pm/V [71,72]. Due to the synergy of low permittivity
(&53), low elastic constant (c,;), and dominant shear piezoelectric
coeflicients (ds;), the FF peptide nanowires demonstrate supe-
rior piezoelectric properties (dy; = 18 pm/V, &5, =4, ¢33 =
24 GPa), generating markedly higher voltages compared to zinc
oxide (dy; = 11.7 pm/V, £3; = 12, ¢33 = 211 GPa), lead zirconate
titanate (dy; = 152 pm/V, £33 = 450, ¢;; = 113 GPa), and barium
titanate nanowires under the same applied forces [71]. It is worth
noting that the piezoelectric coefficients of most biomaterials are
lower than those of traditional inorganic materials. For example,
the d; values of amino acids range from approximately 5 to 178
pC/N, peptides from 13.8 to 73 pC/N, proteins from 1 to 38
pC/N, and viruses from 0.77 to 13.2 pC/N [73]. In contrast, the
piezoelectric coeflicient (d;;) of perovskite ceramics, a typical
inorganic material, can be as high as 200 to 3,000 pC/N [74].
However, the inherent flexibility and biocompatibility of bio-
materials are crucial for wearable/implantable devices. For
example, natural protein fibers like silk [75] and spider silk [76]
possess both piezoelectricity and biocompatibility, making them
suitable for application in wearable/implantable devices.

Ferroelectricity

Ferroelectricity is a property exhibited by certain materials that
can undergo spontaneous polarization, which can be reversibly
altered in the presence of an applied electric field. Some biomol-
ecules, such as B-glycine and y-glycine [77], demonstrate ferro-
electric behavior; however, $-glycine exhibits greater susceptibility
to polarization conversion than y-glycine and therefore possesses
superior ferroelectric properties. The self-assembled FF nano-
tubes were also observed to exhibit ferroelectric behavior because
of dipole alignment [78]. Nanocellulose films demonstrate fer-
roelectric properties when subjected to high electric fields.
Additionally, it has been discovered that all nucleobases in DNA
and RNA exhibit zero-field polarization and square hysteresis
curves, displaying a butterfly-like characteristic of the total energy
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with respect to the electric field [79]. This suggests the potential
presence of ferroelectricity in these biological materials.

Semiconductor properties

Semiconductors are a class of materials with certain energy band
structures and exhibiting electrical conductivity between conduc-
tors and insulators, and they play a crucial role in the electronics
industry as essential components and integrated circuits. The
semiconductor properties of self-assembled biomaterials are
determined by their molecular structure and assembly mode,
making them highly versatile for applications in the fields of
optics and electronics. For instance, it can be utilized for the fab-
rication of organic transistors, which possess the benefits of cost-
effectiveness and facile production. Among them, pigment
peptides exhibit a relatively uncomplicated molecular structure,
flexible and adjustable photophysical properties, as well as pro-
grammable self-assembly capabilities, thereby showcasing the
astute amalgamation of optical and biological functionalities [80].
Furthermore, self-assembled biomaterials can also be utilized for
the production of optoelectronic devices, including integrated
optical devices and organic light-emitting diodes (LEDs) [81].
The versatile nature of these materials enables their wide-ranging
applications in the fields of electronics, optics, and medicine.

Biocompatibility

The biocompatibility of a material often refers to its ability to
effectively interact with biological tissues and organs while mini-
mizing immune or inflammatory responses within acceptable
limits. It is widely acknowledged that substances closely resem-
bling natural tissues are more readily assimilated by organisms.
Biomolecules offer a promising avenue for addressing biocom-
patibility challenges [82]. Material performance is intricately
linked to composition and structure, mirroring the multi-level
assembly observed in natural tissues through molecular self-
recognition. The development of novel biomedical materials
featuring biomimetic tissue structures represents a prominent
frontier in current life science research. For instance, the bio-
compatibility of TENG based on microbial cellulose (BC) is
reflected in aspects such as cytotoxicity, blood compatibility,
degradability, and antibacterial properties [83].

Energy Harvesting Based on Biomaterials

Energy harvesting based on the piezoelectric effect
Introduction of PENGs

PENGs employ the piezoelectric effect to harvest energy from
the surrounding environment and convert it into electrical
energy, which can be used to construct self-powered systems for
maintenance-free and sustainable operation [84]. A key advan-
tage of PENGs lies in their ability to efficiently tap into abundant
mechanical energy sources. Mechanical energy is widely available
in nature, and many different forms of mechanical energy are
generated by human activity alone, such as walking, running,
blood circulation, and heartbeat. Biomechanical energy can be
converted into electrical energy by PENGs to power low-power
electronic devices [65]. Today, implantable medical devices such
as pacemakers, defibrillators, and brain stimulators rely on
conventional batteries whose capacity, size, and lifespan limit
the application of these devices [85]. The emergence of PENGs
offers a good solution to these problems. Many types of PENGs
have been introduced based on ZnO nanowires [86,87], GaN
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nanowires [88,89], PVDF [90], and poly(vinylidenefluoride-co-
trifluoroethylene) [P(VDF-TrFE)] [91,92]. However, few of these
PENGs have both high electrical output characteristics and flex-
ibility, and their biocompatibility needs further investigation.

Biomaterial-based PENGs and application

In recent years, piezoelectric biomaterials have been widely studied
because they possess a high degree of homogeneity [73,93,94],
good biocompatibility, and ease of degradation. Some studies
have found that the materials used to make PENGs can be
derived from amino acids, peptides, etc. Yang and colleagues
[95] fabricated vertically aligned diphenylalanine (FF) micro-
rods on various substrates via an epitaxial growth method for
the first time and measured an effective piezoelectric coefficient
d;; of 9.9 pm/V from the solid single crystal (Fig. 10A). Then,
they further achieved control of polarization with an electric
field applied during the peptide self-assembly process, enhanced
the effective piezoelectric constant d;; to 17.9 pm/V [96], and
constructed a PENG based on this, which produced an open-
circuit voltage of 1.4V and a power density of 3.3nWcm ™.

Amino acid, as an important branch of biomaterials, exhibits
promising piezoelectric properties. litaka [97] discovered that
y-glycine has piezoelectricity and excellent thermal stability, and
Guerin etal. [68] used DFT to find that both y-glycine and
B-glycine have high piezoelectric voltage constants, with the val-
ues reaching 0.46 and 8.13 V mN ™", comparable to piezoelectric
ceramics like lead zirconate titanate (PZT). However, glycine
crystals are brittle, which would limit their application in flexible
devices. Yang et al. [98] fabricated a piezoelectric glycine film
with polyvinyl alcohol (PVA)-glycine-PVA sandwich structure
(Fig. 10B and C), which showed markedly improved mechanical
flexibility. The film has a piezoelectric coefficient of 157.5 X
107 V mN™", which is comparable to commercially available
piezoelectric polymers like PVDE. Besides, the piezoelectric
glycine-PVA film is water-soluble and dissolves into an aqueous
solution in a short period, which shows great potential in the
field of transient implantable electromechanical devices.

The molecular structure influences the electronic and supra-
molecular structure of biomolecular assemblies, leading to remark-
able changes in piezoelectric response. Cai and colleagues [71,99]
explored the potential of supramolecular engineering to enhance
the piezoelectricity of amino acid-based assemblies. The study
revealed that simple variations in the acetylation of amino acid side
chains resulted in an increased polarization of supramolecular
arrangements, leading to a marked enhancement in piezoelectric
response. Additionally, the acetylation chemical modification
imparted a higher maximum piezoelectric tensor compared to
most naturally occurring amino acid assemblies. The predicted
maximum piezoelectric strain constant and piezoelectric voltage
constant of acetylated tryptophan (L-AcW) components reached
47 pm/V and 1,719 mV m/N, respectively, comparable to common
inorganic materials such as bismuth triborate crystals. This work
demonstrated the power output of amino acid-based PENGs
through the illumination of LEDs, showcasing the systematic tun-
ing of piezoelectric response in amino acid-based components
through supramolecular engineering, facilitating the development
of high-performance functional biomaterials from simple, readily
available, and customizable building blocks.

Beyond single amino acids, polypeptide self-assemblies also
exhibit excellent piezoelectric properties. Kholkin et al. [72]
discovered that self-assembled FF PNTs exhibit strong shear
piezoelectric activity. This discovery opened a broad path for a
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Fig. 10. Biocompatible nanogenerator based on different biomolecules. (A) Schematic illustration of the fabrication process of FF peptide microrods [95]. Adapted with
permission of [95]. Copyright 2015 Elsevier. (B) Cross-sectional scanning electron microscopy (SEM) image of a sandwich-structured film [98]. Adapted with permission of
[98]. Copyright 2021 AAAS. (C) Corresponding energy-dispersive spectroscopy (EDS) map of N, confirming that the center layer is glycine [98]. Adapted with permission
of [98]. Copyright 2021 AAAS. (D) Schematic illustration of FF nanotube piezoelectric energy harvester [70]. Adapted with permission of [70]. Copyright 2018 American

Chemical Society. (E) Schematic of the FF peptide nanogenerator attached to a PET beam [71]. Adapted with permission of [71]. Copyright 2018 Elsevier.

new generation of biocompatible piezoelectric devices. Lee et al.
[70] developed large-scale unidirectionally polarized, neatly
aligned FF PNTs and fabricated a peptide-based piezoelectric
energy harvester (Fig. 10D). The electricity generated by this
energy harvester can power multiple liquid crystal displays
(LCDs) when an external force is applied, and this result con-
tributes to the application of peptide-based energy harvesting
devices in the biomedical field. Jenkins et al. [71] developed a
complete 2D model of a flexible PENG based on FF peptide
microrods and fabricated a flexible PENG based on a vertical
array of FF peptide microrods (Fig. 10E). The model was suc-
cessfully validated by characterizing the piezoelectric response
of the PENG, and finite element modeling was applied in the
design, optimization, and study of FF peptide-based PENGs.
Furthermore, biomolecules such as silk proteins [100], lysozyme
[101], thymidine [102], and phage [103] also have the potential
to be used in the manufacture of PENGs.

PENGs with biocompatibility and even biodegradability [104]
have been explored for biomedical purposes and have played an
important role in the development of implantable systems, such
as powering implantable devices [105,106], recording biological
signals, and stimulating muscles and the nervous system in therapy.
However, the study of degradable PENGs is still limited. Poly-L-
lactic acid (PLLA) is a crystalline polymer known for its excellent
biodegradability and biocompatibility, making it widely used in
implants approved by the Food and Drug Administration (FDA)
for food and pharmaceutical applications. The thermodynamically
stable conformation of PLLA is the a-crystalline structure, where
the introduced dipoles of carbonyl (C=0) groups do not align
along the main chain of the polymer. However, under appropriate
processing, it exhibits piezoelectric characteristics, such as electro-
spinning, which allows the alignment of dipoles in a unidirectional
manner along the stretching direction, forming a p-crystalline
structure with a piezoelectric coefficient d,, of 12 pC N~" [107].

Our group reported a novel degradable PENG employing a
free-standing polylactic acid (PLA) film embedded with arrays
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of diphenylalanine microrods. This design effectively enables
the stiff PLLA polymer to detach the rigid microrods from the
silicon substrate and uniformly distribute external forces for
efficient energy conversion. The PENG demonstrates outstand-
ing performance, generating a maximum output voltage of
1.78 V and achieving a power density of 1.56 W m ™. Moreover,
the device exhibits complete dissolution within 25 d at 60 °C
in alkaline, acidic, and phosphate-buftered saline solutions.
This remarkable degradability of the PENG offers a practical
solution for powering transient electronics while simultane-
ously reducing the environmental impact (Fig. 11A) [108].

In addition to amino acids and polypeptides, other types of
biomaterials such as cellulose and vitamins are also widely used
in PENGs. Bae and coworkers [109] extracted a chitin biofilm
from black soldier fly (BSF) larvae. This biofilm has a nonporous
and orderly repeating hexagonal structure. The TENG and PENG
based on this chitin biofilm demonstrate excellent performance.
The Ag/BSF/Ag PENG can generate a voltage of 18 V, a current
of 2.2 pA, and an instantaneous power of 5 pW, showing that the
chitin biofilm is an excellent material for developing sustainable
energy harvesting devices and has broad application prospects
in the field of wearable technology (Fig. 11B). Zhang et al. [110]
fabricated biomass-based multilayer structured PENGs using a
hydrogen bond replacement strategy. The matrix is a blend film
of cellulose and PVDE and the fillers are BCZT ceramic powders.
The hydrogen bond network allows for uniform filler distribution.
By changing the inner layer thickness, the output performance
of PENG can be adjusted. For instance, the 1/3-0-1/3 configured
device has a power density Py, of approximately 4.28 pW cm 2,
and its Pp,/F (power density triggered by unit force) is the highest
among reported cellulose-based PENGs. When applied to a
pedometer, it shows high sensitivity and potential for working in
humid environments (Fig. 11C).

Ji and colleagues [111] successfully prepared 20 high-quality
vitamin crystals. The vitamin molecules in these crystals can
self-assemble into 3 packing modes. DFT calculations showed
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that the piezoelectric strain constants of vitamin self-assemblies
were from 3.8 to 42.8 pC N~'. The D-BIO (vitamin B7) self-
assembly has a piezoelectric strain constant as high as 42.8 pC
N~ due to its low crystal symmetry and high polarization. The
PENG fabricated based on D-BIO assemblies exhibits excellent
performance. Under a mechanical force of 47 N, it generated an
open-circuit voltage of approximately 0.8 V. After 5,400 pressing—
releasing cycles, its performance remained stable for at least
3 months. The wearable sensor made from this PENG accurately
detected the bending movements of human limbs. The insole
based on PENG monitored different walking speeds and move-
ment states in real time, and the generated electricity was suffi-
cient to light up 12 LEDs, showing great potential in the field of
self-powered devices (Fig. 11D). Typical biomaterials, perfor-
mance, and applications of PENGs are shown in Table 1.

Energy harvesting based on the triboelectric effect
Introduction of TENG

The TENG has been developed, which couples the contact elec-
trification and the electrostatic induction between 2 different
materials with different triboelectric polarities. This device
exhibits several favorable properties, such as versatile structures
and high voltage outputs. The triboelectric generators have 4
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main working modes [112]: vertical contact-separation mode,
lateral-sliding mode, single-electrode mode, and freestanding
triboelectric-layer mode, as shown in Fig. 12. Since the tribo-
electric generator was first proposed, much research has mainly
focused on improving the triboelectric charge density and
energy conversion efficiency.

Biomaterial-based TENGs and applications
Polymers are usually used for the triboelectric negative layer
of a TENG because of their easy incorporation of triboelectric
negative atoms such as fluorine and nitrogen. However, polymer-
based materials present problems of adverse impacts on the
environment. Using biomaterials to construct TENGs is an
excellent option, because biomaterials have good biocompat-
ibility, degradability, and availability. Biomaterial-based TENGs
may enable the development of wearable and implantable energy
harvesters that can seamlessly integrate with biological systems.
These materials are designed to be compatible with living organ-
isms, minimizing any adverse effects on human health or the
environment [113,114].

Our group successfully optimized the molecular spatial
arrangement of valine using a 2-step approach involving chiral
selection and electric field manipulation [115]. This technique
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Table 1. Summary of biomaterial-based piezoelectric nanogenerators

Materials Performance Application Ref.
y-Glycine, PDMS 250 mV,22.5nA, 2.5nW/cm®  Wound monitoring and healing [163]
B-Glycine, chitosan 190 mV Wearable biomedical diagnostics [164]
Diphenylalanine peptide microrods 0.6V,7nA,0.1nW Flexible electronics, wearable devices, and soft robotics [71]
Diphenylalanine peptide nanotubes 2.8V, 374 nA,82nW Energy harvesters [70]
Black soldier Fly/PTFE 18V,2.2 uA, 5 uW Energy harvesting devices [109]
(polytetrafluoroethylene)

Cellulose/PVDF 4.28 uW/cm? Health monitoring and wearable electronics [110]
Vitamin B, 1.19 nA, 0.061 pW/cm? Wearable sensors, fitness tracking [111]
Crab shell chitin nanofibers 22V,0.12 pA, 3143 nW Implantable medical goods [165]
Four glutamates M13 232 mV,11.1nA, 0.99 nW Self-powered implantable and wearable electronics [166]
bacteriophage nanopillars

Fish scale 4V,15pA, 114 pW/em? Self-powered implantable medical devices [167]
Fish swim bladder 10V, 51 nA, 4.15 pW/cm? Self-powered biomedical sensors [168]
Prawn shell chitin nanofibers 44V,37nA,0.76 pW/cm?  Ahuman interactive self-powered wearable sensor [169]
Onion skin 18V,166 nA, 1.7 pW/cm2 Pacemakers and healthcare units [170]
Spider silk 21.3V,0.68 pA, 4.56 pW/cm2 Biomechanical energy harvesters [76]
Collagen nanofibrils 45V, 250 nA Implantable devices, e-skin-based sensors and devices [171]
Tomato peel 24.5V,2.5pA,19.5 pW Portable and wearable applications [172]
Pomelo fruit membrane 6.4V,744 uA, 12 pW/cm2 Health monitoring, the power source for the implantable  [173]

devices
Wood sponge 0.69V, 7.1 nA, 0.6 nW/cm? A wearable movement monitoring system [174]
Eggshell membrane 264V,145 A, 11.90 yW/em?  Self-powered implantable and wearable electronics [175]
Chicken feather fibers 10V,21.6 mA, 6 pW/cm2 Wearable electronics, bio-implantable and healthcare [176]
monitoring devices

Ginkgo tree leaves 6.55V,125 mA, 1.29 uW Self-sustainable wearable tactile sensors [177]
BKH2 bacterial protein, PVDF 14V,168 nA, 64 pW/cm? Clinical healthcare monitoring applications [178]
Cotton, PVDF 65V,2.1uA, 447 pW/cm2 Sustainable green energy harvesting [179]
Chicken feather fibers, PVDF 28V,14 pW/cm2 Wearable bioelectronic patches and power sources [180]
Snake ecdysis 15.5V,34 pA, 73 pW Speakers, battery-free sensors, health monitoring devices  [181]
Sericin and fibroin 1.52 pW/cm? Wearable sensors, energy harvesting [182]

effectively anchored the carboxyl end of the crystal to the substrate
while exposing the amino group on the contact surface, leading
to enhanced charge separation and markedly improved frictional
performance, and the electric field can induce molecular orienta-
tion and effectively enhance frictional power generation perfor-
mance. In addition to energy harvesting applications, the
self-powered sensors developed in this study hold promise
for detecting body movements such as walking, knee joint
motion, and elbow motion. Furthermore, the TENG can be
utilized to illuminate 24 red LEDs simply by tapping with the
hand, and it can also power commercial timers and LCDs.
This work underscores the potential of optimizing the crystal
structure of biomaterials through careful material selection
and electric field manipulation, thus paving the way for the
design of high-performance bioelectronic devices with prac-
tical applications (Fig. 13A).

Biocompatible materials hold great promise for advancing
biomedical applications. Among them, dipeptide nanostructures
have attracted significant attention due to their biocompatibility,
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functional molecular recognition, and unique biological and
electronic properties. However, the lack of stable arrays of pep-
tide nanostructures that can be mass-produced and easily fabri-
cated remains a major hurdle for practical implementation. To
address this challenge, Heo and colleagues [116] developed a
straightforward and scalable process for producing arrays of
cyclohexyl phenylalanine (cyclo-FF) nanowires through thermal
evaporation. They also successfully manufactured high-
performance TENGs based on cyclo-FE This innovative method
enables precise control over the size of cyclo-FF nanowires and
allows for the preparation of stable peptide nanostructures under
varying environmental conditions and humidity levels. These
cyclo-FF nanowires serve as the frictional material in biocompat-
ible nanogenerators, showcasing impressive power output capa-
bilities that hold tremendous potential for future applications
(Fig. 13B).

Peptide-based core-shell structures hold great promise for
various applications. In 2019, Wang and colleagues [117] syn-
thesized peptide-Co,S; nanobricks with a core-shell structure
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[112]. Adapted with permission of [112]. Copyright 2018 Wiley.

by covering self-assembled Co,S; nanobelts with a thin shell
layer using atomic layer deposition (ALD). The shell layer not
only protects the peptide material from electrolyte attack but
also provides additional capacitance for supercapacitors. Flexible
asymmetric supercapacitors can be coupled with a TENG for a
flexible self-powered TENG/SC (supercapacitor) system. The
TENG/SC system, charged continuously by a TENG for 2.7 h,
successfully powered a red LED for 21 min, demonstrating its
excellent self-charging and power delivery performance. Protein
isalso an excellent friction layer material for a TENG. Genetically
engineered spider silk protein was designed to improve tribo-
electric properties and mechanical strength [118]. Zheng and
colleagues [119] prepared a high-performance TENG based on
silk fibroin (SF) aerogel and polydimethylsiloxane (PDMS)
sponge. Using silkworm cocoons as raw materials, SF aerogel
with a porous structure was prepared by the directional freeze
casting method. It was used as the positive friction layer, and
the PDMS sponge was used as the negative friction layer. When
the SF concentration was 3%, the TENG showed the best output
performance, with a maximum open-circuit voltage of 365 V, a
maximum short-circuit current of 11.8 pA, and a maximum
power density of 7.52 W/m”. Compared with the TENG based
on the SF film, the voltage is increased by 6.5 times and the cur-
rent is increased by 4.5 times. This TENG can be used to monitor
subtle human movements in real time, such as the movements
of fingers, wrists, and knees, as well as activities like walking and
swallowing, providing an effective solution for the development
of wearable bioelectronic health monitoring devices.
Chitosan, gelatin, cellulose, and nylon are also used to make
TENGs. Gui and colleagues [113] developed a bio-based TENG
with PLA as the base material. Micropores and hydrophilic
groups such as hydroxyl groups and carboxyl groups were intro-
duced onto the surface of PLA through alkali treatment, and
then a nickel layer was deposited on its surface as the electrode
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material by electroless nickel plating. Using PDMS and PVA as the
friction layers, a TENG working in a vertical contact-separation
mode was constructed. Under a 6% strain (corresponding to a
stress of 32.4 kPa), the device produced a maximum output
voltage of approximately 5.1 V. It was found that within the stress
range of 0.14 to 32.4 kPa and the strain range of 1.3% to 6%, the
output voltage has a linear regression relationship with the strain
of the dielectric material, and the electrostatic charge density
formed on the TENG surface is 4.1 x 10° C/m” (Fig. 14A).
Kim and colleagues [120] prepared a TENG for oral health
monitoring using biological waste. Chitosan, gelatin, and cel-
lulose were extracted from crab shells, fish scales, and wood
waste and compounded with biodegradable PVA. With rice
paper (RP) as the substrate and edible silver leaf as the electrode,
a single-electrode mode TENG was constructed. Among them,
the PVA/chitosan 10 wt % composite-based TENG (PC10) per-
formed the best, with an output voltage of approximately 20 V,
a current of 200 nA, and a charge of 12 nC. This TENG can
collect biomechanical energy to power LEDs. A biocompatible
bite sensor based on a TENG was also fabricated to measure
the bite force of a denture model, thereby evaluating oral health
conditions and providing a promising direction for the develop-
ment of disposable oral medical devices (Fig. 14B). In another
work, Li and colleagues [121] utilized the highly biodegrad-
able natural polymer cellulose, chitin, SE, RP, and egg white
(EW) to prepare bioresorbable natural materials-based TENGs
(BN-TENGs) (Fig. 12). A wide range of electrical output was
achieved by BN-TENGs, with V_ ranging from 8 to 55 V and
I ranging from 0.08 to 0.6 pA, respectively. The BN-TENG
served as a voltage source to power an extracorporeal electrical
stimulation system and successfully regulated the function of
isolated clusters of dysfunctional cardiac muscle cells. Given its
impressive in vitro and in vivo electrical output, excellent bio-
compatibility, biodegradability, and tunable bioabsorbability, it
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based TENGs and their performance [116]. Adapted with permission of [116]. Copyright 2019 Elsevier.

holds tremendous potential as a transient power source for elec-
tronic and bioabsorbable implantable medical devices. Nylon,
which has excellent mechanical robustness and softness, has a
strong electron-donating ability compared with metal, and is
often used as a positive electrode material in the TENG (Fig.
14C) [121]. Wang and colleagues [122] developed a stretchable
and washable skin-inspired TENG made by embedding a planar
conductive yarn network composed of 3-ply-twisted silver-
coated nylon yarn. This device combines the functions of bio-
mechanical energy harvesting and multifunctional pressure
sensing, and has good stretchability, sensitivity, detection accu-
racy, response speed, and mechanical stability. Its maximum
average power density reaches 230 mW/m?, which can light up
170 LEDs, charge capacitors, and drive small electronic products.
As a self-powered multifunctional sensor, it can monitor human
physiological signals and is also used to fabricate intelligent pros-
thetic hands, self-powered pedometers/speedometers, flexible
digital keyboards, and pressure sensing arrays with 8 X 8 pixels,
showing broad application prospects in fields such as wearable
power supply technology, physiological monitoring, intelligent
prosthetics, and human-machine interfaces (Fig. 14D).
PENGs have a wide range of applications and offer several
advantages in various fields (Table 2). They can harvest energy
from a great range of energy sources, such as human motion,
machine vibrations, wind blow, and water flow. TENGs provide
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sustainable energy supply for small electronic devices, sensors,
and wearable technologies.

Energy harvesting based on the hydrovoltaic effect
Introduction and mechanism of hydrovoltaic

In 2014, Guo and colleagues [123] first discovered that aqueous
droplets containing Na* ions can generate electrical signals by
moving on the surface of single-layer graphene. The phenomenon
of stable output of electrical energy through interaction with
water in carbon nanomaterials is called the “hydrovoltaic effect”
(Fig. 15). Ions are drawn to graphene/polymer interface by the
polymer’s polar surface dipole layer. As droplets move, ions charge
at the advancing front and discharge at the receding edge, induc-
ing current in graphene via carrier movement [124]. Therefore,
using ferroelectric thin films with strong surface dipoles can
improve the electricity generation performance. Rainwater in
nature contains abundant ions, and the sliding of raindrops on
the surface of functional materials is expected to electricity.

Biomaterials for hydrovoltaic technology and applications

Biomaterials are mainly composed of carbon, hydrogen, and
oxygen. Without undergoing any chemical changes, they are
readily broken down by organic microbes into smaller mole-
cules like carbon dioxide and water, and the byproducts they
produce can reenter the natural cycle. Hence, products derived

16


https://doi.org/10.34133/research.1093

Research

A Weigh
(70,100,250,500,750,1000,1250,1500 g)

Volage (V)
e

e

Plate clagping frequency

% i W w

Number of plasdng egees

_#5
S
o3
g2
o1
>0 :
3 5 476 & 1012 14 16
= Impl ion time (d)
100
£ 75
gso
ol -8 M-SF
ﬁ 01 -=uysrF
= 1 7 21 42 84

Time (d)

6{ 0d [ 1d [ 3d | 7d | 11d [ 12h | 1d | 3d
s3 i s
Q H [
o o
S0 2
3 S
3 !

0 20 40 60 8 100 O 20 40 60 80
Time (s) Time (s)

Bio-waste crab shell derived TENG

Silver-coated
nylon yarn

Silicone rubber

Fig.14. Other biomaterials used for TENGs. (A) Pd-absorbed PLA sheet, structural, and output performance of the as-fabricated TENG device [113]. Adapted with permission of
[113]. Copyright 2023 American Chemical Society. (B) Systematic step-by-step synthesis of chitosan, gelatin, and cellulose and the demonstration of an oral healthcare sensor
[120]. Adapted with permission of [120]. Copyright 2023 American Chemical Society. (C) Implantation schematic and electrical output of bioabsorbable natural materials-based
TENGs [121]. Adapted with permission of [121]. Copyright 2018 Wiley. (D) Schematic illustration of the skin-inspired triboelectric nanogenerator (SI-TENG) with “chain-link”
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from natural wood, cotton, and other biomass have exceptional
renewability and biodegradability. Natural wood is rich of
hydroxyl groups, which primarily made up of cellulose, lignin,
and hemicellulose. Zhou et al. [125] employed citric acid (CA)-
modified beech wood to harvest electricity from water evapo-
transpiration based on the capillarity phenomenon. Wood’s
continuous microchannels had an average diameter of roughly
10 pm (Fig. 16A). The energy harvester featured a classic sand-
wich configuration. In the vertical direction relative to the
wood, 2 polyethylene terephthalate (PET) meshes with conduc-
tive carbon paste coatings served as external electrodes and 2
inert electrodes were inserted into the reservoirs located at the
capillary’s 2 ends (Fig. 16B). As water passed through the wood
microchannels, the hydroxyl groups on the channel walls were
hydrolyzed to render the channels negatively charged which,
generated a 300-mV open-circuit voltage, a 10-pA short-circuit
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current, and a power density of 0.045 pW/cm?® (Fig. 16C). The
same phenomenon was also observed in other wood species,
which made them have tremendous potential in nanogenera-
tor application. Das et al. [126] developed an innovative energy
harvesting system utilizing a commercial wearable fabric. This
system mimics the natural process of plants by channeling water
through the fabric’s nanochannels, thereby generating electricity
through the combined effects of transpiration and capillary
action (Fig. 16D). Yun et al. [127] developed a type of wetted
cotton fabric reinforced with carbon black and achieved a
potential difference of 0.53 V between the asymmetric wet and
dry sides of the cotton fabric by using the water’s capillary move-
ment (Fig. 16E).

Chen et al. [128] reported macroscale evaporation-driven
engines that can power common tasks like locomotion and
electricity generation. With these engines, they exhibited an
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Table 2. Summary of biomaterial-based triboelectric nanogenerators

Materials Performance Application Ref.
Poly(viny alcohol) (PVA)/chitosan 20V,200nA,and 12 nC Oral health monitoring, bite force [120]
sensing, disposable medical devices
Silk fibroin (SF)/PDMS 365V,11.8 pA, 752 W/m? Wearable electronics [119]
Chicken skin 123Vand 20 pAfroma9cm®device  Capacitors, power supplies, electronic [183]
calculators, LED
WPI (whey protein isolate) 4V, 2.8 W/m? Wearable sensor [184]
Silk protein Resolution of 0.1 Hz and sensitivity of ~ Authentication, information security, [185]
167 mV/dB high-fidelity platforms, machine control,
and medical rehabilitation
Silk and PET, electrospun nylon 66 100V, 24.5 mA/m? Wearable electronics [186]
nanofibers, PVDF-coated PET fabric
SFF (silk fibroin film) 13V, 04 pA, 0.8 W/m? Wearable electronics [187]
bR protein, CNTs 11nA/cm?, 0.43 mW/cm? Light conversion systems [188]
Ostrich EM 300V,0.18 mW Body motion detection [189]
Sodium alginate (SA)/PVA 2034 V,176 pA, 0.98 mW/cm? Wearable electronics [190]
PEO-silk nanofibers 2.1kV, 6.5 pA, 196 mW/cm? Wearable electronics [191]
FG (fish gelatin) PTFE/PDMS 130V, 0.35 pA, 45.8 pW/cm? Wearable electronics [192]
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Fig. 15. Mechanism for the drawing potential. (A) DFT results of the differential charge distribution near graphene caused by adsorbing 1 to 3 rows of hydrated sodium cations.
The corresponding adsorption energy (E,) is provided. (B) Schematic illustration of the pseudocapacitance formed by a static droplet on graphene. (C) Schematic illustration of
the potential difference induced by a moving droplet [123]. Adapted with permission of [123]. Copyright 2014 Springer. (D) Schematic motion of ions in solution and electrons
in graphene toward the front edge of the droplet in response to an ionic droplet moving forward with velocity v. (E) Voltage and current outputs of a ferroelectric polymer film
[124]. Adapted with permission of [124]. Copyright 2018 American Chemical Society.

electricity generator that rests on water while harvesting its
evaporation to power a light source, and a miniature car (weigh-
ing 0.1 kg) that moves forward as the water in the car evaporates.
Liu et al. [129] fabricated a device with microbial biofilms made
from sustainable feedstocks to produce electricity from water
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evaporation (Fig. 16F). Xiao et al. [130] developed a bilayer solar
evaporator that effectively implemented the directed water flow
(Fig. 16G). To generate centimeter-sized water flow channels,
large-area CNT films were applied to the cellulose paper’s sur-
face, and hydrophobic PDMS was enclosed at a single spot on
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2020 Elsevier. (H) Fabrication process of a hydrovoltaic device based on gum-derived carbon to generate power [131]. Adapted with permission of [131]. Copyright 2023 RSC.

one side of the paper, leading to the formation of an asymmetric
alteration. It generated a maximum output power of 2.1 mW
as water evaporated under solar radiation. Venkateshaiah et al.
[131] discovered that nonfood-grade tree gum could be con-
verted into high-quality carbon materials with a high specific
surface area and a large number of micro/mesopores through
carbonization and exfoliation. The discoveries of biomolecular
self-assembled materials advances the development of environ-
mentally friendly materials for the fabrication of hydrovoltaic
devices, advancing the energy conversion technology based on
the hydrovoltaic effect (Table 3).

Other energy harvesting

Biosolar cells

Biomaterials, featuring nontoxicity, sustainability, and cost-
effectiveness, have emerged as promising candidates for advanc-
ing the performance and stability of optoelectronic devices,
particularly solar cells [e.g., perovskite solar cells (PSCs), organic
solar cells (OSCs), and dye-sensitized solar cells (DSCs)] and
perovskite LEDs (PeLEDs) [132,133]. In PSCs, Chen and col-
leagues [134] developed a polydentate chelating biomaterial,
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2-deoxy-2,2-difluoro-p-erythro-pentafuranous-1-ulose-
3,5-dibenzoate (DDPUD), to stabilize the top interface of n-i-p
PSCs (Fig. 17A). DDPUD chemically anchors to uncoordinated
Pb**, halide vacancies, and I-Pb antisite defects, reducing trap
density (from 2.01 X 10'° to 1.49 x 10'® cm™) and releasing
interfacial tensile strain. PSCs fabricated in ambient air with
DDPUD achieved a power conversion efficiency (PCE) of 24.47%,
among the highest for air-processed device.

Natural amino acids and their derivatives have also shown
efficacy in OSCs and PSCs. Li et al. [135] employed L-arginine
(L-Arg) as an electron transport layer (ETL) in inverted OSCs
based on PTB7-Th:PC;;BM. L-Arg reduces the work function of
indium tin oxide (ITO) via interfacial dipoles, improving energy-
level alignment with PC;;BM. When combined with ZnO as a
double ETL (ITO/ZnO/1-Arg), the device PCE reached 9.31%
(versus 8.09% for pure ZnO), with reduced series resistance (3.71
Q-cm?) and enhanced stability (Fig. 17B). For PSCs, cellulose
derivatives [e.g., cellulose acetate (CA) and cellulose acetate
butyrate (CAB)] act as dual-functional additives. Xiong and col-
leagues [136] reported that CA forms hydrogen bonds with MA*
andI” in MAPDI, promoting crystal growth and achievinga PCE
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Table 3. Summary of biomaterial-based hydrovoltaic devices

Materials Performance

Application Ref.

Citric acid-modified wood

300 mV,10 mA, 0.045 pW/cm?

Nanogenerator [125]

Wet fabric pieces 700 mV Enlight white LED [126]
Bacterial spores 60 pW Evaporation-driven car and powering of LEDs [128]
Microorganisms 1 pW/em? Electricity generation [129]
Carbon black-coated cotton fabric 0.53V,3.91mA Turning on a LED [127]
Bilayer (CNTs) film/cellulose paper 2.1pW Electricity generation [130]
Nanoporous carbon 0.4V,3mA Turning on a LED [131]
Protein nanowires 0.5V, 17 pA/cm? Power source [193]
Waste corn stalk 0.6V,0.5 pA/cm? Power source for small electronics [194]
Electrospun cellulose acetate 0.3V, 80 nA/cm? Power source for LCD [195]
Gelatin 0.71V, 777 pA/em? Smart mask [196]
Nanofibrils 0.1V, 30 nAZcm? Body motion sensor [197]
Print paper 0.25V,30 nA/cm? Green power supply [198]
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Fig. 17. (A) Schematic diagram of the device structure with the top surface of perovskite modified by DDPUD [134]. Adapted with permission of [134]. Copyright 2024 Wiley.
(B) Schematic diagram of OSCs and the chemical structures of L-arginine (L-Arg), PTB7-Th, and PC71BM. Curves show the variation of PCE of OSCs with storage time when
Zn0 and ZnO/L-Arg are used as ETLs, respectively [135]. Adapted with permission of [135]. Copyright 2020 Elsevier. (C) Chemical structure of CA and schematic diagram
showing the expansion/shrinkage of perovskite crystal lattices without and with CA during the annealing process. Maximal steady-state photocurrent and stabilized PCE of
optimal CA-treated PSCs [136]. Adapted with permission of [136]. Copyright 2021 Elsevier.

of 19.53% with 15-d stability (Fig. 17C). CAB, with lower mois-
ture absorption, passivates Pb”" via ester groups and I~ via
hydroxyl groups, boosting PCE to 21.5% and maintaining 90%
initial efficiency after 3,300 h at 35% relative humidity (RH).
Biomaterials also find applications in other device compo-
nents, such as substrates and electrodes. Transparent wood
(TW), prepared by delignification and polymer infiltration,
serves as a PSC substrate with 86% transmittance at 550 nm,
achieving a PCE of 16.8% [137]. Biochar, derived from brewery
residues or soybean dregs, replaces noble metal (Pt, Au) elec-
trodes in DSCs and PSCs: Miettunen and colleagues [138] used
brewery residue-derived biochar as a DSC counter-electrode,
showing slower electrolyte degradation than Pt; Ma and col-
leagues [139] reported that soybean dreg-derived N/O-co-doped
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biochar enhances PSC stability, retaining 87% PCE after
2,000 h. Overall, biomaterials offer a sustainable pathway to
high-performance, eco-friendly optoelectronic devices, paving
the way for their commercialization.

Biofuel cells

BFCs, as promising energy harvesting devices that convert chemi-
cal energy from biological substrates into electricity, have garnered
intensive research interest for powering implantable electron-
ics, environmental remediation, and sustainable energy supply
[140,141]. For implantable BFCs, especially those targeting soft
tissues like the brain, mechanical flexibility and anti-biofouling
properties are paramount. Peng and colleagues [142] developed
a flexible fiber BFC using CNT fiber as the electrode substrate,
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which exhibits excellent mechanical match with brain tissues
(bending stiffness comparable to biological tissues) and struc-
tural integrity even after knotting. To mitigate biofouling, a
hydrophilic zwitterionic polydopamine-2-methacryloyloxyethyl
phosphorylcholine (PDA-MPC) layer was in situ polymerized
on the fiber surface, effectively resisting nonspecific protein
adsorption. In vivo tests demonstrated that this BFC stably gen-
erated power in the mouse brain for over a month, with a maxi-
mum power density of ~4.4 pW cm ™ in vivo and 32.6 pW cm ™
in vitro, while eliciting negligible immune response (no signifi-
cant astrocyte/microglia accumulation or neuron depletion).

Microbial-based BFCs have benefited from biomaterial
modification to enhance electron transfer. Kavaliauskaité et al.
[143] proposed a cost-effective modification of Saccharomyces
cerevisiae with Prussian Blue (PB) using FeCl; and Ks[Fe(CN)s]
salts. Optical microscopy and gravimetric assays confirmed PB
formation in the yeast cell wall/periplasm without compromising
viability. Cyclic voltammetry (CV) showed that PB-modified
yeast exhibited a higher anodic peak current (617 pA cm ™)
than unmodified yeast (547 pA cm™), as PB acted as an elec-
tron transfer mediator between cell membrane oxidoreduc-
tases and [Fe(CN)s]’~. The resulting BFC achieved a maximum
power density of 58.3 mW m ™2, 24% higher than that of
unmodified yeast.

Other biomaterials also provide multiple pathways for improv-
ing the performance of BFCs, such as microalgae and lignin.
Microalgae, as photosynthetic biomaterials, offer versatile path-
ways for BFC fuel production and integration. Luque and col-
leagues [144] reviewed thermochemical [pyrolysis, gasification,
hydrothermal liquefaction (HTL)] and biochemical (fermenta-
tion) conversion of microalgae (e.g., Chlorella vulgari) into bio-
fuels. Lignocellulosic biomass, as a renewable feedstock, was
integrated with BFCs via thermochemical conversion. Park and
colleagues [145] reported gasification-based integrated systems
[e.g., biomass gasification + solar thermal energy and solid oxide
fuel cell (SOFC)]. In conclusion, biomaterials have markedly
advanced BFC performance in flexibility, anti-biofouling, electron
transfer, and fuel versatility. However, challenges remain, includ-
ing large-scale fabrication, long-term in vivo stability, and cost
reduction.

Biomaterial-based TEGs
TEGs have emerged as a promising technology for sustainable
energy harvesting, and the integration of biomaterials has sig-
nificantly advanced their flexibility, biocompatibility, and envi-
ronmental sustainability. Biomaterials, derived from natural
sources or biodegradable components, address key limitations
of traditional inorganic thermoelectric (TE) materials—such
as rigidity, toxicity, and high production costs—while enabling
novel applications in wearable devices, off-grid power supply,
and biomedical systems [146,147].

Cellulose, a renewable and abundant biomass, has become
a cornerstone in biomaterial-based TEGs due to its hierarchical
structure, tunable porosity, and excellent mechanical adapt-
ability. A hierarchically porous cellulose membrane (HPCM)
tabricated via molecular self-assembly engineering exhibits
~95% porosity, >94% solar reflectance, and >0.9 mid-infrared
emissivity [148]. When integrated into a cellulose-based ther-
moelectric (CTE) module, the HPCM acts as a passive radiative
cooler, inducing an average temperature gradient of 14.5 °C dur-
ing daytime natural convection—17-fold higher than pristine
devices. Another cellulose-based innovation is a self-powered
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TE gel composed of microcrystalline cellulose (MCC) and
poly(deep eutectic solvent) (PDES), synthesized via a one-pot
method [149]. This gel combines the sustainability of MCC
with the ionic conductivity of PDES, achieving a Seebeck coef-
ficient of 25.86 mV K™, low thermal conductivity, and a ZT
(thermoelectric figure of merit, a dimensionless parameter
evaluating the thermoelectric energy conversion efficiency)
value of 0.27 at room temperature.

Polymer-biomass composites integrate the flexibility of poly-
mers with the sustainability of biomass, enabling TEGs for all-
weather energy harvesting. A bioinspired micro/nanostructured
polyethylene/poly(ethylene oxide)/graphene (MN-PPG) film,
fabricated via industrialized microextrusion compression mold-
ing (u-ECM), exemplifies this approach [150]. The film leverages
polyethylene (PE) for mechanical stability, poly(ethylene oxide)
(PEO) as a phase-change material for energy storage, and gra-
phene for photothermal conversion. Its micro/nanostructured
surface confers superhydrophobicity (contact angle ~156°) and
antireflectivity, boosting light absorption. Under 3-sun irradia-
tion, the integrated TEG generates an open-circuit voltage of
315.4 mV and a power density of 2.5 W m™; at night, it recycles
afterheat from LED chips, realizing round-the-clock energy
circulation.

Biomaterials have revolutionized TEG design by enabling sus-
tainability, flexibility, and biocompatibility. From cellulose-based
porous membranes for off-grid power to polymer-biomass com-
posites for all-weather harvesting and biomedical-grade films for
theranostics, these materials address critical limitations of tradi-
tional TEGs. As research advances in performance optimization
and scalability, biomaterial-based TEGs will play a pivotal role in
sustainable energy systems and personalized healthcare, contrib-
uting to a low-carbon and resource-efficient future.

Conclusion and Perspectives

Conclusion

Biomolecular self-assembly presents an effective strategy to
produce functional bionanomaterials. Because of the easy syn-
thesis process, various shapes, tunable structures, and versatile
properties, self-assembled biomaterials are excellent candidates
for the study of intermolecular interactions. In terms of self-
assembly mechanisms, this review focuses on elaborating the
core methods and key forces that drive the self-assembly of
biomolecules. These forces include chemical bond interactions
such as hydrogen bonds and covalent bonds, as well as nonco-
valent interactions like m—m stacking, electrostatic attraction,
and hydrophobic effects. In addition, this review conducts a
detailed analysis of the structural characteristics and diverse
properties of different types of self-assembled biomolecular
materials. In terms of mechanical properties, such materials
exhibit strength and toughness suitable for nanoscale applica-
tions; in terms of electrical properties, their piezoelectric, fer-
roelectric, and semiconductor characteristics endow them with
the potential for energy conversion; meanwhile, the core advan-
tage of biocompatibility ensures the safe application of these
materials in fields such as biomedicine. The combination of these
properties makes self-assembled biomolecular materials an ideal
choice for interdisciplinary applications. In practical applications,
the review focuses on the key role of self-assembled biomolecular
materials in the field of energy harvesting, particularly their
applications in PENGs, TENGs, water-enabled electricity genera-
tion, and other types of energy harvesting devices. By utilizing
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the piezoelectric and triboelectric properties of the materials,
mechanical energy in the environment (such as vibration and
friction) can be efficiently converted into electrical energy, pro-
viding sustainable energy for microelectronic devices and wear-
able devices. In summary, this review not only clarifies the
versatility of self-assembled biomolecules but also reveals their
great potential in the innovative design of energy harvesting
systems and bio-based microelectronic devices. This research
outcome provides new ideas for the innovative design of bio-
materials, is expected to promote technological breakthroughs
in related fields, facilitates the transformation of biomolecular
self-assembly technology from basic research to practical appli-
cations, and paves the way for the development of sustainable
energy and bioelectronic devices (Fig. 18).

Perspectives

1. Molecular design and assembly regulation: The limited
knowledge of the self-assembly potential of different kinds
of biomolecules and the lack of fundamental understand-
ing of the self-assembly process markedly restricted the
development of new biomaterials. Experimental and
theoretical research efforts are needed to examine the
self-assembly process of amino acids, peptides, protein,
metabolites, and other biomolecules, establishing the
foundation for the design and fabrication of functional
self-assembled biomaterials.

2. Performance and long-term stability: In addition to fur-
ther improving the mechanical, piezoelectric, and other
physical properties, addressing the fundamental chal-
lenges of energy conversion efficiency, power output
density, and long-term stability is paramount for translat-
ing biomolecular self-assemblies into practical devices.

1. Molecular design

® Systematic design

® Specific structures 9 %

Self-assembled biomaterial-based devices exhibit signifi-
cantly lower power densities than traditional technologies.
To narrow this gap, synergistically modifying with piezo-
electric/conductive fillers, optimizing device structures to
improve interfacial charge transfer, and constructing
piezoelectric—triboelectric hybrid systems to compensate
for single-mechanism limitations are effective strategies
[151-153]. While biomaterial-based devices lag behind
synthetic inorganic materials in conversion efliciency,
their core value lies in biocompatibility-dependent and
context-appropriate energy output scenarios. An inte-
grated approach combining performance enhancement,
stability assurance, and lifecycle regulation will facilitate
their transition from laboratory research to practical use.
Additionally, their operational stability in complex humid
environments remains a key bottleneck. To overcome this,
material engineering strategies like chemical cross-linking
and the development of robust composite materials are
useful strategies [154,155]. Furthermore, biomaterials
are prone to degradation under harsh conditions, lead-
ing to mechanical strength loss after wearable use and
power drop after water immersion. To address this
problem, physical surface coating or waterproof encap-
sulation layers can shield these delicate structures from
degradation [156].

3. Practical applications: Although many applications have
been proposed and demonstrated for biomolecular self-
assemblies, many challenges need to be overcame before
they can be put into practical usage. The first challenge will
be the massive production of high-quality materials. Most
synthesis methods used in laboratory may not be adopted
for industrial production. In addition, the impact of self-
assembled micro- and nanostructures for the living system
are largely unknown. To address this, researchers can

2. Assembly regulation

® Theoretical guidance

® Molecular dynamics

and functions U simulations
’o Biomaterials
in energy
3. Performance harvesting 4. Novel

improvement

&

® Degradability regulation

® Stability

Fig. 18. Perspectives of the biomaterial in energy harvesting.
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applications

® Design of biodegradable devices

® Achieving controllable degradability

® Necessity of large-scale production
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explore low-cost biomass precursors and green solvents to
reduce costs, and develop continuous-flow microfluidic
self-assembly technologies [157,158] to precisely regulate
intermolecular interactions for large-volume uniform pro-
duction. Moving from laboratory synthesis to industrial
production requires improving the controllability of
self-assembly and batch-to-batch consistency. This can
be achieved by optimizing reaction parameters through
machine learning-driven design and implementing
automated quality control to validate product uniformity
[159,160]. Standardization of performance evaluation for
bio-based energy harvesters is another key hurdle, as a lack
of unified metrics hinders fair comparison and optimiza-
tion.To address this issue, a consensus-based framework
can be developed through interdisciplinary collaboration
to define the core metrics for systematic evaluation.
Furthermore, integration with existing microelectronic
systems needs dedicated research for seamless functionality.
Creating compatible interface architectures can bridge the
material and functional gaps. Beyond manufacturing and
standardization, biological implications require thorough
investigation. The establishment of a multidimensional
biocompatibility assessment platform allows for the
characterization of immune responses and informs
risk-mitigating structural modification.
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