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ABSTRACT: The piezoelectric effect has been widely observed in biological
systems, and its applications in biomedical field are emerging. Recent
advances of wearable and implantable biomedical devices bring promise as
well as requirements for the piezoelectric materials building blocks. Owing to
their biocompatibility, biosafety, and environmental sustainability, natural
piezoelectric biomaterials are known as a promising candidate in this
emerging field, with a potential to replace conventional piezoelectric ceramics
and synthetic polymers. Herein, we provide a thorough review of recent
progresses of research on five major types of piezoelectric biomaterials
including amino acids, peptides, proteins, viruses, and polysaccharides. Our discussion focuses on their structure- and phase-
related piezoelectric properties and fabrication strategies to achieve desired piezoelectric phases. We compare and analyze
their piezoelectric performance and further introduce and comment on the approaches to improve their piezoelectric
property. Representative biomedical applications of this group of functional biomaterials including energy harvesting, sensing,
and tissue engineering are also discussed. We envision that molecular-level understanding of the piezoelectric effect,
piezoelectric response improvement, and large-scale manufacturing are three main challenges as well as research and
development opportunities in this promising interdisciplinary field.
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1. INTRODUCTION

The piezoelectric effect is a phenomenon that certain materials

electric materials through material design and engineering to
meet various requirements from the complex biological world.

can generate electrical polarization in response to strains. It
was discovered by the Curie brothers in 1880 using quartz and
Rochelle salt crystals." The origin of this phenomenon was
found to be the lack of inversion symmetry in crystalline
structures,” which further inspired the discoveries of piezo-
electric properties in other materials with noncentral
symmetric lattices, such as perovskites and wurtzite.> >
These inorganic piezoelectric materials have been exploited
in many 8practical applications, including igniters,(’ sensors,’
actuators,” and energy harvesters.”'® Piezoelectricity can also
be generated in some crystalline organic (particularly polymer)
materials, represented by polyvinylidene fluoride (PVDF). The
piezoelectric effect in polymers is induced by the alignment of
molecular dipoles in the polymer chains.'"'” The piezoelectric
polymers have a much lower Young’s modulus compared to
ceramics, offering a flexible building block for piezoelectric
devices, which broadens their potential applications toward the
area of biomedical devices.”> Nowadays, researchers are
continuously challenged to advance the properties of piezo-
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Indeed, the piezoelectric effect has been observed from
diverse biological systems. Since polarization was discovered in
wool and hair in 1941, piezoelectricity has been discovered in
wood,"® bone,'®'” tendon,'® skin,'’ and many other
asymmetric biological components.””~** More importantly,
the bioelectricity generated from the piezoelectric effect exerts
physiological significance in living systems.”*~*> For example,
the human tibia generates a 300 uV piezoelectric potential
from walking.”**” The endogenous electric field of living bone
influences its remodeling and growth.”® According to WolfFs
law, bone can adeptly reconstruct in response to subjective
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Figure 1. Schematic of the five major types of natural piezoelectric biomaterials and their properties for biomedical applications.

. . . . 29,30
stress via deposit and reinforce at areas of immense stress.

Besides, piezoelectric charges in the lung generated during
respiration could help bind oxygen to hemoglobin.”’ The
mechanically activated ion channels on the membrane, the
corresponding proteins named PIEZO1 and PIEZO2, were
identified as the major mechanical transducer in somatic nerves
and are vital for human perception of touch and
proprioception.”” ** The discovery of receptors for touch
was awarded the Nobel Prize in physiology or medicine in
2021, illustrating the importance of the conversion between
mechanical stimuli and electricity in living systems and further
attracting much more attention in this field.

Therefore, piezoelectric materials that mimic the natural
process of biological systems are envisioned as promising
approaches for biomedical applications such as tissue repair
and regeneration.”” The medically implantable and wearable
devices in biological systems are an emerging research
direction for piezoelectric materials. To be applied in biological
systems and interface with soft biological tissues, the materials
must be flexible, biocompatible, and even biodegradable.35_37
However, most conventional piezoelectric materials are
challenging due to their poor biosafety and biocompatibility.
Inorganic piezoelectric materials are intrinsically rigid and may
contain hazardous elements, while synthetic piezoelectric
polymers are nonbiodegradable and may cause the release of
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toxic molecules such as hydrogen fluoride during its synthesis
and decomposition processes.”” *' Hence, natural piezo-
electric biomaterials, i.e., materials originated from the
biological system itself, have recently attracted considerable
interests for biomedical applications because they are naturally
flexible, biocompatible, and mostly biodegradable. The
reported natural piezoelectric biomaterials mainly include
small biomolecules such as amino acids*> and peptides,*
polymers such as proteins*** and polysaccharides,***” and
viruses,”" as summarized in Figure 1 (to simplify the
discussion, they are called piezoelectric biomaterials in the
rest of this review). Their piezoelectric crystalline phases have
been successfully synthesized and demonstrated intriguing
application potential for biomedical energy harvesting,*’
sensing,49 and tissue engineering.so’51 Nevertheless, the
piezoelectric response of biomaterials is relatively weak
compared to piezoelectric ceramics and even polymers.””
Besides, the large-scale assembly and domain alignment of
piezoelectric biomaterials remain challenging.37 To date,
several strategies have been demonstrated to boost their
performances by molecular design, fabrication of hetero-
structure, and adjustment of orientation and polarization
direction.””* With the continuous efforts on enhancement of
properties and scalable production, piezoelectric biomaterials
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Figure 2. Piezoelectric amino acids materials. (a) The general molecular structure of the amino acids. (b) Three atomic structures of glycine.
Reprinted with permission under a Creative Commons CC BY License from ref 56. Copyright 2021 John Wiley and Sons. (c) Calculated
piezoelectric coefficients for ff-glycine. Experimental d,, and d,4 values are marked above relevant columns. (d) Optical image of f-glycine
needles. Reprinted with permission from ref 42. Copyright 2018 Springer Nature. (e) Optical microscopy image of chitosan (CS) film with
p-glycine crystals (f-Gly). Reprinted with permission from ref 49. Copyright 2020 American Chemical Society.

are expected to make significant advancements in biomedical
engineering.

Herein, we provide a thorough review of recent progress in
the preparation and properties of piezoelectric biomaterials
and their applications in biomedical fields. We overview the
piezoelectric properties from these five major types of
biomaterials including amino acids, peptides, proteins, viruses,
and polysaccharides. The strategies to improve their piezo-
electric performances will be discussed. Subsequently, their
representative biomedical applications will be discussed,
including energy harvesting, sensing, and tissue engineering.
Toward the end, we will provide our perspectives and discuss
the challenges and opportunities for the future exploration of
piezoelectric biomaterials in biomedical applications. This
review intends to provide a helpful and forward-looking
reference and facilitate the development of emerging piezo-
electric biomaterials.

2. AMINO ACIDS AND PEPTIDES

We start our discussion of piezoelectric biomaterials with
amino acids, the fundamental building blocks of proteins,
which further serve as an essential component of life. The
general molecular structure of amino acids contains an amino
group (—NH,) and a carboxyl group (—COOH), along with a
side chain (R) specific to each amino acid (Figure 2a). There
are 20 types of amino acids occurring in natural proteins.
Among them, 17 amino acids and their compounds have been
confirmed to be piezoelectric experimentally, except for
glutamine, phenylalanine, and tryptophan.”** Piezoelectricity
in amino acid crystals is a result of the accumulation of dipole
moments pointing from carboxyl group to amino group under
influence of mechanical stress. A noncentrosymmetric crystal
structure of most amino acids allows a net polarization to
develop without canceling each other, which generates
piezoelectricity in bulk scale. As piezoelectricity is a third-
rank property tensor, crystal symmetry affects the values of
piezoelectric coefficients in longitudinal, transverse, and shear
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directions. The number of nonzero coeflicients in each
direction vary among amino acids that belong to different
crystal classes.

In 1970, Vasilescu et al. performed piezoelectricity test on
the common 20 types of amino acids, all of them can exhibit
piezoelectricity in a specific phase.”* Amino acids could exhibit
a wide range piezoelectricity from 0.5 pC/N to 178 pC/N
based on theoretical and experimental studies.”* However, the
strong piezoelectricity was only predicted or measured in shear
directions, which is less suitable for practical applications. The
highest longitudinal charge coefficient dj; is predicted in y-
glycine crystal of 10.4 pC/N, in the same level of quartz
crystals and zinc oxide. Here, we will primarily focus on glycine
to discuss the piezoelectric property and structure relation-
ships.

Glycine is the simplest and the only nonchiral amino acid,
where R is an H atom. Glycine has three t);pes of crystal
structures, namely a, f, and y (Figure 2b).”° The glycine
molecules in a-glycine crystals arrange in centrosymmetric
configuration of space group P2,/c, and so the a-glycine
crystals are not piezoelectric materials, while it may exist
surface piezoelectricity by water incorporation.’”** The f-
glycine and p-glycine have been found to be piezoelectric,
which belong to the noncentrosymmetric space groups P2, and
P3,, respectively.””*" The f-glycine was predicted to have a
significantly high shear piezoelectric coefficient (d;s) of 195
pm V7' which was confirmed experimentally through
resonance piezoelectric measurements by using an impedance
analyzer.*” The obtained d,¢ value of P-glycine was 178 + 11
pm V7! as labeled in Figure 2c¢, which is comparable to
conventional piezoelectric ceramics, such as BaTiO;*° and
soft-PZT cermaics,®” and several times higher than maximum
piezoelectric coefficients of biological piezoelectric materials
like collagen,”" y-glycine,”> PVDF polymers,”*** and peptide
nanotubes. Such a high shear piezoelectricity could be
attributed to the supramolecular packing that contributes to
the shear elastic response with a high shear compliance, leading
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Figure 3. Piezoelectric y-glycine and scaling up. (a) Calculated piezoelectric coefficients for y-glycine. Experimental d,,, d,,, and d;; values of
dy1, dy,, and djy; values are marked. Reprinted with permission from ref 42. Copyright 2018 Springer Nature. (b) The piezoelectric hysteresis
loop of y-glycine microcrystal. Reprinted with permission from ref 62. Copyright 2012 John Wiley and Sons. (c) The cross-sectional SEM
image of a PVA-glycine-PVA film and the corresponding EDS map of nitrogen (N). (d) Schematic illustration of PVA-glycine-PVA sandwich
film formation Reprinted with permission from ref 37. Copyright 2021 American Association for the Advancement of Science. (e) Top:
Schematics showing the nucleation site at the convex liquid edge moves to the center flat area when the liquid edge becomes concave.
Bottom: Crystal growth kinetics of glycine-PVA films when the liquid film had a convex (green) or concave (red) edge. Reprinted with

permission from ref 71. Copyright 2022 Royal Society of Chemistry.

to electric dipoles acting along a particular direction.”**

Nevertheless, aside from the limited practical situations for
using the shear effect, the wide application of S-glycine is also
limited by its thermodynamic instability, as the metastable
polymorph can spontaneously transform into stable a- or y-
phases under ambient conditions.”*®” To stabilize the S-phase
and improve the flexibility, compositing the glycine crystals
with elastomeric dielectric polymers was a typical strategy. In
2020, Hosseini et al. fabricated homogeneous and extremely
stable f-glycine crystals in a chitosan matrix by a simple
solvent-casting method.** As shown in Figure 2e, the
spherulite of f-glycine could exhibit in noncrystalline regions
of chitosan. The S-glycine crystals were stabilized within the
chitosan media due to the alteration of crystallization kinetics.
The as-prepared p-glycine/chitosan film was applied as a
biocompatible and flexible piezoelectric pressure sensor.
Because most available mechanical energy sources exist as
compressive or tensile forces, the longitudinal piezoelectric
tensors are considered more significant and normally more
practical.”> The longitudinal piezoelectric coefficient d,, in f-
glycine was predicted to be —5.7 pm V! and was measured as
—4.7 pm V™! by using a piezometer."” Isakov et al. reported
the electrospinning of f-glycine/poly(vinyl alcohol) (PVA)
nanofibers that formed highly oriented and stable f-glycine
nanocrystals within the polymer fibers.”” The effective
piezoelectric coefficient was measured by piezoresponse force
microscopy (PFM) at 12.5 pm V. However, the measured
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value could be a combination of both longitudinal and shear
responses, due to the heterogeneous distribution of the local
electric field caused by cylindrical geometry of fiber.
Different from f-glycine, y-glycine allows three longitudinal
nonzero piezoelectric coefficients, d;;, d,,, and dj;. The
predicted value of d;; was 104 pm V™', which was 2-fold
higher than the longitudinal piezoelectric coefficient in p-
glycine and at the same level to the highest reported value of
zinc oxide.”””* The measured values of dy; in y-glycine, 9.93
pm V™! by using a piezometer (Figure 3a) and 10 pm V™' by a
PEM, agreed well with the predicted value.*”** In addition to
the piezoelectricity, Heredia et al. reported robust and
continuous nanoscale ferroelectricity in y-glycine.”> As shown
in Figure 3b, the well-defined piezoresponse hysteresis loop
indicates the polarization switching of ferroelectric domains in
7-glycine under electrical field, indicating potential applications
of y-glycine in bioelectronic logic, sensors, and memory
devices.””> However, some following papers disputed that
ferroelectricity in Heredia’s work could actually not only from
y-glycine.”” The integral characterization methods in Heredia’s
work, X-ray diffraction spectra and Fourier transform infrared
(FTIR) spectroscopy, allow detection of tiny amount phases in
a mixture. PFM has been performed to determine piezo-
electricity of individual phases distinguished by spectral
analysis of confocal Raman microscopy (CRM).”* In addition,
in Heredia’s work, the molecular-dynamic simulations were
performed suggesting the switching of glycine molecules occur
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43. Copyright 2016 Springer Nature. (f) Illustration of aligned FF nanotubes growth by Meniscus-driven dip-coating method. Digital
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2018 American Chemical Society. (g) Field-emission scanning electron microscopy images of 3D-printed FF microstructures. An array of
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FF spiral pattern (scale bar: 3 ym). Reprinted with permission from ref 79. Copyright 2021 American Chemical Society. (i) The crystal
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(LN). Reprinted with permission from ref 80. Copyright 2021 John Wiley and Sons.

between 4 V nm™" and 8 V nm™', while the experimental data
shown the switching occurred at an electrical field of 1 V
nm 1% Although computing models predicted the coercive

field of f-glycine is about 1 V nm_1,75’76

another recent study
obtained similar results of 1 V nm™ for y-glycine.”” The
ferroelectricity of glycine requires further investigations to
clearly identify the phases and carefully test the ferroelectric
properties. However, p-glycine is unstable, limiting its
experimental studies and applications. Besides, it is not easy
to obtain y-glycine from a neutral aqueous solution due to the
inhabitation from a-glycine crystallization.'” An acidic or basic
solution is typically required to grow single crystals of y-
glycine."”'* For neutral solutions, y-glycine could also be
obtained with inhibitor additives,'>"*
light'® or electric field'” or by slow evaporation from
microdroplets.'” Nevertheless, aiming at flexible piezoelectric
device applications, it is still challenging to achieve large-scale
aligned crystalline domains in flexible films that can offer
appreciable bulk piezoelectricity.

adding external laser
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Recently, Yang et al. developed a self-assembly strategy for
synthesis of flexible heterostructured PVA-glycine-PVA thin
films in wafter scale (Figure 3c).”” The synthesis was based on
a mixed aqueous solution of both PVA and glycine. Due to the
solubility difference, PVA films were precipitated out
preferentially as a result of the salting out effect. The hydrogen
bonding between the carboxyl group of PVA and hydroxyl
group of glycine then led to the directional nucleation and
growth of y-glycine crystals across the entire film (Figure 3d).
The as-received glycine-PVA films exhibited macroscopic
piezoelectricity with a measured dy; of 5.3 pm V™' and
improved flexibility, offering a simple and promising solution
for preparing high-performance piezoelectric biomaterials for
flexible devices.

The d;; demonstrated in Yang’s work reached more than
50% of the theoretical value, while still left a big room for
improvement. One of the main reasons for their materials not
showing higher d;; is that the piezoelectric polar [001]
direction was not aligned perpendicularly to the film surface.
Because the misalignment was due to the tilted interface where
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the nucleation occurs, Sui et al. presented a modified strategy
to move the nucleation site of y-glycine crystals to the flat
interface area.”' In their approach, a hydrophilic wall was
added around the liquid precursor film. This changed liquid
film edge from a convex surface to a concave surface. The
negative surface curvature became less favorable for nucleation
compared to a flat surface due to decreased water evaporation
rate (Figure 3e). Consequently, nucleation started to form at
the center flat area, with the (001) facets facing the interface
and thereby aligned the piezoelectric polarization preferably.
Therefore, the as-prepared p-glycine films exhibited an
improved dj; of 6.13 pC/N, the highest bulk value that has
even been reported.

Peptides are short chains of amino acids, so that they share
many structural and property features of amino acids. Thereby,
organized peptide molecules also exhibit structure-dependent
piezoelectric properties,””" such as diphenylalanine (FF),*®
fluorenylmethyloxycarbonyl diphenylalanine (Fmoc-FF),**
cyclo-glycine-tryptophan (cyclo-GW),*  cyclo-phenylalanine-
tryptophan (cyclo-FW),** and bis-cyclic-f-peptide.”® Similar to
amino acids, the piezoelectricity is also originated from the
internal electrical dipoles in between the amino and carboxyl
groups. The relatively large molecules and more functional
groups in peptides can introduce more complex intermolecular
interactions than amino acids and thus lead to different self-
assembly phenomena in molecule ordering and piezoelectric
performance.**

Among these peptides, FF is one of the most studied
piezoelectric peptide because of its simple structure, notable
stiffness, and high piezoelectricity.®” It consists two naturally
occurring amino acid phenylalanine (Phe) with a structure of
NH,-Phe-Phe-COOH. The FF crystal has no inversion
symmetry center with the space group P6, that enables its
piezoelectricity.” The FF dipeptide can frequently self-
assemble into nanowires and nanotubes structures driven by
intermolecular hydrogen bonding, electrostatic force, solvent-
mediated force, and 7—7x stacking.79’88’89 Kholkin et al.
synthesized FF nanotubes that were assembled in pairs with
oppositely directed polarizations (Figure 4a).”> PFM measure-
ments detected the in-plane signal along the tube axis, and
uncovered its shear component of the piezoelectric coefficient
(dis) from nanotube B. After lateral signal calibration, the
effective d;s for a 100 nm FF nanotube was determined to be
~35 pm V™', about half of bulk LiNbO;, a common lead-free
piezoelectric ceramic (Figure 4b). Strong piezoelectric
anisotropy of piezoelectric coeflicients was measured from
FF microtubes b;r PFM with d;5 of 80 + 15 pm V™' and dj; of
18 £ 5 pm V71.7°

Moving from nanoscale characterization to macroscopic
applications, researchers devoted efforts to the large-scale
fabrication of aligned and unipolarized FF films.**’*"" Nguyen
et al. successfully controlled the polarization of FF peptide
microrods during self-assembly process under an external
applied electric field.”’ The obtained FF microrods had
preferred polarization along the applied field without
significant morphology changes (Figure 4c—e). The aligned
vertical microrods arrays exhibited improved piezoelectricity
with dy; = 17.9 pm V™. Lee et al. developed a facile meniscus-
driven self-assembly strategy fabricate large-scale aligned FF
nanotube arrays.”® As shown in Figure 4f, a substrate was
pulled vertically from a FF solution. During the process, rapid
evaporation at the air—liquid—solid interface leads to a locally
concentration gradient of FF molecules and subsequent

nanostructure formation along the pulling direction. A strong
shear piezoelectric coeflicient d,; related to the in-plane signal
was measured from the horizontally aligned FF nanotubes to
be 46.6 pm V' by PFM. The similar mechanism was also
applied in three-dimensional (3D) printing of FF peptide with
free patterns.”” During the 3D printing process, rapid solvent
evaporation enabled continuous solidification of FF under a
designed path guided by femtoliter ink meniscus formed on a
glass micropipette, and the subsequent crystallization occurred
by heat treatment. This strategy enabled the creation of various
3D architectures of crystalline FF crystals (Figure 4gh). The
as-printed FF structures exhibited a notable out-of-plane
piezoresponse after annealing as revealed by PFM measure-
ments (Figure 4h). The effective out-of-plane piezoelectric
coefficient d g of the annealed FF line was estimated to be 7.23
+ 0.23 pm V..

In addition, the FF peptides can be fabricated via several
other approaches, including microfluidic, capillary, and inkjet
printing.””~”> Recently, the preparation of layered FF was
achieved by Zelenovskii et al. via a coassembly of L,L- and
D,D-enantiomers of FF (LFF and DFF) monomers.*® The
crystal structure of LDFF is formed by stacking layers of LFF
and DFF in alternating sequence (Figure 4i). The bilayered
LDFF structure exhibited a strong piezoelectric response with
the dy; = 20 pm V™' (Figure 4k) and enhanced stability than
conventional FF nanomaterials. The peptide coassembly has
been applied to enhance piezoelectricity.”® Yuan et al. reported
that compared with pure FF peptides, the coassembled
peptides of FF and phenylalaninetryptophan showed a
significant 38% increase in piezoelectric coefficient. Based on
the structure of FF, Basavalingappa et al. designed highly
aromatic dipeptides consisting of additional phenyl rings by
substituting one phenylalanine amino acid in the FF with the
B,B-diphenyl-Ala-OH (Dip) residue.*’ Among the studied
aromatic-rich dipeptides, tert-butyloxycarbonyl (Boc)-Dip-Dip
exhibits excellent piezoelectric performance including a
significant molecular dipole inside a relatively small unit cell
with a significant effective piezoelectric coefficient dy; ¢ = 73.1
+ 13.1 pm V™. This impressive value shows the promise of
introducing large molecular groups, such as phenyl rings, to
enhance the piezoelectric responses, along with the similar
concept, by adding fluorenyl-methoxycarbonyl (Fmoc) as side
group to the chain of FF peptides as Fmoc-FF nanotubes with
the d;s of 33.7 + 0.7 pm V~.*” Besides, density functional
theory (DFT) calculation recently predicted that cyclo-GW
peptides may demonstrate a high piezoelectric coeflicient d,4
of 13.8 pm V1%

3. PROTEINS AND VIRUSES

Proteins are complex macromolecules that comprise of
multiple amino acids. They play essential roles in the structure,
function, and regulation of the body, where their activities are
determined by the specific 3D structure and sequence of amino
acids. Piezoelectricity has been observed in various proteins,
such as collagen, silk, elastin, and lysozyme. Due to the high
complexity of the chemistry and structure, the mechanism and
strength of the piezoelectricity vary substantially from one to
the other. Here, we will focus our discussion on collagen, silk,
and elastin, which are commonly studied piezoelectric proteins
showing representative relationships among their structure,
morphology and piezoelectricity. Although the structures of
viruses are much more complicated, the piezoelectricity of
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Figure 5. Piezoelectric collagen structure and piezoresponses. (a) Illustration of collagen triple-helix structure formed by three twisted
polypeptide chains. Reprinted with permission from ref 97. Copyright 2018 American Chemical Society. (b) The existence of interstrand
hydrogen bonds. Reprinted with permission from ref 98. Copyright 2011 John Wiley and Sons. (c) Lateral structure of a collagen. Reprinted
with permission from ref 99. Copyright 2022 John Wiley and Sons. (d) PFM topography image (top), piezoresponse amplitude image (mid)
and the 2@ signal image (bottom) of a collagen fibril. (e) Shear piezoresponse as a function of applied voltage in the overlap region.
Reprinted with permission from ref 100. Copyright 2009 American Chemical Society. (f) AFM images, corresponding averaged line profiles
and amplitude dependence on AC voltage of type I (red) and type II (blue) collagen fibrils. Reprinted with permission from ref 101.

Copyright 2014 AIP Publishing.

viruses primarily come from their protein components.
Therefore, viruses are discussed together in this section as well.

Collagen is the most sufficient structural protein in animals,
accounting for about one-third of the total protein
components, which can be found in bone, tendon, skin, and
muscle.”***®  Collagen-based products have been widely
approved by the U.S. Food and Drug Administration (FDA)
for commercial and clinical use.”” Collagen has a hierarchical
microstructure. At the basic level, the polypeptide chains
consist of three-amino acid repeating motif G-X-Y, where G is
glycine and X and Y can be any amino acid but usually proline
and hydroxyproline.””'** Spatially, collagen molecule has a
triple helix structure formed by three twisted polypeptide
chains, as shown in Figure 527 The interstrand hydrogen
bonds helped protein form secondary structure and stabilize
the triple helix (Figure 5b).”*'"® At a more detailed level, a
collagen fibril is composed of collagen molecules quarter-

stagger arranged axially at a periodicity D of about 67 nm
(Figure Sc). In reality, gap and overlap regions exist along the
fiber axial direction from such arrangement, resulting in a 20%
lower packing density in gap region than in overlap region.'”

The piezoelectricity in collagen fibrils has been investigated
since the piezoelectric effect of bones was discovered in
1957.44194719 1t s generally accepted that piezoelectricity in
collagen is attributed to the accumulation of dipole moment
along the peptide chain and hydrogen bonding from
supramolecular packing.”*'°”'”” Minary-Jolandan and Yu
probed the electromechanical property of a single isolated
type I collagen fibril by using PEM.'*’ As shown in Figure 5d,
the PFM images revealed the presence of shear piezoelectric
responses in the collagen fibril. Moreover, a periodic
modulation of the piezoresponse amplitude existed due to
the bonding pattern of the overlap (brighter contrast) and gap
(darker contrast) regions along axial direction. The linear

https://doi.org/10.1021/acsnano.2c08164
ACS Nano 2022, 16, 17708—-17728


https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c08164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Less ordered B-sheets

W Highly ordered B-sheets ¥ a-helical region
& Amorphous region

H-bonding

pm

Figure 6. Piezoelectric silk and elastin. (a) Schematic illustration of components and structures in spider silk. Reprinted with permission
from ref 109. Copyright 2018 Elsevier. (b) The piezoelectric coefficient d,, of silk under different processing parameters (squares: zone
drawn; triangles: water-immersion drawn; diamonds: methanol treated). Reprinted with permission from ref 45. Copyright 2011 John Wiley
and Sons. (c) SEM image of electrospun silk fibroin. Reprinted with permission from ref 110. Copyright 2019 Elsevier. (d) Histological
image of fibrous elastin (scale bar: 200 gm). (e¢) PFM mappings of elastin at high temperature (473 K). Reprinted with permission from ref

111. Copyright 2014 National Academy of Science.

relationship between the shear piezoresponse and the applied
voltage measured on the overlap region, shown in Figure Se,
revealed a linear relationship between piezoresponse and
applied voltage of the overlap region and an effective
piezoelectric constant of ~2 pm V™', Denning et al. compared
the shear piezoelectric coefficients between type I and type 1I
collagen fibrils."”" The D-periodicity of collagen fibrils was
visible in the 3D AFM topography images (Figure 5f). By
calculating the slopes of PFM amplitude curves, the shear
piezoelectric coefficient d of type II fibrils was determined to
be ~28—32% lower than that measured for collagen type L
The highest piezoelectric coefficient measured in collagen was
di, = —12 pm V™! from rat tail tendons at the nanoscale.”*'**

Silk is another attractive piezoelectric biomaterial with
outstanding biomedical compatibility, tunable biodegradability,
and high flexibility.'>''* Silkworm cocoons are made from
two main proteins: fibroin and sericin."'® Sericin is commonly
removed during degumming process, and silk fibroin is mainly
responsible for holding the fibrous fibroin."'”"" Silk fibroin
presents crystalline polymorphism (Figure 6a), where silk I
predominantly has a a-helix structure with an orthorhombic
unit cell; silk II has antiparallel f-sheet structure with a
monoclinic unit cell; and unstable silk III exists with an overall
trigonal unit cell in regenerated silk fibroin thin films at the air/

water interface.*>"'>"'>"'* The inherent piezoelectricity of silk
fiber bundles was reported by Fukada in 1956, and the
observed piezoelectric response was ~1 pC N™'."'"® This rather
low piezoelectric property could be a result of the low
crystallinity and mixed phases. Therefore, over decades, silk
has been mostly considered and studied as a structural material
rather than a piezoelectric material. In recent years, mostly
driven by the flexible functional biomaterial research, more
attention has been focused on its piezoelectric property. In
2011, Yucel et al. studied the structural origins of shear
piezoelectricity in silk films based on the composition of f-
sheet and uniaxial molecular orientation.*> They demonstrated
that the piezoelectricity of silk could be modulated by
controlling the processing parameters and the aligned silk II
film could achieve a shear piezoelectric constant d;, of 1.5 pC
N~' (Figure 6b). Sencadas et al. processed silk fibroin by
electrospinning (Figure 6¢)."'" This as-spun highly oriented
and electrically poled crystalline structure yielded a substan-
tially high piezoelectric constant dy; of 38 pm V™. With such a
high performance, silk may enable an excellent flexible
biomaterial film that offers both strong mechanical and
piezoelectric properties.

Elastin is an extracellular matrix protein present in all
connective tissues and is particularly abundant in tissues or
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Figure 7. Piezoelectric virus and assembling strategies. (a) Illustration of M13 phage structure with dipole directions indicated by yellow
arrows. (b, c¢) PFM images of monolayer phage film scanning from two directions (indicated by white arrows). (d) Amplitude of
piezoresponse—AC voltage curves from periodically poled lithium niobate (PPLN), phage film, and collagen. Reprinted with permission
from ref 48. Copyright 2012 Springer Nature. (e) Illustration of the enforced infiltration strategy for fabrication of vertically aligned M13
phage nanopillars. (f) SEM image of the phage nanopillar-embedded porous template (scale bar = 200 nm) and schematic of phage
nanopillars with axial aligned piezoelectricity. Reprinted with permission from ref 121. Copyright 2015 The Royal Society of Chemistry. (g)
Schematic of the template-assisted method for growing vertically polarized phage nanostructure. (h) PFM amplitude image of vertically
aligned phages. (i) The out-of-plane PFM amplitude dependence of applied voltage of genetically engineered (6H) and wildtype (WT)
phage compared in film and vertical nanopillar forms. Reprinted with permission from ref 122. Copyright 2019 American Chemical Society.

organs under constant mechanical stress, such as lungs, skin,
and blood vessel walls (Figure 6d).""*""” Liu et al. confirmed
the piezoelectricity in aortic elastin by PEM (Figure 6e) with
the measured piezoelectric coefficient on the order of 1 pm
VLY Jiang et al. estimated the effective piezoelectric
coefficient of murine lung in the order of 0.1 pm V~'*' In
addition to piezoelectricity, elastin is ferroelectric, while
collagen appears to be nonswitchable, indicating the potential
electrical poling to enhance elastin piezoelectric
strength.“‘l”‘117 Elastin monomers are found to have intrinsic
polarization at a similar level to classic perovskite unit cells."""

Lysozyme, different from the fibrous proteins, is a globular
protein in egg whites and mammalian secretions. Stapleton et
al. reported piezoelectricity, ferroelectricity, and pyroelectricity
in lysozyme films.''®~"*° The average piezoelectric coefficients
of monoclinic and tetragonal lysozyme films were 0.94 pm V™'
and 3.16 pm V7!, respectively.' "’

A virus is an infectious microbe consisting of a segment of
nucleic acid by a protein coat, the capsid. The lack of inversion
symmetry in capsid protein structure endows the piezo-
electricity of certain viruses. The M13 bacteriophage (phage)
is an example of a virus that has piezoelectric properties. As
shown in Figure 7a, the M13 phage has a long rod-like shape
covered by thousands of a major coat protein (pVIII) and five
minor coat proteins (pIIl and pIX) at each end.*® The
piezoelectricity is mainly from pVIII in an a-helical structure

with a dipole moment pointed from the amino- to the carboxy-
terminal. Lateral PFM images in Figure 7b,c show detected
piezoelectricity of monolayer phage film in both axial and
radial directions, revealing the contribution from radial
component independent of orientation, respectively.

The pVIII N-terminus could be genetically engineered with
glutamate (E) by recombinant DNA techniques. The
engineered 4E-phage monolayer exhibited the out-of-plane
piezoelectric response dg of 0.70 + 0.05 pm V™. The dj; value
of 4E-phage film with >100 nm thickness was estimated to be
7.8 pm V™! which was much greater than the dy; = 1.1 pm V™
of collagen films (Figure 7d). Compared with the laterally
assembled phages, Shin et al. developed a template-assisted
self-assembly method to fabricate M13 phage nanopillars with
enhanced piezoelectric outputs in the axial direction.'”" Highly
vertically self-assembled phage nanopillars bundles were
obtained by extruding the suspension into a porous template
at precisely controlled speeds (Figure 7e) and removing the
template afterward (Figure 7f). The d;; value of engineered
phage nanopillars was estimated to be 10.4 + 0.5 pm V™' from
the relation for the quasi-static piezoelectric coefficient,"**
higher than phages films. Lee et al. developed another capillary
force-driven template-assembly strategy to phage pillars over a
larger area.'”” The phage solution was deposited on a nickel-
nitrilotriacetic acid (Ni-NTA) modified surface with a
micropatterned polydimethylsiloxane (PDMS) template. The
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Figure 8. Piezoelectric polysaccharides including cellulose and chitin/chitosan. (a) Schematic of CNC derived from wood pulp. Reprinted
with permission from ref 131. Copyright 2021 Elsevier. (b) The AFM height deflection mapping of CNC film under different voltages.
Reprinted with permission from ref 132. Copyright 2012 American Chemical Society. (c) Vertical displacement as a function of applied
voltage for ultrathin CNF films under no alignment, HIMA and EIP alignment, and corona poling conditions. Reprinted with permission
from ref 133. Copyright 2020 American Chemical Society. (d) Schematic of the vertical alignment mechanism. (e) Cross-sectional SEM
image and surface PFM image of vertically aligned CNC film. Reprinted with permission from ref 134. Copyright 2020 American Chemical
Society. (f) The molecular structures of chitin and chitosan. Reprinted with permission from ref 135. Copyright 2022 John Wiley and Sons.
(g) Spontaneous polarization of f-chitin nanofibers. The arrow shows the polarization direction. Reprinted with permission from ref 40.
Copyright 2018 Elsevier. (h) Piezoelectric response measured from gelatin, chitin, and collagen nanofibers nanogenerators. Reprinted with
permission from ref 136. Copyright 2018 Elsevier. (i) Average piezoresponse dependence on AC voltage of chitosan film. Reprinted with
permission from ref 135. Copyright 2022 John Wiley and Sons. (j) Cross-sectional SEM image of chitosan film prepared by using formic
acid. (k) Average d;; values of chitosan films prepared by dissolving in formic acid dependence of pressure at different sintering
temperatures. Reprinted with permission under a Creative Commons CC BY License from ref 137. Copyright 2017 The Royal Society of
Chemistry.

M13 phage engineered with hexa-histidine (6H) was able to 4, POLYSACCHARIDES
bind strongly with the substrate, which induced an upward
axial force to guide the self-assembly of phages (Figure 7g).
The vertically aligned phages structure exhibited unidirectional
polarization with an effective out-of-plane ds3 ¢ of 132 pm
V™!, which was three times higher than film structures (Figure
7i). The assembly behaviors of M13 phage were further
explored by several works, suggesting the potential for scalable
and eflicient fabrication of M13 phage in piezoelectric
applications.'*#'**

From above discussion, we can see that the piezoelectricity
from proteins is generally weak and dominated by the shear-

Polysaccharides are the most abundant natural carbohydrates
which are composed of monosaccharides with a general
formula of C,(H,0),. They are widely found in food, plants,
and animals, in the form of storage and structural
polysaccharides. This group of materials are probably the
most broadly studied piezoelectric biomaterials. There are also
number of review articles focusing on the piezoelectric
property of polysaccharides, particularly cellulose nanocrystals
(CNC).'*57'%° Therefore, here we do not intend to reiterate
all the details of recent progresses of piezoelectric CNC-related
materials. Instead, we focus on a few key aspects of

based responses. This can be partially attributed to their large polysaccharides’ structure, alignment, and properties in
and complex molecules, which makes the long-range ordering comparison to other materials discussed above to bring up a
of high density molecular dipoles rather challenging. For full spectrum of piezoelectric biomaterials for readers to
viruses, as represented by phage, their more rigid structure may reference.

help the alignment of polarization in their protein building The research interests in piezoelectric polysaccharides stem
blocks, and therefore higher piezoelectric responses have been from the intrinsic piezoelectricity of wood.">"*® In 1955,
detected. Nevertheless, understanding of the piezoelectricity in Fukada studied the piezoelectric effect of wood and brought up
both materials is still fairly limited. Rather than these very basic that it could be attributed to the aligned uniaxial fibrous
structure and piezoresponse characterizations, no practical structure of cellulose crystallites and their monoclinic
applications have been demonstrated so far. symmetry.">® Since then, much effort has been devoted to

17717 https://doi.org/10.1021/acsnano.2c08164
ACS Nano 2022, 16, 17708—-17728


https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c08164?fig=fig8&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c08164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

EVE

assembling highly aligned cellulose films for piezoelectric
applications. Figure 8a shows the schematic representation of
nanocelluloses obtained from wood cellulose fibers.” The
most commonly used cellulose can be directly taken from
plants, like wood and cotton.>” The cellulose fibers are
deconstructed into microfibrils and eventually obtain well-
organized CNCs that are known to be piezoelectric."” The
piezoelectric polarity in CNCs is a result of the polarized
glucose units that are linearly aligned through glycosidic
linkage in a monoclinic lattice. So far, many experimental and
theoretical works have invested the nano- and bulk-scale
piezoelectricity in CNCs and their assemblies.”*""** Csoka et
al. manufactured ultrathin CNC films with the typical thickness
of 38 nm, and the alignment of CNCs within the films was
controlled by a combination of shear and electrical fields
(Figure 8b)."*? The effective piezoelectric coefficients d,; were
measured with the highest value up to 210 pm V™. Zhai et al.
investigated'” the effective out-of-plane piezoelectric coef-
ficients ds3 . of cellulose nanofiber films (CNF) via three
different methods, corona poling, electric in-plane, and high
magnetic field, were measured by using PFM. As shown in
Figure 8¢, the corona-poling method resulted in the largest
piezoresponse with the dy; ¢ of 2.31 pm V™.

Due to the fibrous structure, CNC assemblies typically
exhibited a sheet-like structure with in-plane polarizations.
Therefore, the shear-type piezoresponses were more com-
monly observed, and the out-of-plane polarization was usually
small. Aligning dipole moments in cellulose chain with CNCs
vertically would be geometrically ideal to exhibit a strong out-
of-plane piezoelectric performance in bulk form."**'*° In 2020,
Wang et al. fabricated vertically aligned CNC films via a direct
current (DC)-assisted confinement cell technology."** In this
process, the high interfacial energy together with torque
induced by shear force from the capillary flow stabilized the
vertical alignment of CNC rods with all the dipole moments
pointing perpendicular to the film surface (Figure 8d,e). As a
result, the PFM measurement found the average piezoelectric
coefficient dy; reached 19.3 + 2.9 pm V™, which was close to
the dj; of a PVDF film. Besides, the piezoelectricity of cellulose
films were also improved by incorporating high-piezoelectric
nanofillers such as barium titanate, zinc oxide, and manganese
ferrite."*'~** While these approaches indeed increased the
composite films’ piezoelectric responses, the effect was
primarily contributed by the fillers, while the cellulose merely
served as a supporting matrix.'**~'*® Here, we do not consider
this type of strategy intrinsic to piezoelectric CNCs and thus
not include them in the comparison.

Chitin is another abundant polysaccharide only after
cellulose and exists as the major component of marine
crustacean shells.'*” Chitin is a long-chain polymer of N-
acetyl-D-glucosamine and can be deacetylated into poly(p-
glucosamine), a well-known derivative chitosan."*® The
monomer structures of chitin and chitosan are shown in
Figure 8f. With a structure similar to cellulose, both chitin and
chitosan were reported to exhibit piezoelectricity due to their
noncentrosymmetric crystal structure. The study of piezo-
electricity in chitin dates back to 1975."*’ Recently, driven by
the rising interests in piezoelectric natural resources, more
studies have been focused on this group of materials.

DFT calculation performed by Kim et al. shows the f-chitin
nanofiber has its theoretical overall net polarization along the
[001] direction (Figure 8g).** Experimentally, the piezoelectric
constant of f-rich chitin film was measured by PFM as 3.986

pm V7. Similar to CNCs, aligning the electrical dipole is
essential for the film to show strong piezoelectricity. Given the
similar chemistry of both types of materials, some strategies
could be shared in their fabrication. Street et al. manufactured
chitin films by an air gap electrospinning method and
compared its piezoelectricity with collagen and gelatin films
fabricated under the same conditions.'* As shown in Figure
8h, piezoelectric response was greatly enhanced in aligned
chitin nanofibers than random chitin nanofibers, and this
aligning enhancement is more significant in chitin than the
other two samples due to its linear structure. Recently,
researchers demonstrated the enhancement of piezoelectricity
in chitosan through postcasting neutralization.'”> The d33.e
obtained from the chitosan film neutralized for 60 min
measuring by PFM was 15.56 pm V' (Figure 8i). Praveen et
al. prepared chitosan films with various organic acids and
compared d;; coefficients of as-prepared chitosan films under
varied mechanical pressures.'”” A chitosan film with smooth
surface could be obtained from chitosan-formic acid solutions
(Figure 8j). The piezoelectricity in chitosan film was stable up
to 330 K and had a maximum dj; of 18.4 pm V™! under a load
of S tons (Figure 8k).

What we can find out from these comparisons is that the
piezoelectric responses are much stronger in polysaccharide
films than those from proteins. The fabrication strategies are
also much more developed and understood, so that we can
often see large scale films being reported from polysaccharides.
This capability allows the demonstration and development of
devices from this group of natural piezoelectric biomaterials.
Nevertheless, their piezoelectric output is still not noticeably
improved from those fabrication approaches. This may be
limited by the nature of their molecules, but it did not restrict
the increasing number of demonstrations for their applications
as a promising green and biodegradable building block for
energy harvesting and conversion.

5. BIOMEDICAL APPLICATIONS

Owing to their characteristic biocompatibility and biodegrad-
ability,”"** natural piezoelectric biomaterials are ideal choices
for biomedical applications, particularly for implantable and
degradable systems. Compared to the well-developed ceramic
or synthetic polymer counter parts, applications of the natural
piezoelectric biomaterials are still at a very early stage.
However, their intriguing promises are still driving continuous
and growing research efforts into this emerging field. Similar to
other piezoelectric materials, applications of this group of
piezoelectric biomaterials are mostly allocated in mechanical
energy harvesting, sensing, and tissue engineering. Here, we
focus our discussion on these three directions to demonstrate
their application potentials as well as associated challenges.
5.1. Mechanical Energy Harvesting. Piezoelectric
materials have long been used as the fundamental building
block for energy conversion between mechanical strain and
electricity. This application was substantially extended to a
broad range of directions driven by the evolution of
nanogenerator (NG) technology, which uses piezoelectric
nanomaterials for harvesting mechanical energy from the
ambient environment.”'" Discoveries of appreciable piezo-
electricity from natural biomaterials offered potential possi-
bility for interfacing the NG technology with human beings,
serving as a promising alternative to batteries in bioelectronics.
The targeted energy sources are mostly focused on regular
biomechanical motions such as muscle stretching, breathing,
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Figure 9. Piezoelectric biomaterials for mechanical energy harvesting. (a) Schematic of a Sprague—Dawley rat and photographs of implanted
glycine-PVA devices in rats. Corresponding voltage outputs of the glycine-PVA film driven at thigh and chest areas by different muscles.
Reprinted with permission from ref 37. Copyright 2021 American Association for the Advancement of Science. (b) Photographs of the sweet
water (Catla Catla) fish and its swim bladder. (c) The output voltages and currents dependence on stress generated by fish swim bladder
NG. Reprinted with permission from ref 157. Copyright 2016 Elsevier. (d) Photograph of eggshell membrane. (e) The output voltages
generated from eggshell membrane NG dependence on finger-tapped stress. Reprinted with permission from ref 158. Copyright 2018
Elsevier. (f) Illustration of the structure of piezoelectric NG made from onionskin (OSBPNG). (g) The generated output voltage from
OSBPNG in forward connection. Reprinted with permission from ref 159. Copyright 2017 Elsevier. (h) Schematic illustration of electrode
connections on quadrant electrode piezoelectric NG. (i) The output currents dependence on loading force for aligned phages and random
phages. Reprinted with permission from ref 160. Copyright 2021 Elsevier.

and heart beating.'>* Similar to other wearable and implantable
biomedical devices, harvesting mechanical energy from human
body particularly stresses biocompatibility and biosafety in
addition to their performance. In this regard, although the
natural piezoelectric biomaterials have lower performance than
their ceramic and synthetic polymer counterparts, they are still
the most favorable choices for designing NGs for biomechan-
ical energy harvesting,**7%10%110/15515%

Among the natural piezoelectric biomaterials introduced in
this review, polysaccharides, particularly cellulose-based
materials, are mostly investigated for NG development. This
may be largely attributed to the abundant, diverse, and
ecofriendly cellulose raw materials. However, as mentioned in
the materials discussion, the assembly of piezoelectric CNC
crystals is fairly challenging over a practically large area.
Therefore, most reported cellulose-based NGs were built on
composites with other piezoelectric materials or through other
mechanisms, such as the triboelectric effect. As this application
strategy has been covered extensively in recent re-
views, 2130139155,156 pare we will not go into further details
on this directly. However, we want to point out that the
piezoelectric effect is a bulk/volume-related property and is
more significant in charge generation compared to the
triboelectric effect. This feature may place piezoelectricity at
a more desirable position for biomedical applications, where

electric current is usually considered the most critical factor.
Therefore, there is still plenty of room and potential for the
application of the true piezoelectric effect in CNC assemblies,
if long-range ordered structures can be realized in bulk without
jeopardizing their mechanical integrity.

Aside from cellulose, amino acids are another emerging
group of piezoelectric biomaterials that recently demonstrated
substantial progress in NG applications. The capability of
growing large-scale crystals of amino acids allowed fabrication
of NG devices for practical applications. Besides, the small-
sized molecule and high concentration of hydrophilic groups of
amino acids enable fast dissolution of their crystalline phases in
body fluids. Thus, they typically show good biodegradability.
The fast dissolution allows a better control of the device’s
lifetime merely by the packaging layer and ensures immediate
termination of the device function when the package layer is
degraded. A representative example was oftered by Yang et al.
in their recent development of PLA-packaged glycine-PVA
NGs. The devices were implanted in adult Sprague—Dawle
rats to test the ability of energy harvesting at different areas.’
Figure 9a showed the device attached under the thigh
produced a stable peak-to-peak voltage (V,,) of >150 mV
from quadriceps femoris muscle movement during leg
stretching. Another device in the chest generated a V,,, of
>20 mV from pectoralis major muscle in response to rat
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Figure 10. Piezoelectric biomaterials for sensing. (a) Illustration of cellulose CNF sensor and the optical photograph of final device. (b)
Piezoelectric sensitivity as a function of excitation position. Reprinted with permission from ref 47. Copyright 2016 American Chemical
Society. (c) Schematic structure of carboxymethyl chitosan-based piezoelectric biosensor. (d) The response—time curves of a piezoelectric
biosensor with different concentrations of additional IgY in PBS buffer. (e) The 3D sensor responses curve to IgY, lysozyme, and BSA with
different concentrations at 60 s. Reprinted with permission from ref 168. Copyright 2022 Elsevier. (f) Schematic illustration of a self-
powered collagen-based humidity sensor and output voltages under varied humidity. Reprinted with permission from ref 97. Copyright 2018

American Chemical Society.

respiration. The unpackaged devices could completely degrade
in the body environment <1 day of implantation without any
inflammation in the body.

Another interesting strategy in biomaterial-based NG
development is to leverage natural structures directly from
animals or plants, as directed by the understanding of the
piezoelectricity of their fundamental building blocks. This
strategy can bypass or minimize the complex or yet-to-realize
assembly processes to achieve desired polarization alignment
over a large area. Ghosh et al. fabricated a high-performance
NGs from a natural collagen-containing material, fish swim
bladder, with oriented collagen nanofibrils.'>” An open-circuit
voltage up to 10 V and a short-circuit current of 51 nA were
obtained when the device was deflected by finger compression

(Figure 9b,c). The energy conversion efficiency of ~0.3% was
claimed from this device for mechanical energy harvesting.
Another example of collagen containing biomaterial for energy
harvesting is porous eggshell membrane (ESM), a thin layer in-
between the calcified eggshell and albumen proteins of eggs
(Figure 9d), which comprises different types of collagen (I, V,
and X) and other proteins. Collagen I is the major component
of both outer and inner membrane fibers,'®" which is believed
to be the main component contributing to the piezoelectricity
in ESM. Karan et al. demonstrated a flexible NG using a ESM
as the piezoelectric component.”® The output voltages
generated from the ESM-NG monotonically increased from
~6V to ~27 V as the applying pressure rose from 8 to 90 kPa
and then saturated after 90 kPa (Figure 9e). Maiti et al.
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reported a NG made from untreated onionskin with self-
aligned cellulose fibers (Figure 9f)."” The onionskin-based
NG displayed an output voltage and current of 18 V and 166
nA by finger tapping. Hoque et al. fabricated a piezoelectric
nanogenerator based on chitin nanofibers extracted from a crab
cell with the calculated piezoelectric coeflicient dj;= 9.49 Pc
N-L162

It is known that the ordering of large molecules in natural
systems are generally imperfect, as amorphous or different
molecules are always involved. Therefore, the lower piezo-
electric effect can be expected from those systems compared to
petfectly ordered piezoelectric biocrystals. Given the easy
access and facile process of these natural materials, some
sacrificing of performance may still be acceptable for
applications where energy conversion efficiency is not the
major concern. We also noted that the voltage output of those
devices was relatively high, while the input mechanical energy
was not clearly specified. These outputs already reached those
that can be produced by commercial piezoelectric materials.
Based on the device geometry, we suspect that some of the
measurements may also include other surface charge
contributions. Although hybrid NGs incorporating both
piezoelectric and triboelectric effects have been reported as a
successful strategy to improve the overall output,'® it is still
essential to identify the contributions from different mecha-
nisms to establish a reliable materials property relationship.

Viruses have also been considered as promising building
blocks for energy harvesting due to their potential tunability of
dipole moment from genetic and chemical modification.”” Lee
et al. developed the virus-based NG with a self-assembled M13
phage film that produced up to 6 Na of current and 400 Mv of
potential.** The piezoelectric performance of phage-based
PENG was further improved through the alignment of
phages.'*""'** Recently, Yan et al. explored the separation of
the piezoelectric and flexoelectric effects from the electric
outputs generated by phage-based NG.'®” The quadrant
electrode NG in Figure 9h along with nematically organized
M13 bacteriophage provided the comprehensive piezoelectric
coeflicients. The short-circuit currents increased linearly with
applied loads from 20 to 80 N (Figure 9i) and reached up to
43.5 Na for axial measurement. This study helped to identify
the contributions from multiple mechanistic origins on electric
polarization, providing an in-depth understanding of electrical
outputs and enabling better designs of advanced devices for
energy harvesting. In addition to the output quantification,
there are no practical devices being demonstrated so far. Again,
large-scale assembly and manufacturing are still the main
challenges. Since it is much more costly to obtain the raw virus
materials, their application may be more suitable for nanoscale
surface piezoelectric functions, such as sensors or surface
acoustic wave transduction.

5.2. Sensors. Pressure or force sensing is another common
application direction of the piezoelectric effect. A self-powered
mechanical sensor could be achieved by nanogenerators
directly serving as power sources.'®* Unlike energy harvesting,
sensing emphasizes more on monotonic signal correlation
instead of high energy output. Piezoelectric biomaterials,
naturally with great flexibility and relatively low-performance,
could be more suitable for biomedical sensing applications. For
example, low-piezoelectric CNF films were able to be used as
force sensors, although the randomly oriented CNF made it
unsuitable for mechanical energy harvesting (Figure 10a,b)."”
Enhanced piezoelectricity was introduced to chitosan films by

improved crystallographic alignment via a controlled solvent
casting technique and postcasting treatment."** This advance-
ment enabled the development of flexible ultrasound trans-
ducers based on chitosan with a high sensitivity of 80 mV
kPa™! and working in a range of few MHz. The physiological
signal monitoring could also be achieved by sensors based on
piezoelectric biomaterials.'®>'® For example, a fish-skin-based
self-powered piezoelectric sensor was demonstrated to monitor
small physiological signals such as arterial pulses, vocal cord
vibration, and gentle wrist movements.'®’

The piezoelectric effect also allows molecular sensing of
specific biomolecules via monitoring the resonance frequency
change caused by a mass bound on the sensor surface.'®”
Recently, Li et al. developed a biosensor for quantification of
immunoglobulin Y (IgY) by combining carboxymethyl
chitosan hydrogel with quartz crystal microbalance (Figure
10c). The sensing performances were evaluated in terms of
response time, detection limit, and selectivity. As shown in
Figure 10d, frequency shifts were recorded after the buffer
injection carrying different IgY. The obtained data were fitted
to Langmuir isotherm model, and the estimated detection limit
was 65 ng/mL at 240 s. Given that the concentration level of
IgY in blood is about 5—6 mg/mL, the established protocol in
this work was effective for quantification in highly diluted
buffer. In Figure 10e, the sensor responses of two other
proteins, bovine serum albumin (BSA) and lysozyme, with
different isoelectric points suggesting different adsorption
behavior were measured to demonstrate the sensor selectivity.
There was negligible response upon injection of BSA and
lysozyme, confirming the resistance to nonspecific binding.'**
The sensing mechanism of piezoelectric biomaterials has been
extended to humidity. Vivekananthan et al. coated a piezo-
electric collagen nanofibril biopolymer on to a cotton fabric as
a sensor to measure various percentages of relative humidity
(Figure 10f).”” The humidity sensor showed a linear response
with a good sensitivity in the range of 50—90% relative
humidity. In principle, the sensing mechanism is not different
from other piezoelectric sensors. However, enabling the same
function using these natural piezoelectric biomaterials may
allow for integrating essential sensing or monitoring function
in biomedical devices. Realizing the degradable biosensor may
also become possible.

5.3. Tissue Engineering. Owing to their excellent
biocompatibility, natural biomaterials such as collagen and
chitosan have been intensively studied to develop tissue
scaffolds. In this application direction, most efforts were
devoted to the investigation of cellular behaviors with artificial
tissue scaffolds such as inflammatory response and the
optimization of mechanical and structural features of
scaffolds.””'”°~'7* An intriguing add-on strategy to facilitate
tissue growth is to use electrical stimulation (ES), which is
known to be able to promote cell proliferation and
differentiation.'”> The discovery of piezoelectricity in bone
inspired research into the role of biopiezoelectricity in tissue
regeneration and the development of biomimetic tissue
scaffolds for self-healing environment in tissues.”**”'”°

Nowadays, the fundamental understanding and implemen-
tation of piezoelectricity in biomaterials on regulating cell
activities and promoting cell growth emerged at the cutting
edge of tissue engineering.'”"~'®" Fernandez-Yague et al.
demonstrated the effect of collagen-analogue-based piezo-
bioelectric devices on the dynamic response of tendon cells by
modulating the expression of ion channels and specific tissue
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Figure 11. Piezoelectric biomaterials for tissue engineering. (a) Schematic illustration of the kinematic model used to assess the functional
recovery of tendon based on gait analyses and the MTR timeline. (b) The statistics of functional recovery in comparison under piezo (EMS)
and nonpiezo (MS) conditions for metatarsophalangeal (MTP), knee, and ankle. (c) Histological images of MTR-treated EMS and MS
groups after 4 and 8 weeks. Reprinted with permission under a Creative Commons CC BY License from ref 176. Copyright 2021 John Wiley
and Sons. (d) A possible schematic of piezoelectically guided BNCs growth on PEDOT/chitosan nanofibers substrate. (e) SEM image of
BNCs cultured on PEDOT/chitosan nanofibers after 1 h of electrical stimulation. (f) Statistics of median neurite length of BNCs with
different electrical stimulation time cultured on PEDOT:PSS/chitosan and PEDOT/chitosan substrates. Reprinted with permission from ref

177. Copyright 2020 Elsevier.

regeneration signaling pathways.'’® The impact from a
standard moderate treadmill running protocol (MTR) on
tissue-repair processes was evaluated in a rat achilles acute
injury model (Figure 1la). Significant increases in tissue
organization assessed by level of fiber orientation and a
decrease in calcifications assessed by presence of glycosami-
noglycans were observed in tendon tissues treated with
piezoelectric scaffold (Figure 11b,c), indicating the potential
of implantable piezo-bioelectric devices in postinjury mecha-
notherapy for tendon regeneration and self-powered healing.

17722

Moreover, Du et al. came up with the synergetic interplay
between external ES and piezoelectric voltage for nerve tissue
engineering.'”” The PEDOT/chitosan nanofibers with a shell—
core structure were fabricated by integrating the electro-
spinning method and recrystallization. As shown in Figure
11d—f, PEDOT/chitosan PEDOT/chitosan nanofibers
boosted the growth and neurites development of brain
neuroglioma cells (BNCs) through the piezoelectric charges
from the substrate. The PEDOT/chitosan nanofibers were
considered as promising materials for implantable electroactive
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Table 1. Comparison of the Piezoelectric Coefficients from Natural Piezoelectric Biomaterials

Type Materials Morphology Piezoelectric coefficient Ref
P-glycine Needle-shaped microcrystals dig: 178 pm V™! 42
P-glycine Electrospun f-glycine/PVA nanofibers dyg 12.5 pm V7! 70
dyy: 17 pm V7!
Amino Acids 7-glycine Single crystals dy: —1.1 pm V™! 42
dyy: 9.93 pm V™!
7-glycine PVA-glycine-PVA sandwich heterostructure dyy: 5.3 pC N™! 37
7-glycine PVA—glycine—PVA sandwich film dsy3: 6.13 pC/N 71
Diphenylalanine (FF) A 100 nm FF nanotube dyg: 35 pm V™! 65
Diphenylalanine (FF) Aligned vertical FF microrods arrays dy: 17.9 pm V7! 43
Diphenylalanine (FF) Horizontally aligned FF nanotubes dyg: 46.6 pm V7! 78
Peptides Fmoc-FF Nanotubes ds: 33.7 pm V! 82
cyclo-GW Needlelike crystals dg: 46 pC N 1_1 83
dig: 13.8 pC N
Boc-Dip-Dip Tubular crystals dy: 73.1 pC N™! 87
dy — 12 pm V!
Collagen Rat tail tendon dis: 621 pm V™! 108
Proteins dsy: 089 pm V!
Silk Oriented silk II film dyy: 1.5 pC N7 4S
Silk Electrospun silk fibroin dy;: 38 pm V! 110
Elastin Aortic elastin dygg ~ 1pm V7! 117
M13 phage 4E engineered M13 phage monolayer dy3: 0.70 pm V™! 48
Viruses M13 phage Vertically aligned 4E M13 phage nanopillars dyy: 104 pm V7! 121
M13 phage Vertically aligned M13 phage film dyg 132 pm V™! 122
Cellulose Corona-poled ultrathin CNF film dy: 231 pm V! 133
) Cellulose Vertically aligned CNC film dyy: 19.3 pm V7! 134
Polysaccharides . . . -1
Chitin P-rich chitin film deg: 3.986 pm V' 40
Chitosan Neutralized chitosan film dy3: 15.56 pC N7 135

scaffolds in biomedical applications. Besides, cellulose is
another natural piezoelectric polymer that can be a suitable
candidate for tissue engineering due to its superior hydro-
philicity and good mechanical strength.”” Zaborowska et al.
prepared microporous bacterial cellulose scaffolds with
improved cell seeding and migration of MC3T3-E1 osteopro-
genitor cells, offering an additional option for bone
regeneration.182

Applying piezoelectric natural material for ES-facilitated
tissue engineering has a few obvious advantages, particularly
from the biocompatibility perspective. It may effectively
address several clinical limitations for adopting ES treatment,
including the infection risk of electrodes, potential nonspecific
off-target effects, technical complications of ES set up, and low
efficiency with small working area.”®'’®'®>'** " Although
promising, research in this area is still at the very early stage.
One major uncertainty is the characteristics of ES imposed by
the materials. In principle, piezoelectric polarization requires
mechanical strain to activate, and the resulting ES amplitude is
dependent on the level of strain received. In the application
demonstration, some systems have dynamic strain incorpo-
rated, but some systems do not. In the cases where no dynamic
strains were involved, the polarization may be induced by the
intrinsic permanent dipoles, i.e.,, ferroelectricity, which may be
considered equivalent to a piezoelectric material subjecting to a
constant strain. Nevertheless, if dynamic strains were applied,
like those NG application conditions, the ES pattern would be
completely different, ie., the interfacial charge would be
constantly refreshed. It is therefore critical to understand the
natural electrical signal from the piezoelectric biomaterials
based on their implementation environment when researchers

are trying to understand and analyze the biological influences
of their ES effect.

6. CONCLUSION AND PERSPECTIVES

In this review, we systematically reviewed the most recent
research progresses in natural piezoelectric biomaterials. Five
major types of natural piezoelectric biomaterials including
amino acids, peptides, proteins, virus, and polysaccharides are
discussed. Here, we focused on their piezoelectric properties
related to their structures and fabrication strategies to achieve
desired piezoelectric phases. We compared and analyzed their
piezoelectric performance and particularly commented on the
approaches to improve their output and reliability and
summarized in Table 1 for better comparison. Their
applications as biomedical devices, including mechanical
energy harvesting, sensing, and tissue engineering are also
discussed. Despite the growing research interests and efforts in
this field, the development and applications of natural
piezoelectric biomaterials are still at a very early stage.
Compared to other well-studied piezoelectric materials, they
are still facing several critical challenges for them to move
toward practical and scalable devices.

First, a fundamental understanding of the piezoelectricitgr in
biomaterials is still largely lacking at the molecular level.">"**
Unlike inorganic piezoelectric materials, the polarization in
biomaterials typically originated from the molecular dipoles.
Their organization and alignment are rather complicated
compared to inorganic crystals. In addition, these piezoelectric
biomaterials normally have multiple polymorphs with a
relatively low crystal symmetry. The piezoelectric phase has
aligned dipoles and is normally high energy and maybe
metastable. Therefore, complicity in understanding and
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predicting the piezoelectric property is always introduced by
the nonideal heterogeneity or inhomogeneity of the material.
As we discussed in this review, theoretical calculations were
typically built on simple and idealized models. Discrepancies
were commonly shown among experiments as well as between
the experimental results and the predictions.””'*® Therefore, it
is crucial to build reliable connections between materials’
structure, phase, and chemistry with their piezoelectric
properties. Due to the relatively sensitive chemistry of these
biomaterials, high-energy electron beams can easily and quickly
damage the lattice. This is the reason that we do not often see
high-quality and comprehensive lattice images from the
biomaterial crystals. This limitation seriously restricted
researchers from establishing a reliable correction between
the piezoelectricity and their structures both experimentally
and theoretically. As cryo-TEM is a more and more popular
tool for materials characterization, we expect this advanced
technique may soon bring some groundbreaking under-
standings in the materials science of piezoelectric biomaterials.

Second, the piezoelectricity is generally low for the natural
piezoelectric biomaterials. As previously discussed (Table 1),
the piezoelectric coefficients of this group of materials are
typically below 10 pC/N. Although the high end of their
piezoelectric coeflicients is comparable to that of some
synthetic polymers, they are still far from the commonly
used inorganic piezoelectric materials.”® In addition, their
structural nature typically generates high piezoelectricity in a
shear mode. Macroscopically, the often random orientation of
their crystal polarization domains usually leads to the reduction
or cancellation of net polarization. All these limitations make
their practical applications rather challenging. In most recent
publications, the reported performances of proof-of-concept
demonstrations were still marginal. We envision there are two
levels of improvement that may lead to revolutionary
advancement in addressing this challenge. On the macroscopic
level, effective alignment methods and optimized design of
structures are a promising strategy to improve the piezoelectric
performances. As the poling electric field is much higher in
biocrystals than those required for ceramics, self-assembly
approaches are much more preferred to create automatically
aligned polarization domain orientation. As demonstrated in
Yang’s work,?” interface control can be an effective strategy for
domain alignment over a large scale. This may be particularly
useful for the biomolecules that usually have specific functional
groups available for selective bonding. On the molecular level,
it is extremely attractive to modulate the biomaterial molecules
to improve the intrinsic piezoelectric polarization. All four
types of natural piezoelectric biomaterials possess rich
functional groups as well as the capability of incorporating
with other ions.'"*’~"”" This property allows researchers to
introduce additional charges or dipoles to the molecular
assembly and further enhance the overall polarization. This
strategy may also improve the transverse piezoelectric
coefficients, e.g, di; to make the crystals more application
adaptable.

Third, large-scale synthesis or manufacturing is also essential
for practical applications. We noted that currently most
research on piezoelectric biomaterials is still at a very small
scale for fundamental property studies or proof-of-concept
demonstrations. The materials synthesized and studied were
primarily nanoparticles, nanowires, or 2D nanosheets.
However, most applications of piezoelectric materials, such
as NGs, sensors, and scaffolds, all require bulk-scale material

building blocks. It is necessary to develop effective methods for
mass production of high-quality piezoelectric biomaterials for
the development of practical devices. While this requirement
appears to be rather engineering based, the science for scalable
synthesis needs to be fundamentally addressed. For example,
how to control the phase uniformity on a large scale; how to
transfer the molecular-scale interactions for polarization
control to millimeter scale and beyond; to what level that
our observed microscale self-assemble can still hold; what
continuous manufacturing techniques can be adapted to the
synthesis approaches? Of course, many more fundamental
questions may arise for specific techniques or material systems.
Emerging technologies, such as additive manufacturing, are
also expected to provide opportunities in materials preparation
and device fabrication. We may further look into guidance or
establish more informative blue prints for materials manu-
facturing by leveraging state-of-the-art data science and
machine learning approaches.

In general, the natural piezoelectric materials hold
substantial potential as an emerging group of functional
materials for electromechanical applications. Their natural
characteristics place them at an extremely advantageous
position for biomedical applications with incomparable
biocompatibility, biosafety, and environmental sustainability.
We do not expect the challenges that we outlined above might
diminish their potential. Instead, they are associated with
substantial research opportunities that will bring in many
groundbreaking fundamental understandings and engineering
innovations. We anticipate the group of natural piezoelectric
biomaterials will soon stand out as a promising interdiscipli-
nary subfield at the junction between material science and
biomedical engineering.
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VOCABULARY

Piezoelectric effect, a material’s property that electrical
polarization is generated in response to strains; piezoelectric
coeflicient, the parameter of a piezoelectric material that
quantifies the polarization generated under applied mechanical
stress or the mechanical strain experienced under an electrical
field. The larger the piezoelectric coefficient, the higher the
energy conversion efficiency; piezoresponse force microscopy,
a functional atomic force microscopy mode, probing electro-
mechanical properties of materials in addition to the sample
topography; natural biomaterials, materials naturally exist in
biological systems, which typically carry certain functions;
nanogenerator, a device that converts mechanical energy into
electricity using nanomaterials or from the nanoscale
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