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Abstract

Biodegradable piezoelectrics represent an intriguing category of electroactive materials combining the mechanical-
electrical coupling characteristics with a unique biodegradable feature that eliminates unnecessary materials
retention and minimize associated infection risks. Here, we review the piezoelectric properties of representative
organic biodegradable piezoelectric materials including amino acids, peptides, proteins, synthetic polymers and
polysaccharides. Strategies to promote the piezoelectric activity are summarized, and recent progress in the
utilization of biodegradable piezoelectric materials for bioelectronics is discussed, with perspectives and challenges
provided at the end to enlighten possible future directions.
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INTRODUCTION

Piezoelectrics represent a category of materials that generate electrical charges in response to mechanical
stress and vice versa, and have been extensively explored for power devices, transducers, pressure
sensors, etc."”. Although conventional piezoelectric materials such as zinc oxide (ZnO)", lead zirconate
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titanate (Pb(ZrTi, )O,, PZT)"", barium titanate (BaTiO,, BTO)"“*, lithium niobate (LiNbO,, LN)¥),

potassium sodium niobate ((K, Na)NbO,, KNN)", polyvinylidene fluoride (PVDF) and its copolymers"" "
have demonstrated excellent piezoelectric properties, the presence of toxic or non-biodegradable
constituents poses great challenges for use as biomedical implants. Although biotoxicity could be controlled
by encapsulation, potential leakage of hazardous constituents still exists, and the non-degradable
components could result in unnecessary materials retention associated with infection risks and dilemma of
materials retraction. By contrast, biodegradable organic piezoelectric materials are attracting great interest
due to their desirable biocompatibility and biodegradability that could eliminate retrieval surgeries***.

Materials candidates include synthetic biodegradable polymers (e.g., poly(L-lactic acid), PLLA), protein-
based polymers (e.g., gelatin), polysaccharides (e.g., chitosan) and amino acids. Although the piezoelectric
constants of organic biodegradable materials are often much smaller compared with non-degradable
piezoelectric materials, various strategies have been proposed which could greatly promote piezoelectric
response by orders of magnitude [Figure 1], enabling practical therapeutic or diagnostic functions for
biomedicine.

In this paper, we will first review the properties of representative organic biodegradable piezoelectric
materials, followed by a discussion of fabrication strategies to achieve enhanced piezoelectricity. Recently
demonstrated applications associated with organic biodegradable piezoelectric materials will be
summarized, and challenges and future perspectives will be given at the end.

BIODEGRADABLE ORGANIC PIEZOELECTRIC MATERIALS

The piezoelectricity of small biomolecules such as amino acids or dipeptides originates from non-
centrosymmetry. The hierarchical structure, such as folding and hydrogen bond (HB) network of large
molecules, also plays a critical role in piezoelectric activity. The piezoelectric constants of representative
biodegradable organic piezoelectric materials are summarized in Figure 1. Depending on the measurement,
piezoelectric coefficients are reported in pC/N (based on the positive piezoelectric effect) or pm/V (based
on the inverse piezoelectric effect). The associated piezoelectric properties will be discussed in the following
sessions in terms of piezoelectric small molecules, piezoelectric materials with higher-order structure and
piezoelectrets.

Piezoelectric properties of small biomolecules with non-centrosymmetric structure

Small biomolecules, such as some types of amino acids and dipeptides that have non-centrosymmetric
structure, will give rise to net polarization and therefore piezoelectricity. As shown in Figure 2A, amino
acids consist of an amino group (-NH,), a carboxyl group (-COOH), and a side chain group (R group).
Early works by Lemanov et al. showed over 16 amino acids and their compounds are piezoelectric, with
glycine and DL-alanine exhibiting the best piezoelectric properties'”'*. In ambient conditions, glycine has
three polymorphic forms"”, including alfa (a), beta (B) and gamma (y) glycine. a-glycine has a
centrosymmetric structure that does not endow piezoelectricity, whereas p-glycine and y-glycine have non-
centrosymmetry, which results in net polarization, as illustrated in Figure 2B*”. Guerin et al. calculated the
theoretical values of piezoelectric effects of glycine in different polymorphic phases through density
functional theory (DFT), which matched well with experimentally measured results (d,, = 178 + 11 pm/V,
d,, = 4.7 pm/V for B-glycine, and d,, = 1.7 pm/V, d,, = -1.1 pm/V, d., = 9.93 pm/V for y-glycine)"!. The
interestingly high shear piezoelectric constant (d,,) of B-glycine was attributed to molecular packing,
elasticity and permittivity of the materials. Nevertheless, B-glycine is thermodynamically unstable, and
strategies such as crystal growth of p-glycine in micro/nano-scale®* and composites with polymeric
nanofibers® or films such as chitosan, and mixture of different polymorphic glycine” were reported to
address the issue. Recently, Yang et al. achieved wafer-scale bio-organic films consisting of crystalline
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Figure 1. Piezoelectric constants of organic biodegradable piezoelectric materials. Symbols with a black border and reported values in
black indicate piezoelectric coefficient in pC/N, and symbols with a red border and reported values in red indicate piezoelectric
coefficient in pm/V.

y-glycine layer sandwiched between polyvinyl alcohol (PVA) through HB guided self-alignment, with a
maximum piezoelectric constant of 5.7 pC/N (d.,)"*.

DL-alanine crystal has an orthogonal structure composed of two kinds of optical-active alanine molecules.
In contrast to L-alanine, where the dipoles cancel each other out within the crystal, there is an alternating
parallel layer between the L and D isomers within the racemic DL-alanine, resulting in a strong net
polarization in the unit cell””. The average d., of DL-alanine crystal is about 4 pC/N. Figure 2C illustrates
the difference in crystal structure between L-alanine and DL-alanine. It is worth mentioning that
piezoelectric amino acid crystals usually have low dielectric constant (¢) values together with modest
piezoelectric strain constant (d;) values, which results in high piezoelectric voltage constant (g; = d,/e)
values with voltage outputs equivalent to those of inorganic ceramics””"*”. The highest reported piezoelectric
voltage constants of y-glycine"*, -glycine®’ and DL-alanine®” are 0.46 V-m:N", 8.13 V.m-N', 0.82 V-m:N",
respectively, which are higher than those of PZT"* (0.25 V-m-N™). These characteristics offer an important
foundation for applications in bioelectronic devices.

Peptides are short chains of amino acids linked by peptide bonds and strong piezoelectric effects have also
been observed in some peptide crystals due to their non-centrosymmetric structure. Diphenylalanine (FF), a
peptide found in amyloid in Alzheimer’s disease™, is a representative small molecule peptide with
intriguing piezoelectric properties® ™. FF molecules can be self-assembled into various
nano/microstructures in solutions through electrostatic forces, solvent-mediated force, -stacking or
hydrogen bonding™. All-atom explicit solvent MD simulation has been performed to demonstrate that the
driving force of FF nanotube formation was step dependent, in the sense that electrostatics was dominant
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Figure 2. Piezoelectric properties of small biomolecules with non-centrosymmetric structure. (A) Schematic illustration of an amino
acid molecule. (B) Crystal structure and molecular dipoles of B- glycine and y-glycine. Reproduced with permission™®®. Copyright 2019,
American Chemical Society. (C) Crystal structure of L-alanine and DL-alanine, and the latter has a stronger net polarization.
Reproduced with permission™”). Copyright 2019, American Physical Society. (D) Molecular dynamic (MD) simulation of the step-
dependent driving force of diphenylalanine (FF) peptide nanotubes. Reproduced with permissionBS].Copyright 2018, American
Chemical Society. (E) In-plane (IP) signal of two FF peptide nanotubes (A and B) with opposite polarizations demonstrate a strong d15
shear piezoelectric response. Reproduced with permission®”. Copyright 2010, American Chemical Society. (F) Entire matrix of
piezoelectric constants of FF peptide nanotubes obtained from the solution. piezoelectric response. Reproduced with permission™?.
Copyright 2016, Elsevier.

initially and the solvent-mediated force played an important role in subsequent growth of nanotubes
[Figure 2D]"*. Kholkin et al. characterized the shear piezoelectric properties of a single FF nanotube
through piezoresponse force microscopy (PFM), as shown in Figure 2E”. The work showed that the
electric polarization of FF peptide nanotubes (PNTs) was along the tube axis, and the shear piezoelectric
constant d,, was measured to be over 60 pm/V for nanotubes with a diameter around 200 nm, which was
close to the inorganic piezoelectric ceramics lithium niobate (LINbO,, LN). Nguyen et al. demonstrated that
the piezoelectric constant d., of vertically aligned polarized FF nanotubes was approximately 9.9 pm/V, and
can be promoted to a maximum of 17.9 pm/V by an electric field polarization process applied during the
self-assembly growth of the peptide®”. Vasilev et al. characterized the integral matrix of the piezoelectric
constants of FF nanotubes grown from solutions, as shown in Figure 2F*. The relationship between d,,
value and temperature was also assessed, and the results showed that piezoelectric response irreversibly
decreased from approximately 50 pm/V to 32-35 pm/V when heated to 120 °C.

Piezoelectric properties of organic molecules with higher-order structure

The piezoelectric characteristics of macromolecules like long-chain peptides, proteins, polysaccharides and
synthetic polymers are determined not only by intramolecular dipoles, but also hierarchical structures, such
as HB networks, spatial folding, helical and fibrous structures®. Interestingly, Bera et al. demonstrated that
even a tripeptide (Hydroxyproline-Phenylalanine-Phenylalanine, Hyp-Phe-Phe) can be engineered to
achieve a helical structure mimicking the collagen structure through HB and aromatic zipper-like packing,
as shown in Figure 3A™. The piezoelectric constant of the helical Hyp-Phe-Phe peptide (d,, = 27.3 pm/V)
was much greater than that of p-folded tripeptides.
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Figure 3. Piezoelectric properties of organic molecules with higher-order structure. (A) Hydroxyproline-Phenylalanine-Phenylalanine
(Hyp-Phe-Phe) single-crystals are attracted through intermolecular hydrogen bonds (HB) and aromatic zipper-like packing, and form a
helical stacking structure. Reproduced with permission™”. Copyright 2021, Springer Nature. (B) The B-sheet content and crystal
orientation determine the piezoelectricity of silk fibroin. Reproduced with permission™®. Copyright 2011, John Wiley and Sons. (C)
Atomic models of a single collagen molecule and collagen microfibril with five D-periods (each D period of around 67 nm). Reproduced
with permission™". Copyright 2016, American Chemical Society. (D) Schematic illustration of the interlocked structure of the gelatin
film cross-linked by glutaraldehyde with microdome structure. Reproduced with permission™®’. Copyright 2021, John Wiley and Sons.
(E) Schematic illustration of the vertically polarized M13 bacteriophage nanostructure filled in polydimethylsiloxane (PDMS)
microfluidic channels. Reproduced with permission®*. Copyright 2019, American Chemical Society. (F) Dipoles on the poly(L-lactic
acid) (PLLA) molecular chain are oriented to the same direction after stretching. Reproduced with permission™”. Copyright 2019, John
Wiley and Sons (G) Dipoles on the PLLA molecular chain are oriented to the same direction after applying stress. Reproduced with
permission'®”. Copyright 2018, National Academy of Science. (H) Chemical structure of cellulose, chitosan and chitin. Reproduced with
permission™®. Copyright 2021, Elsevier. (1) Schematic illustration of covalent bonds (CB) and HB arrangements in 2D nanocellulose
crystal. (J) Calculated piezoelectric responses for single HB (upper) and extended crystal (lower). (K and |) reproduced with
permission®®. Copyright 2016, Springer Nature. (K) Vertical displacement of cellulose nanocrystal thin films with different alignment
corresponding to externally applied electric fields. Reproduced with permission’®?’. Copyright 2012, American Chemical Society.
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Proteins are large molecules consisting of amino acids linked by peptide bonds. Many kinds of proteins,
including silk, collagen, elastin and lysozyme, demonstrate different levels of piezoelectric properties
depending on the chemistry and structure. Figure 3B demonstrates the relationship between the
macroscopic piezoelectric properties of silk fibroin, the p-sheet content and the degree of orientation, which
indicates crystallinity and crystal orientation are critical for enhancing piezoelectricity™”. Stretched silk films
can have a piezoelectric constant of up to 1.5 pC/N (d,,). With all-atom simulation [Figure 3C], Zhou et al.

showed that the piezoelectric properties (1-2 pm/V) of collagen come from the polar and charged groups of
collagen molecules, and the orientation and magnitude of the permanent dipoles changes along the long
axis of the fibril under mechanical stress, which results in piezoelectricity*’. Ghosh et al. reported a
piezoelectric constant of about 5 pC/N (d.,) in demineralized fish scale layers (composed of self-assembled
and ordered collagen nanofibrils)*”. Elastin is a protein found in all connective tissues, especially elastic
tissues such as tendons and arteries'®). Liu et al. measured the piezoelectric effect of aortic elastin with the
PFM technique and demonstrated a piezoelectric constant of about 1 pm/V"*. In addition, the structure of
an elastin monomer has a similar spontaneous polarization to classical perovskite-type cells, indicating the
ferroelectric nature of elastin. Lysozyme is a globular protein in the secretions of egg white and
mammals®. Stapleton et al. obtained tetragonal and aggregate films of monoclinic lysozyme and the
average piezoelectric constants were measured to be 3.16 pC/N and 0.94 pC/N, respectively*’. In general,
the piezoelectric constants of protein macromolecules are weak!**>**** due to low crystallinity and
complex dipole orientation. Nevertheless, appropriate structure design is beneficial to improve the
piezoelectric properties. Ghosh et al. fabricated an interlocked microdome structure of pigskin gelatin cross-
linked by glutaraldehyde (GA) to physically confine peptide chains [Figure 3D], which resulted in increased
piezoelectricity. The d,, value of the gelatin microdome film was about 24 pC/N, which is six times the
piezoelectric constant of conventional gelatin.

The structure of viruses is more complex than the previously mentioned proteins and M13 bacteriophage
represents an interesting virus that exhibits strong piezoelectric properties due to the presence of unique
protein components*. M13 bacteriophage is covered by about 2700 copies of a major coat protein (PVIII)
and five copies of minor coat proteins (PIII and PIX) located at either end™*”. The a-helix structure of the
PVIII proteins results in a dipole moment directed from the amino-terminal to the carboxy-terminal.
Lee et al. firstly observed both longitudinal and shear piezoelectric effects of M13 bacteriophage with the
PFM technique®. Wild-type (WT)-phage monolayer films exhibited an effective piezoelectric coefficient
(d.p) value of 0.3 + 0.03 pm/V. Recombinant DNA techniques allowed the engineering of charge distribution
on the surface of PVIII by inserting negatively charged amino-acid glutamate (E) to modulate the overall
dipole moment. The d,; value of the 4E-phage (with two extra glutamates added) monolayer films reached a
value of 0.7 + 0.05 pm/V. Furthermore, the piezoelectric property of M13 bacteriophage could be further
improved by controlling the thickness of the membrane. A WT-phage membrane(100 nm) exhibited a d.,
value of 7.8 pm/V, and the piezoelectric coefficient of 4E-phage membrane could reach 13.2 pm/V. In
addition, M13 bacteriophage can obtain vertically ordered unidirectional polarized structure with higher
piezoelectric properties by tuning orientation, polarization direction, microstructure morphology and
density. Shin et al. fabricated phage nanopillars (PNPs) by completely filling a porous anodic aluminum
oxide (AAO) template with M13 bacteriophage, and achieved a nanogenerator wrapped with a
polydimethylsiloxane (PDMS) elastomer layer, with a piezoelectric constant of 6.1 + 0.1 pm/V™. Lee et al.
infiltrated phage suspensions into PDMS molds with microfluidic channels [Figure 3E] and realized
tyrosine(Y)-mediated cross-links between the phages by evaporating solvents through ultraviolet
irradiation”. Hexa-histidine (6H) was also inserted into the N-terminal of PIII to polarize the binding of
phages on the substrate. In addition, the dipole moment can be enhanced by fusing three glutamates (3E) at
the N-terminal of PVIII, and the peak voltage and current of the piezoelectric energy harvester reached
2.8 V and 120 nA, respectively. In general, M13 bacteriophage has stronger piezoelectric properties than
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most proteins, and can be genetically engineered to modulate their properties and produced in large
quantities by means such as bacterial infection and mass-amplification®. Nevertheless, the piezoelectric
mechanism at the molecular level of M13 bacteriophage is not well understood, and further investigations
are still needed".

Piezoelectric synthetic polymers follow a similar piezoelectric mechanism. One of the most prevalent
biodegradable piezoelectric polymers is poly(L-lactic acid) (PLLA). PLLA has three different crystalline
modifications (a, B, y)®. The most common phase of PLLA is a-phase, which presents a 10,-helix
conformation and pseudo-orthorhombic units®”. The B-phase, which has a 3,-helix conformation, can be
produced under stretching and annealing conditions™. The y-phase, which is metastable and can be easily
converted to a-phase over heating™”, could be grown epitaxially on hexamethylbenzene (HMB) crystalline
substrate!™”. Researchers have revealed that the point group of PLLA crystal is D,,-»022, which results in two
independent shear piezoelectric constants, d,, and d,.,!. The C=0 dipoles of a-phase and B-phase are
oriented along the main chain of PLLA, and the application of shear stress rotates the C=0 dipoles in the
helical backbone, resulting in the alignment of dipole moments and therefore shear piezoelectricity'”. PLLA
is often processed into films that consist of crystal (piezoelectric phase) and amorphous (non-piezoelectric
phase) regions'””. Lovell et al. demonstrated the linear relationship between the shear piezoelectric effect of
PLLA films and the crystallinity index and orientation coefficient'*. Untreated PLLA films usually have
very weak macroscopic piezoelectricity due to their complex higher-order structure of amorphous domain
that induces low translational symmetry'*”. The introduction of processing such as uniaxial stretching'**"”,
electrical polarization'* and electrospinning process'””
greatly promote the crystallinity and piezoelectric properties, as shown in Figure 3F". For example,
Curry et al. showed that the crystallinity of PLLA films changed as a function of stretching ratio and reached
a peak value around 4-5 fold of stretching [Figure 3G], and d,, of uniaxially stretched PLLA films realized a
value of 6-10 pC/N***.. The highly oriented PLLA nanofibers obtained by electrospinning progress can
reach a higher piezoelectric coefficient of 19 pC/N"”. Supercritical carbon dioxide (sc-CO,) treatment”>”
has also been demonstrated to improve the macroscopic piezoelectric properties of PLLA with a d,, value of
16pC/N, by partially removing the amorphous component and enhancing crystallinity. In addition,
biodegradable polymer polyhydroxybutyrate (PHB)"" also possess piezoelectricity after stretching or
electrospinning (d,, = 1-2 pC/N, d., = 2.1-2.5 pC/N)"". To improve the mechanical properties of PHB for
in vivo applications, composites with other polymers such as poly(e-caprolactone) (PCL) have been
proposed™’.

can align dipoles on PLLA molecular chains and

Polysaccharides are long-chain polymeric carbohydrates made of a number of monosaccharide units. Some
polysaccharides, such as cellulose, chitosan and chitin, exhibit relatively strong piezoelectric effects due to
their special low-symmetry fiber structure’”. The molecular structure of these polysaccharides appears in
Figure 3H". Garcia et al.”™ predicted the in-layer piezoelectricity of IB-cellulose (the stable crystalline phase
of cellulose®™) in the 2D nanocrystal format consisting of covalent bonds (CB) and HB [Figure 31], and
suggested that the piezoelectricity originated from the HB network. The calculated piezoelectric constant of
individual HB ranged from 4.3 to 36.4 pm/V, while the overall piezoelectric constants of the extended
crystal were predicted to be 1.3 pm/V(d,,) and 0.9 pm/V (d,,), as shown in Figure 3]. Csoka et al. have also
reported a large shear piezoelectric constant of ultrathin films of highly aligned cellulose nanocrystals to be
around 210 pm/V (d,,) by PFM measurement [Figure 3K], which was ascribed to the chain arrangement
and dipole moments in the crystalline cellulose!®. The cellulose layers of plants in nature also demonstrated
weak piezoelectric properties constant due to the presence of large portions of amorphous components and
opposite dipoles. For instance, onion skins exhibited a d., value of about 2.8 pC/N"™, and cellulose
nanofibrils extracted from birch reached a d,, value of 4.7-6.4 pC/N"™. Moreover, chitosan showed
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piezoelectricity around 4-6 pC/N and was mostly used as a biocompatible matrix to achieve piezoelectric
composites”>*!. Recent work by Marzo et al. has accomplished significantly improved piezoelectricity of
chitosan (7.4~15.6 pC/N) through neutralizing treatment with NaOH solutions by promoting the
crystallinity”®. Similarly, although the piezoelectric constants of chitin are mostly between 0.2~1.5 pC/N"",
Hoque et al. reported chitin nanofibers extracted from crab shells with piezoelectric constants as high as

9.49 pC/N (d.,)"™".

Piezoelectrets

Polymer films with cellular structure showed strong piezoelectric activity after proper poling, and these
electroactive materials are referred to as piezoelectrets. Zhukov et al. reported a biodegradable polylactic
acid (PLA) piezoelectret by corona polarization and the piezoelectric constant d,, can reach a maximum
value of 600 pC/N, as shown in Figure 4A™. Although the piezoelectric effect was reduced by half
compared with the initial value in the first 20 days after polarization, it remained stable for the next
130 days. Gao et al. constructed a biodegradable paper-based electret nanogenerator using transparent
cellulose nanopaper (t-paper) and PLA piezoelectret layer, as shown in Figure 4B™. The comparison of
output current with and without PLA piezo-electret layer under periodic pressing indicated that the
mechanical-electrical response was attributed to the PLA piezo-electret layer which can be strongly
polarized and reliably maintain the charges [Figure 4C]. The piezoelectric effect of piezo-electrets is mostly
affected by the cellular structure (cell density, shape and size), relative density and elastic stiffness, electrical
breakdown strength, service temperature, etc.”*?. Piezoelectrets provide an alternative way to achieve
biodegradable devices with desirable piezoelectricity that can adapt to versatile biomedical applications.
Nevertheless, further studies are needed to verify the long-term stability of piezoelectrets in humid
environments, which is essential for biological applications.

Biodegradation of piezoelectric materials

The aforementioned materials not only demonstrate piezoelectricity activity relevant for bioelectronics, but
also possesses biodegradability that can avoid unnecessary materials retention in biological systems. Amino
acids, peptides or proteins play an important role in a number of biological processes. Peptides and proteins
can breakdown into amino acids, which will be metabolized by transamination to ammonia™”. Studies have
shown that M13 bacteriophage has good biodegradability in different body fluids and tissues (blood, urine,
saliva, artificial gastric juice (AGJ), and mouse homogenates of stomach, jejunum, and colon, etc.)". The
highest degradation rate (nearly 100% after 45 mins) was found in jejunum homogenate, which was rich in
proteolytic enzymes. Regarding biosafety, M13 bacteriophage possesses a specific tropism to interact with
host bacterial cells and does not attack mammalian cells***>**. Synthetic biodegradable polymers have
already been widely used in biomedicine. For example, PLLA has been approved by US Food and Drug
Administration (FDA) as implants and has been adopted as biodegradable sutures and cardiovascular
stents. PLLA degrades through hydrolysis to lactic acid, and the final metabolite is water and carbon
dioxide”. A significant decrease in molecular weight and mass was observed in the first 3 months after the
subcutaneous implantation of PLLA samples in the rats””, and complete breakdown occurred in a time

[97,99

frame of at least 4 years””*. In addition, polysaccharides such as chitosan and chitin can be readily
hydrolyzed by lysozyme, which is commonly found in mammals, while cellulose can only be hydrolyzed by

microbial and fungal enzymes"*, which constrains its potential in vivo applications"..

FABRICATION STRATEGIES FOR ENHANCED PIEZOELECTRICITY

Directional stretching, electrospinning, electrical poling and HB guided self-assembly are representative
strategies that promote crystallinity and dipole alignment of biodegradable piezoelectric materials and
achieve enhanced piezoelectric activity. Directional stretching induces alignment of dipoles in the
microcrystalline and amorphous regions and promotes piezoelectricity [Figure 5A]. For example, PLLA
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films processed with a stretching ratio of 4-5 greatly enhanced the crystallinity and boosted piezoelectric
constant'””. Electrospinning is another common process to enhance the properties of piezoelectric polymers
[Figure 5B]. Studies have demonstrated that the electric field in the process of electrospinning can promote
the orientation of a large number of dipoles toward the fiber direction or vertical direction'®””, which
enhanced piezoelectric properties””. Different mechanical properties and fiber orientation can be obtained
by adjusting the processing parameters such as solution properties, electrical field strength and rotating
speed of the receiving drum. For instance, as drum speeds increased from 1000 to 4000 rpm, the
piezoelectric constant (d,,) value of the collected nanofibers increased from 9 pC/N to 19 pC/N, while the
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nanofibers collected at 300 rpm drum speed show almost no piezoelectric properties”. Electrical poling
during the growth of piezoelectric crystals can also assist the alignment of dipoles along the direction, which
is beneficial to promote piezoelectricity [Figure 5C]. For instance, applying positive or negative electric field
to the growth of FF nanotubes significantly improved the piezoelectric constants from 9.3 pm/V (no electric
field) to 17.9 pm/V (negative electric field) or 11.7 pm/V (negative electric field)*”. Moreover,
intermolecular force (e.g., HB) plays an important role in promoting the orientation of dipole moments
during the course of piezoelectric crystal growth, as shown in Figure 5D. Yang et al. utilized the HB at the
PVA and y-glycine interface to promote the self-assembling of glycine and accomplished a wafer-scale
composite film with high piezoelectric response, flexibility and biodegradability”. The maximum d,,
piezoelectric constant of the composite film was 5.7 pC/N, which was comparable to that of commercial
PVDF piezoelectric films.

APPLICATIONS OF BIODEGRADABLE PIEZOELECTRIC MATERIALS FOR
BIOELECTRONICS

Piezoelectric materials enable the conversion of external mechanical stimuli into electrical energy and vice
versa and are prevalently used in sensors and energy harvesting"””. In addition, the charges generated on
the surface of piezoelectric materials can potentially be utilized as electronic medicine to regulate the
behavior of cells and tissues"”. Biodegradable piezoelectric materials have the advantage of natural
degradation after operational windows, and can potentially eliminate material retention and associated
infection risks.

Energy harvesting

Biodegradable piezoelectric materials have been explored as nanogenerators to convert mechanical
movements to electrical energy. Given piezoelectric properties comparable to PVDF, FF peptides have been
fabricated into piezoelectric nanogenerators (PENGs) with reliable performance**'*”.. Jenkins et al. showed
that FF peptide nanowires can generate higher voltages than ZnO, PZT and BTO nanowires under the same
force. A flexible FF peptide nanogenerator was achieved, with an open-circuit voltage of 0.6 V and a
short-circuit current of 7 nA under cyclic displacement. Lee et al. developed a meniscus-driven self-
assembly process for the fabrication of horizontally aligned FF PNTs with large unidirectional polarization,
as shown in Figure 6A"”. The obtained nanogenerator was capable of providing an output up to 2.8 V,
37.4 nA, and 8.2 nW [Figure 6B]. Tao et al. designed and fabricated a flexible and biodegradable PENGs
with FF PNTs and PLA was used to transfer FF peptide nanotubes from silicon substrates [Figure 6C]"*.
The d,, value of the composite film was 12.4 pm/V, and the voltage and current output under different
applied forces are shown in Figure 6D. The PENGs produced a power density of 1.56 W/m’, which is higher
than many reported PENGs based on biodegradable biomaterials. Zhao et al. reported a cantilever beam
energy harvester based on double-layer heat-treated PLLA films, as shown in Figure 6E"*. In this work, the
PLLA films were subjected to thermal annealing (140 °C) for 5-24 h after tensile stretching (4-fold), and a
high piezoelectric constant (d,,) of approximately 9.57 pC/N was obtained. The cantilever device can
produce an output voltage of up to 9.4 V and a power output of 14.45 pW, which can charge a lithium
battery and power multiple light-emitting diodes (LEDs) [Figure 6F]. In general, most biodegradable
piezoelectric materials have strong shear piezoelectricity but weak transverse and longitudinal piezoelectric
properties, thus often requiring customized structure to convert normal stress to in-plane shear stress,
resulting in lower energy output than conventional energy-harvesting devices such as non-degradable
piezoelectric nanogenerators"””, triboelectric nanogenerators*, which could limit potential applications as
power sources.
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Actuators, biosensors and transducers

The electromechanical conversion properties of piezoelectric materials allow the conversion of mechanical
stimuli (pressure, bend, twist, etc.) into electrical signals, enabling real-time sensing (e.g., pressure and
strain) in biological environments, which sets an important engineering basis for healthcare monitoring,
smart devices and bionic prostheses'*. Based on inverse piezoelectricity, piezoelectric materials also play a
critical role as actuators and transducers when properly engineered, which is essential for applications such
as controlled drug delivery and soft robotics"*.

Bioelectronics based on biodegradable piezoelectric materials have been developed for various actuators,
sensors, and transducer systems™ """ For example, actuators made of piezoelectric PLLA have been
realized as intelligent tweezers. Tajitsu et al. showed that PLLA fibers fabricated by dry jet spinning method
produced significant vibration upon the application of AC voltage in the range of 50-300 V and the
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frequency between 0.1-150 Hz, and could serve as electrically controlled conduits and micro tweezers'"".
The exfoliation of assumed thrombosis sample in blood vessels by the PLLA fiber catheter was
demonstrated. Sawano et al. developed a sc-CO,-treated PLLA, which had a larger piezoelectric constant,
and achieved an electrical tweezer in a “Finger-joint-shaped” that was capable of performing complex
movements such as grasping polystyrene beads [Figure 7A], which could achieve operations in constrained
space such as small blood vessels'™.

Biodegradable piezoelectric materials with desirable flexibility that can produce large deformation under
small forces are excellent candidates for building biodegradable sensors. Curry et al. proposed a
biodegradable pressure sensor based on mechanically stretched PLLA film and demonstrated in vivo
pressure monitoring in the abdominal diaphragm of mice, as shown in Figure 7B!”. The sensor can
accurately measure a wide pressure range (0-18 kPa) associated with physiological pressure, which could
enable self-monitoring of vital signs such as intracranial pressure, intraocular pressure, intraarticular, efc.
Hosseini et al. fabricated a flexible and biodegradable pressure sensor based on a composite film of B-glycine
crystals and chitosan matrix with a sensitivity of 2.82 + 0.2 mV-kPa'!. The proposed device could be
applied for wearable diagnostics and electrical stimulation for wound healing. Ghosh et al. fabricated a
ferroelectric pigskin gelatin electronic skin (e-skin) [Figure 7C] with a microdome interlocked structure and
achieved very high sensitivity (~41 mV-Pa™) at low pressures with a detection limit near 0.005 Pa, even
surpassing the non-biodegradable nanogenerators. The device could sense the spatially resolved pressure
and surface texture of an unknown object and be potentially deployed for pressure mapping and texture
perception that are critical for healthcare monitoring. Liu et al. also reported a pressure sensor based on
electrospun silk fibroin, as shown in Figure 7D""". The stress transferred from the electrode to the
piezoelectric layer can be enhanced by surface-engineered electrodes fabricated by transfer printing using a
metal mesh as the template, and the overall sensitivity of the device reached 30.6 mV/N, together with the
advantages of fast response (3.4 ms), long cycle life (3000 cycles) and good linearity, which could be
deployed for real-time detection such as oral cavity monitoring.

Transducers represent another category of devices for which biodegradable piezoelectric materials can be
used. Kim et al. extracted B-chitin from squid and obtained a piezoelectric film with a piezoelectric constant
of about 3.986 pm/V by centrifugal casting and hot pressing (120 °C)"'". The flexible piezoelectric
transducer worked well with paper-type speakers and microphones, and the synchronization rate with the
original sound source was about 70%, providing a new route toward eco-friendly piezoelectric devices.
Curry et al. proposed a highly oriented PLLA nanofiber film through electrospinning, which has been
demonstrated for monitoring important physiological pressure in vivo and generating ultrasound to disrupt
the blood-brain barrier (BBB), as shown in Figure 7E"”. The biodegradable ultrasonic transducer can
generate a sound pressure up to 0.3 MPa at a frequency of 1 MHz. The closer the coronary tissue of the
mouse brain was to the implanted transducer, the more autofluorescent signals of blood protein (green
stain, indicating leakage due to disrupted BBB) were detected [Figure 7F], whereas the blood protein was
completely absent in the cases with non-piezoelectric films implanted, suggesting that the sound pressure
generated by the biodegradable piezoelectric transducer can induce the opening of BBB. Moreover,
piezoelectrets with large longitudinal piezoelectric constants serve as an alternative option to achieve
biodegradable transducers. Dali et al. successfully fabricated a biodegradable ultrasonic transducer based on
a PLA piezoelectret"". The transducer exhibited a large bandwidth of approximately 45 kHz and fractional
bandwidth of 70%, resulting in sound pressure of 98 dB to 106 dB for driving voltages from 30 to 70 Vrms.

Therapeutics
Bioelectricity is essential in many physiological processes'” and studies have explored electrical stimulation
provided by biodegradable piezoelectric materials to assist the treatment of a variety of diseases, including
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Wiley and Sons. (B) Pressure signals detected by the PLLA sensor in the mouse abdominal diaphragm, black line and red line represent
live mouse under anesthesia and being euthanized, respectively. Reproduced with permission’®”. Copyright 2018, National Academy of
Science. (C) Structure of the biodegradable ferroelectric gelatin electronic skin (e-skin) and the image of the pressure distribution when
placed on an irregular object. Reproduced with permission™*®. Copyright 2021, John Wiley and Sons. (D) Schematic illustration of the
structure of silk fibroin based pressure sensor with micro-structured electrode and the comparison of voltage response symbols and
linear fits between silk sensor with micro-structured electrode and flat electrode. Reproduced with permission™. Copyright 2022,
Elsevier. (E) Schematic illustration of the in vivo experiment of PLLA nanofiber transducer to overcome the blood-brain barrier. (F) The
autofluorescent signal of blood protein (green stain) at the coronal section (C2) from the brains of mice that received ultrasound (US)
from the piezoelectric PLLA transducer (left, 4000 rpm) and the non-piezoelectric PLLA transducer (right). (E and F) reproduced with
permission'’?. Copyright 2020, National Academy of Science.

bone fractures, neurite growth, wound healing, etc.""”. When a piezoelectric material is subjected to
mechanical deformation, its internal dipoles are reoriented and piezoelectric charges are generated on the
surface. The charges and associated electric field may trigger complex cell signaling pathways, such as
opening calcium channels in cell membranes, resulting in an increase in the intracellular Ca** concentration
to promote cell proliferation and differentiation"®. In the case of cartilage and bone formation, the
upregulation of the Ca® concentration can activate calmodulin, calcineurin and calcineurin
dephosphorylates nuclear factor, which further translocate into the nucleus to elevate the expression of
signaling proteins such as bone morphogenic proteins (BMPs) and growth factors such as TGF-B
[Figure 8A]""*. Given similar piezoelectric activity as bone tissues'”, PLLA"**? PHB">*"**], collagen!>*'*")
and chitosan* based piezoelectric scaffolds have been developed as effective materials to promote the
proliferation of bone cells or the repair of bone defects. Recently, Das et al. demonstrated the repair of the
broken skulls of mice combining piezoelectric PLLA nanofiber scaffolds with ultrasound (US) treatments, as
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Figure 8. Therapeutic vehicles based on biodegradable piezoelectric materials. (A) Schematic illustration of surface charges generated
by piezoelectric materials upon mechanical strain to trigger the signaling pathways of attached cells. Reproduced with permission"".
Copyright 2020, John Wiley and sons. (B) Schematic illustration of the implantation of piezoelectric PLLA nanofiber covering the
defects on the calvaria bone of mice. (C) Piezoelectric PLLA nanofiber with US effectively promote bone formation (yellow arrow)
compared with the other groups. (B and C) reproduced with permission™?’. Copyright 2020, Elsevier. (D) Schematic illustration of
electric field induced upregulation of regeneration-related genes in the neuronal cell body through calcium dependent mechanism.
Reproduced with permissiont™®*. Copyright 2020, Elsevier. (E) Schematic illustration of three phases revealing the effects of electric
fields on wound healing. Reproduced with permission®. Copyright 2016, John Wiley and sons. (F) In vivo output voltage curves of
chitosan films (CM) and polydopamine coated chitosan films (CM@DA) immobilized on the back of mice. (G) Representative images
of wounds on days O, 4, 7, 10, and 14 after the treatment with CM and CM@DA films, respectively. (D and E) reproduced with
permission’”"?. Copyright 2020, Elsevier.
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shown in Figure 8B"*"\. In vivo experiment showed that the mice that received piezoelectric PLLA nanofiber
films and US had much more new bone formation, and a greater amount of alkaline phosphatase (ALP)
positive cells and green collagen 3.6 fluorescent signals (both represent higher osteogenic differentiation
activity) than the ones from other groups with either no ultrasound or non-piezoelectric PLLA nanofibers
[Figure 8C]. Liu et al. reported intriguing cartilage regeneration by the implantation of multi-layered PLLA
nanofibers and collagen composites into the joints of rabbits"*”". The mechanical stimulation introduced by
physical exercise can fully activate the piezoelectric scaffold, leading to complete healing of osteochondral
defects in rabbits with abundant chondrocytes and type II collagen formation after 1-2 months.

In the case of peripheral nerve regeneration, studies have shown that the piezoelectric charges generated by
piezoelectric materials could open the calcium channels of cell membranes and accelerate the influx of
calcium ions from the extracellular fluid"*"**. Associated brain-derived neurotrophic factor (BDNF) and
tropomyosin kinase B (TrkB) in neuronal cell body could be consequently simulated and promote the
expression of regeneration-related genes by upregulating cyclic adenosine monophosphate (cAMP)
pathways, as shown in Figure 8D"**. The induced electrical potential difference has also been shown to
boost the proliferation of Schwann cells, the production of nerve growth factor (NGF) and remyelination on
1 Composite materials consisting of
biodegradable piezoelectric matrix and inorganic piezoelectric ceramic filler**"*” capable of partial
degradation have been proposed for nerve regeneration. Some fully biodegradable scaffolds developed based
on the piezoelectric effect of biodegradable piezoelectric materials have also been investigated for neural
regeneration. Ramakrishna et al. realized PLLA nanofiber scaffolds by phase separation and electrospinning
that can promote the differentiation and growth of neural stem-like cells"**"*". Chen et al. demonstrated the
feasibility of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) microspheres as a scaffold to support
neuronal cell growth and axon-dendritic polarization"*. Other bio-piezoelectric materials such as
cellulose", chitin"*, chitosan"*'**, and collagen"*! have also been reported to be able to support cell
adhesion and growth. Some of these materials have been made into nerve conduits for peripheral nerve
regneration***). Jiang et al. constructed a novel chitosan-based nerve graft comprising microporous
chitin-based conduit and internal carboxymethyl chitosan fiber and applied it to bridge sciatic nerve across
a 10-mm defect in Sprague Dawley (SD) rats"*. The artificial composite nerve graft could effectively
promote the restoration of damaged neurons with similar efficacy compared to the autograft. Niu et al.
fabricated a biomimetic nerve scaffold with a structure mimicking the native epineurium layer using PLLA
nanofibers doped with gelatin"*. In the sciatic nerve defect model of SD rats, the scaffold showed the effect
of promoting the myelination of Schwann cells and the remolding of epineurium in the injured area, which
could effectively rehabilitate the motor and sensory functions of the injured nerve and prevent the atrophy
of the target muscle tissue. However, mechanical agitations on piezoelectric materials in most experiments
relied on transient and random motions that were usually weak. The use of external mechanical sources,
such as ultrasonic (US) generators, to transmit high-frequency mechanical waves with high spatial accuracy
to target locations in vivo can provide more controllable and sustained mechanical stress to induce the
#1.US stimulation can

injured axons, which is beneficial in assisting nerve regeneration

conversion of mechanical stimuli into electrical charges of piezoelectric materials!
greatly enhance the generation of surface charge and associated electric field of piezoelectric materials
enabling the interaction with surrounding cells and tissues®**'*>'**, which could stimulate intracellular
calcium activity, upregulate pertinent effector proteins, and promote tissue regeneration. It would be
interesting to investigate the therapeutic efficacy of combining ultrasound and biodegradable piezoelectric
materials. In addition, non-degradable components were often involved to achieve high piezoelectricity, and
thus the development of piezoelectric nerve scaffolds ensuring complete biodegradation also needs further

154]

studies!
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Moreover, biodegradable piezoelectric materials can also be applied to facilitate wound healing. Cutaneous
wound healing mainly depends on transepithelial potentials, which could be modulated by the charges
generated by piezoelectric materials"™®. Previous investigations revealed that electrical fields promoted
wound healing through three stages [Figure 8E]. Firstly, in the inflammatory phase, electric fields enhanced
blood flow and tissue oxygen to inhibit bacterial growth and reduce wound edema. Later in the proliferative
phase, wound contraction, the proliferation of keratinocytes and fibroblasts, and the deposition of
angiogenesis and collagen were accelerated. Collagen maturation and remodeling were subsequently
promoted by electric fields in the remodeling phase*. Skin scaffolds or dermal patches fabricated by
biodegradable piezoelectric materials have often resulted in accelerated wound healing. Park et al. showed
that silk fibroin scaffolds facilitated the proliferative and remodeling phase of the wound healing process,
through the canonical nuclear factor kappa enhancer binding protein (NF-«B) signaling pathway via the
regulation of the expression of cyclin D1, vimentin, fibronectin, and vascular endothelial growth factor
(VEGF)"**. Based on polydopamine-coated chitosan films (CM@DA), Chen et al. reported a piezoelectric
and photo-thermal film with a stable output voltage as mice were exercising [Figure 8F], and demonstrated
desirable efficacy in promoting wound healing of mouse skin [Figure 8G]"*”. Compared to pure chitosan
films, CM@DA produced greater and more stable piezoelectric voltage following the movement of the rats.
Combining CM@DA with near-infrared (NIR) light, the generated electric voltages and heat directly
stimulated the expressions of heat shock protein 90 (Hsp90) and hypoxia-inducible factor 1a (HIF-1a). The
elevated HIF-1a induced more Hsp90 secretion for cell migration, and the increase of Hsp9oo effectively
protected HIF-1a from degradation. The high expression level of HIF-10 can upregulate the expression of
VEGF, which enhanced the formation of new blood vessels to assist the formation of granulation tissue and
collagen deposition.

CONCLUSION

Given excellent biocompatibility, desirable biodegradability and tunable piezoelectric properties,
biodegradable piezoelectric materials are attracting great attention for potential use in bioelectronics. We
summarize the piezoelectric properties of representative organic biodegradable piezoelectric materials
including small molecules such as amino acids and dipeptides and organic molecules with high order
structure such as proteins, synthetic polymers and polysaccharides. Strategies to enhance piezoelectric
activity are reviewed and applications for energy harvesting, actuators, sensors, transducers, and therapeutic
devices are discussed.

To achieve commercial translation, a deeper understanding of the mechanism and characteristics of
piezoelectricity of different biodegradable piezoelectric materials and appropriate engineering designs to
adapt to specific medical scenarios are critical. Although with great progress, further advances are essential
to overcome the existing challenges of organic biodegradable piezoelectric materials. Firstly, the
longitudinal piezoelectric constants of these materials are generally much lower than the shear piezoelectric
constants, which requires more complex structural design or processing schemes to compensate for the
shortcomings. In addition, it remains a difficult task to simultaneously satisfy high piezoelectricity and
desirable flexibility to adapt to the soft nature of biological tissues, as crystallinity contributes greatly to
promoting piezoelectric activity that also comes along with mechanical stiffness. Moreover, rapid
degradation of organic materials constrains the operational window, and appropriate biodegradable
packaging materials are necessary to prolong the lifetime for extended application as implantable platforms.
Materials strategies and fabrication schemes are essential to address these challenges, including the
exploration of innovative biodegradable piezoelectric materials, new manufacturing methods to enhance the
piezoelectric properties of existing materials, and the development of composite materials to balance
piezoelectricity and flexibility. The incorporation of materials computation tools could also facilitate the
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design of novel biodegradable piezoelectric materials and optimize relevant characteristics. In addition, the
investigation of piezoelectrets offers an alternative pathway to realized biodegradable piezoelectric devices
with fewer constraints in materials. Piezoelectrets can effectively act as piezoelectric materials by injecting
charges or dipoles into a flexible material, which can greatly extend material options. Strategies to maintain
the metastable injected charges remain the key to achieving practical utilization of piezoelectrets. Moreover,
the exploitation of flexoelectric effects represents another interesting route to accomplish biodegradable
electroactive devices beyond piezoelectric materials. In non-piezoelectric materials, the applied strain
gradients could disrupt the previously highly symmetric charge density and result in polarization"*.
Although the flexoelectric effect is weak in most cases, flexible organic dielectric materials may have strong
electrical responses under large strain gradients due to their low elastic modulus"*. Some works have

]
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shown that flexoelectric effect could be used in energy harvesting'

In all, further developments will enable the optimization of biodegradable organic piezoelectric materials,
which will open new avenues to achieve innovative bioelectronics such as energy devices, sensors,
transducers and electronic medicine that can be fully resorbable, eliminating potential infection risks, and
could play critical roles in healthcare.
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