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There have been overwhelming observations of piezo-/ferroelectric phenomena in many biological tissues and macromolecules,
boosting the development of bio-based smart devices and the applications using electromechanical coupling phenomena in bi-
ological systems. The electromechanical coupling is believed to be responsible for various biophysical behaviors and remarka-
ble biomaterial properties. Despite the abundant phenomenal observations, the fundamental understanding of the pie-
zo-/ferroelectric effect in biomaterials/systems and the rational design of biobased macroscopic materials with desired piezoe-
lectric responses are still scarce. In this review, we firstly present remarkable historical events on the development of pie-
zo-/ferroelectricity in biomaterials, followed by a brief overview of the fundamental physics of piezo-/ferroelectricity. The de-
velopments of biopiezo-/bioferroelectricity in protein-based biomaterials and their implications are highlighted subsequently.
In experimental studies, to identify the intrinsic piezoelectric/ferroelectric properties from other effects or artifacts is usually
elusive. This issue is also addressed and discussed in detail, especially using Piezoelectric Force Microscopy (PFM) and spec-
troscopy techniques to investigate the local piezo-/ferroelectric phenomena in nanostructured materials are highlighted em-
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1 Introduction

Many biomimetic materials are potential candidates for en-
ergy harvesting and biocompatible sensors in living organ-
isms. The rich natural properties of biomaterials and biom-
acromolecules have inspired researchers to unravel their
structure-property-functionality relationships and to develop
rational strategies for designing smart bio-inspired devices
[1-4]. For example, the biomimetic self-assembling peptides
can produce a variety of structures, which enables the de-
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sign for novel electronic, photonic, and energy functionali-
ties based on the supramolecular interactions and assembled
molecular structures [5]. Compared to the traditional inor-
ganic materials, biomaterials usually exhibit more flexible
mechanics, better solution processabilities, and abilities to
be integrated into other devices.

Some functional structures of biomaterials, such as amino
acid, peptide and protein display unique electromechanical
(EM) coupling properties, by which electrical charges can
be produced in the presence of mechanical stress or me-
chanical strain is developed upon the application of an elec-
trical bias. In such a case, the material exhibits mutual con-
version between electrical and mechanical energy. Piezoe-
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lectricity, electrostriction, and flexoelectricity are three typ-
ical forms of EM coupling [6-10]. In terms of biomaterials,
the so-called biopiezoelectricity is caused by EM coupling
in organic molecular nanostructures [11]. Biopiezoelectric-
ity should be carefully proclaimed after clarifying the in-
trinsic piezoelectricity from other EM couplings and ex-
perimental factors. For example, the electrostatic effect can
also contribute to the measured EM signals when the mate-
rial is characterized by Scanning Probe Microscopy (SPM)
based techniques [12-16]. On the other hand, bioferroelec-
tricity is a phenomenon in which the polar molecules can be
switched between two polarization states subjected to an
external force or electric field [11, 17-22]. The ferroelectric
phenomena in biomaterials show great potential applica-
tions in biosensing and disease diagnosis [23]. However, the
occurrence of bioferroelectricity in biological systems re-
mains controversial due to the lack of experimental valida-
tion even though we have witnessed many research works
suggesting ferroelectricity for many biomaterials [24-26].
The origins and functions of bioferroelectricity in biophysi-
cal systems are not well clarified, which need to be explored
further.

This paper mainly gives a review of piezo-/ferroelectric
properties of protein-based biomaterials. Firstly, we present
the short historical notes on piezo-/ferroelectricity of bio-
materials, followed by a brief overview of the fundamentals
of piezo-/ferroelectricity. Subsequently, the latest develop-
ments of biopiezo-/bioferroelectricity of protein-based bio-
materials and their implications are highlighted. In the fol-
lowing, we discuss the differentiation of intrinsic piezoelec-
tricity from other EM couplings and experimental factors.
The applications of Piezoelectric Force Microscopy (PFM)
and its Spectroscopy (PFS/SSPFM) techniques in investi-
gating the local piezo-/ferroelectric phenomena in
nanostructured materials are evaluated in detail. Finally, we
close with an outlook and challenges in the field.

2 Historical notes

In 1783, Galvani firstly discovered the connection between
electricity and the mechanical response of biological sys-
tems [27]. Using a spark from an electrostatic generator, he
produced a twitching movement in the muscles of a dead
frog. He then claimed that the muscles of the frog retained
innate electricity, the fluid within the nerves, which he de-
scribed as ‘animal electricity’. Piezoelectricity in biological
systems was firstly noticed in 1941 by Martin [28]. He
found that when wool fibers (or hairs) were rubbed together,
the sign of the electric charges produced depended on the
direction of the rubbing. This effect owed to the cuticle cells
of the fiber, which were piezo- and pyroelectric [28]. Later
on, piezoelectricity was found in a wide variety of biologi-
cal materials, including woods [29, 30, 31], bone tissues [32,
33], tendons [34], the human pineal gland [35], sea shell
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structures [22], butterfly wings [36] and teeth [37], and
many more. Not long after the discovery of biopiezoelec-
tricity, pyroelectricity was also found in phalanges and hoof
tendons of a cow by Lang in 1966 [38]. The identification
of pyroelectricity in many biological systems leads to the
speculation of the existence of ferroelectricity in biomateri-
als [11, 39, 40]. There is a fascinating theory developed to
relate bioferroelectricity to ion channels, hypothesizing that
conformation transited in voltage-dependent ion channels
from a ferroelectric state to a super-ionically conducting
state [24]. Based on this hypothesis, ferroelectricity was
predicted in liquid crystals, nerves, and muscular impulses
by von Hippel [41]. Up to now, the Dbiopie-
zo-/bioferroelectricity has been explored in a large number
of biomaterials, including proteins, biopolymers, molecular
systems, polysaccharides, organelles, glands, and seashells,
bone and many more [11, 24, 32, 35, 42-52].

Protein-based material is among the most prevalent bio-
materials, which is seeking new applications after millennia
of impacting the daily life of human beings [53]. For exam-
ple, collagen has been the most widely investigated piezoe-
lectric entity. Type-I collagen is the most abundant form of
collagen in the human body, especially in bones, tendons,
and skins. Fukada and Yasuda proposed in 1957 that the
crystalline micelles of collagen molecules in bones and
tendons caused the piezoelectricity [32]. Many research
works on piezoelectricity in bones [47, 52, 54-57] and fi-
bril-formed collagens [58-62] have been published in the
following years. Elastin, another highly explored pro-
tein-based macromolecule in organs such as the skin, blood
vessel walls, and the lungs of the human body, has also been
reported to be piezoelectric and ferroelectric [63, 64]. Liu
and colleagues suggested that the polarization of elastin
originated from the monomer level, which was analogous to
the polarization in the unit cell of the classical perovskite
ferroelectrics [64]. There are many other kinds of biom-
acromolecules reported to be piezoelectric or ferroelectric
[65-75].

Later, the research path went from the macroscopic level
(tissue level) to the micro-/nanoscale (microconstitu-
ents/macromolecules) level, allowing researchers to get
closer sight into the self-assembling processes of biosys-
tems. Over the past two decades, Piezoresponse Force Mi-
croscopy (PFM) and Spectroscopy have been well devel-
oped in realizing the characterization of the nanoscale EM
couplings of various materials, such as semiconductors [76,
77], organic polymers [78, 79], and many biological materi-
als [20, 41, 80-94]. For protein-based biomaterials, dozens
of papers have been devoted to characterizing the nanoscale
piezoelectricity using PFM [64, 95-97]. There is a rapidly
growing number of biological systems exhibiting a wide
range of the EM coupling phenomena at the nanoscale level.
Some of them are associated with the additional contribu-
tions other than piezoelectricity or ferroelectricity, such as
electrostriction [10, 98], flexoelectricity [8], and electro-
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static effects [99, 100]. The large discrepancies in the re-
ported piezoelectricity and ferroelectricity of biomaterials
need to be clarified and investigated thoroughly to synthe-
size this type of biomimetic material and design novel med-
ical devices with controlled EM coupling.

3 Piezoelectric and ferroelectric effects

3.1 Definition

The direct piezoelectric effect is defined as that electric
charges can be generated as a result of a force exerted on
the dielectric materials. The centers of the positive and neg-
ative charges coincide before the exertion of stress (Fig. 1a).
Under the external mechanical stress, the unit cell is de-
formed, leading to the separation of the centers of the posi-
tive and negative charges and formation of electric dipoles
(Fig. 1b). The opposite dipoles inside the material cancel
each other and fixed charges remain on the surface of the
material, as illustrated in Fig. 1c [101]. On the other hand,
the converse piezoelectric effect is that the electric field can
induce deformation of the dielectric materials.

(a) )

Fig. 1 The direct piezoelectric effect illustrated with a molecular model:

(a) The neutralized molecule with no piezoelectric polarization; (b) A
mechanical force (Fy) is exerted on the molecule model, resulting in a
net polarization (P ); (c) The polarization on the surface of the materi-
al when a force is applied on it [101].

According to the linear theory of piezoelectricity, the
generated charge density in a piezoelectric material is pro-
portional to the external stress:

P.=dxT (1)

where P,., d , T are the polarization vector, piezoelectric
strain coefficient, and the stress, respectively. The converse
piezoelectric effect can be written as:

Se=0xE (2
where S, and E are the mechanical strain produced by the
converse piezoelectric effect and the magnitude of the ex-
ternal electric field.
Biomaterials usually have low-symmetry, highly ordered
structures that lack an inversion center. Therefore, piezoe-

lectricity is an intrinsic property of the majority of them
[102]. For the protein-based materials, the piezoelectricity
usually comes from their basic building blocks or units, i.e.,
amino acids and peptides, which have been reported to be
crystallized since the advent of X-ray diffraction [103]. For
instance, lysozyme (widely in tears and saliva) has been
reported piezoelectric in its crystalline form [104]. Amino
acids crystallize primarily in low symmetric orthorhombic
and monoclinic space groups (Fig. 2), except for the large
amino acids, L-tryptophan and glycine. Glycine is the
non-chiral molecule that does not have an enantiomorphic
mirror image. It has three crystalline symmetries, i.e., a, f3,
and y forms. The o form is piezoelectrically inactive. So far,
the highest piezoelectric responses of amino acid single
crystals have been reported to be 178 pC/N in B-glycine and
25 pC/N in hydroxy-L-proline [105, 106]. Except for the
intrinsic piezoelectric properties, biomaterials might also
exhibit piezoelectric behaviors due to the extrinsic supra-
molecular interactions. Water molecules may form polarized
hydration shells around proteins, leading to a temporary
memory effect that accompanies the evolution of polariza-
tion in the biomolecule-water systems [107].

Orthorhombic L-tyrosine Monoclinic L-leucine
P2,2,2, L-threonine P2, L-lysine
'] ave &
i a#b#c L-alanine arc L-isoleucine
3 L-serine L-arginine
° P L-proline L-aspartate
o & L-glutamine L-cysteine
£ L-glutamate L-methionine
E c L-valine
- L-histidine
£ L-as ;
(1) = a -asparagine
J b L-phenylalanine
b

® ¥ glycine
o !
C a
° >
F g ‘\*
° v v
£
© —
-
ﬁ Rhombohedral
é c a=b=c
-] a # 90
4

Fig. 2 The crystal symmetries of amino acid crystals [102]. Repro-
duced with permission. Copyright 2019, Nature Publishing Group.

The ferroelectric effect is defined as the spontaneous
electric polarization that can be reversed between at least
two stable states by the application of an external electric
field [108, 109]. Experimentally, this phenomenon is fea-
tured by a typical ferroelectric hysteresis (P-E) loop meas-
ured by a Sawyer-Tower circuit, as shown in Fig. 3a. The
electric dipoles are usually randomly oriented in the begin-
ning to maintain a minimum energy state. When a positive
bias is applied, the net polarization gradually increases and
reaches a macroscopic saturated state (Py) in the direction
the same as the positive electric field. The net polarization
decreases with reduced positive bias. When the bias is re-
duced to zero, the ferroelectric material can retain a remnant
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polarization P.. Upon the reversal of electric bias to the
negative value, the net polarization gradually decreases to
zero, the critical negative electric field is known as the co-
ercive field (E.). The increase of the negative bias changes
the net polarization to the opposite orientation until satura-
tion. The lower half of the ferroclectric hysteresis loop
forms as the bias sweeps towards the positive side [110].
Parameters such as saturated polarization (Ps), remnant po-
larization (P;), and coercive field (E.) can be determined
from the loop. The material defects may result in an internal
field inside the material, resulting in a shift of the ferroelec-
tric hysteresis loop along the axis of the electric field (£),
and a large piezoelectric strain ¢ [111]:

£=Q(P+ yE)* =QP*+2QyPE (3)

In this equation, the first term denotes the quadratic elec-
trostrictive strain, and the second term is the linear piezoe-
lectric strain. O and y are electrostrictive coefficient and
dielectric susceptibility, respectively. O does not vary much
for different materials [109, 111]. The large piezoelectric
effect can be aroused by an increase in the large spontane-
ous polarization (P) and dielectric susceptibility. Therefore,
good ferroelectric material is usually a good piezoelectric
material as well. The equation can be plotted as a character-
istic butterfly loop (Fig. 3b).

(a)

1
Fig. 3 (a) P-E loop and (b) the butterfly loop that is ideally symmet-

rical along the bias axis [110]. Reproduced with permission. Copyright
2013, RSC Publishing.

The functional role of ferroelectricity in biology has re-
mained an appealing topic to be explored for a long period.
It is suggested that ferroelectricity is of significance in cel-
lular processes [112]. It is also believed that many biologi-
cal systems have the polarized states and coercive fields to
reorient dipoles in them [110]. The ferroelectricity and its
functional role in protein-based materials and systems re-
main poorly explored, despite that we have obtained
switchable oriented polar domains in protein structures by
applying an external electric field.

3.2 Characterization methods of piezoelectric and ferro-
electric properties

Macroscopically, many techniques can be used to identify
ferroelectricity, such as measuring phase transition and

anomaly in dielectric constant, second harmonic generation
(SHG) microscopy, Sawyer-Tower (S-T) circuit, and struc-
tural analysis by X-ray diffraction (XRD). In practice, the
combinations of various techniques are recommended to
study ferroelectricity [113]. The ferroelectric material ex-
hibits phase transition at a signature temperature T, (the
Curie temperature) at which the paraelectric-to-ferroelectric
phase transition occurs. It can be characterized by using
XRD, differential scanning calorimetry (DSC), and SHG
measurements. Sawyer-Tower (S-T) circuit is the typical
method to plot the ferroelectric hysteresis (P-E) loop on the
macroscopic scale [22, 110, 114]. On the nanoscale, PFM is
widely used to characterize the piezoresponse of biomateri-
als. Its Spectroscopy modes, i.e., Piezoresponse Force
Spectroscopy (PFS) and Switching Spectroscopy Piezore-
sponse Force Microscopy (SSPFM) record the polarization
switching dynamics based on phase and amplitude hystere-
sis loops/maps, which reveal the information of polarization
direction reversal and strain variation, respectively [92,
115].

PFM is based on the detection of the EM response in-
duced by the converse piezoelectric effect, ionic movement,
or any mechanisms that cause mechanical deformation by
applying an electric field. The standard experimental setup
is on the base of a commercial SPM equipment with a
four-quadrant photodetector, a conductive probe, a function
generator and lock-in amplifiers (Fig. 4). The function gen-
erator is used to apply an AC voltage to the conductive tip
that is in contact with the sample surface. The voltage in-
duced deformation is detected by a laser beam shined at the
end of the cantilever and reflected towards a four-quadrant
photodiode. The force on the cantilever is kept constant by a
feedback loop during the scanning process. By tracking the
twisting and deflection of the cantilever motion, the
in-plane and out-of-plane signals can be extracted from the
lock-in amplifiers. In the vertical PFM (VPFM) mode, the
out-of-plane polarization is measured by detecting the de-
flection of the probe at the selected frequencies. In the lat-
eral PFM (LPFM) mode, the in-plane polarization is de-
tected as the lateral motion of the cantilever due to the bias
induced surface shearing [116].

Feedback

Photodiode —————————— Topography

osition i
@p Lock-in Output

signal amplifier

\

Laser
reference

Function generator

Vac =V sin wt

__ V4

Sample

Fig. 4 Schematic diagram of the PFM experimental setup.
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PFS is the technique to acquire the local ferroelectric
hysteresis loops to study polarization switching dynamics.
In this technique, the optimal signal-to-noise ratio is
achieved at the frequencies near the contact resonances of
the cantilever-sample system. The tip approaches the sam-
ple surface in the vertical direction with the deflection set-
point as feedback. When the setpoint is reached, a hysteresis
loop starts to be acquired by sweeping the bias. Parameters
such as forward and reverse coercive biases, imprint voltage,
and saturation response can be extracted from the dataset.
During the PFS experiment, the tip is fixed at a given loca-
tion on the sample surface and an electric

wavey, =V __ (t)+V, cosat is applied to the tip (Fig. 5a),

tip probe
where the AC voltage V,. is the PFM driving amplitude.
The V,..pe(t) is comprised of a sequence of DC pulse volt-
ages with the amplitude V; and duration z; (high state) sepa-
rated by intervals of zero bias with the duration of 7, (low
state). The envelope of the voltage pulses is specified by a
triangular wave having amplitude V,,,. and period 7. The
wave repeats N times at a single location. After time Jz, the
piezoresponse is collected for time 7; in either the high state
(in-field loop) or the low state (remanent loop) conditions
[117, 118]. The waveform of PFS is shown in Fig. 5b.

ac

Viip =Vde +Vac sineX

—
Q
=

AHIGH LOW™,
T Ty,

Ve amplitude

Time

—
(=)
-~

Fig. 5 Switching and driving waveforms of PFS: (a) electric signal
supplied to the tip, (b) one cycle of the triangular square wave, and (c)
a typical PR hysteresis loop. V*and V-are forward and reverse coer-
cive voltages. A and v~ are forward and reverse nucleation volt-

ages. g+ and g- are forward and reverse saturation polarization. R:
S S
and R~ are the forward and reverse remanent polarization. g - is the
init

initial response [119]. Reproduced with permission. Copyright (2006)
AIP Publishing.

The response at DC-off pulses is used to calculate the
remanent hysteresis loop. The piezoresponse (PR) is calcu-
lated by the relation of PR = Axcos(¢#). A typical hystere-

sis loop of PR versus bias is shown in Fig. 5c. From this
loop, many critical parameters describing the switching
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processes can be extracted and analyzed, including forward
and reverse coercive biases (V*and V), remanent pie-
zoresponses (R! and R;), saturation piezoresponse (R/

and R;), nucleation bias (V. and V), and work of

switching (defined as the area enclosed by the hysteresis
loop).

4 Piezo-/ferroelectricity in protein-based bio-
materials and implications

The reported piezoelectric coefficients of protein-based bi-
omaterials differ over several orders of magnitude in the
literature (Table 1) [6], which raises questions for scientists.
A certain biomaterial should have the specific piezoelectric
coefficients that are determined from a given molecular
structure. Here we take collagen and elastin as representa-
tive examples and focus on the analysis of their molecular
structure-property-functionality relations. Collagen and
elastin are two types of proteins produced by fibroblasts that
form the fibrous components of the connective tissues. Un-
derstanding the structure-property-functionality relations of
biomaterials can fulfill the expectation of mimicking their
properties in the design of innovative smart materials and
devices [120].

4.1 Molecular structures of collagen and elastin

More than 16 types of collagens are in the human body (Ta-
ble 2). 80-90 % of them fall into three categories: type-I,
type-II, and type-III. These collagens are known as fibrous
collagen because of their long strands [121]. Although their
structures and the synthesizing processes are similar, they
exist and function in different organs and tissues of the hu-
man body. Collagen type-I is abundant in bones, tendons,
ligaments, skins, and teeth. Collagen type-II is abundant in
the cartilages and eyes. Collagen type-III is abundant in the
muscles, blood vessels, and skins. The collagen in bones is
mainly composed of a chains, including ol and a2 types of
chains. These two types of chains are composed of amino
acids, such as proline (Pro), glycine (Gly), valine (Val) and
alanine (Ala), which are slightly different in amino acid
composition and sequence [122]. Normal type-I collagen is
a heterotrimer triple-helical molecule consisting of two al
chains and one o2 chain [123]. An amino-terminal
(N-terminal) and a carboxyl-terminal (C-terminal) locate at
the two ends of the collagen molecule. The entire o chain
consists of thousands of residues with repeated Gly-X-Y
triplets, excluding the C-terminal and N-terminal sequences
[124]. Fig. 6 illustrates the collagen peptide chain.
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S—

N-ter a

Fig. 6 A collagen peptide chain.

In the triple-helical region, the Gly-X-Y triplets are dis-
tributed periodically. The side chain of Gly, an H atom, is
the only one that can fit into the crowded center of a
three-strand helix. Hydrogen bonds link the peptide bond
N-H of a Gly residue with a peptide carbonyl (C=0) group
in an adjacent polypeptide to hold the three chains together.
The fixed angle of the C-N peptidyl-Pro or peptidyl-Hyp
bond enables each polypeptide chain to fold into a single
helix with a geometry that three polypeptide chains can
twist together to form a three-strand helix. Many
three-strand type-I collagen molecules pack together
side-by-side, forming fibrils with a diameter of 50-200 nm.
In fibrils, adjacent collagen molecules are displaced from
one another by 67 nm along the axial axis, about
one-quarter of their length. Each collagen molecule has po-
lar bonds, characterized by N and C terminals, resulting in a
dipole moment (or polarization) along the axial axis of the
molecule, which is directed from N to C termini [125]. Fig.
7 illustrates the molecular structure and the organization of
type-1I collagen. The type-I collagen has a crucial role in
maintaining the structural integrity and functional proper-
ties of organs and tissues [126, 127].

Table 1. Piezoelectricity in selected protein-based bio-
materials from the literature [6].
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wool simple cut —0.066 pm/V
horse femur simple cut —0.21 pm/V
horse achilles simple cut -1.9 pm/V
tendon
silk mechanical —0.7 pC/N
stretching by 18
zone drawing
(heating)
methanol-wet —0.4 pC/N
drawing
water-wet drawing  —0.05 pC/N
skin simple cut 0.2 pC/N
wool simple cut 0.1 pC/N
horn simple cut 1.8 pC/N
Shear (d;s) animal cortical simple cut 0.1-0.3 pm/V
bone
collagen fibril collagen fibril on 1 pm/V
a gold substrate
bovine achilles collagen nano- 2 pm/V
tendon fibril
Table 2 Different types of collagens.
DISTRIBUTION TYPE MOLECULAR OLYMERIZED TISSUE
FORMULA FORM
Fibril-forming | [a1(D)]2a2(D) Fibril Bone, skin,
(fibrillary) tendons, liga-
ments, cornea,
internal organs
(accounts for
90 % of body
collagen)

1] [a1(1D)]3 Fibril Cartilage, inver-
tebral disc,
notochord,
vitreous humor of
the eye

1 [al(1ID]3 Fibril Skin, blood
vessels, internal
organs

\% [a1(V)]2a2(V) and Fibril As for type-1

(with
al(V)a2(V)a3(V) type-1)
X1 [l (XDa2 (XD a3(XD) Fibril As for type-I1
(with
type-11)
Fibril-associated IX [al (IX)a2(IX)a3(1X) Lateral Cartilage
association
with
type-11
fibrils
X [a1(XID]3 Lateral Tendons, liga-
association ments, some other
with some tissues
type-1
fibrils
Network-forming v [al(IV)]2a2(IV) Sheetlike Basal lamina
network
Vil [al(VID)]3 Anchoring Beneath stratified
fibrils squamous epithe-
lia
Transmembrane XVII [l (XVID)]3 Not Hemidesmosomes
known
Others XVII [l (XVIID]3 Not Basal lamina
known around blood

vessels

Coefficient Source Preparation Piezoelectric
coefficient
Longitudinal silk simple cut 0.023 pm/V
(ds3) wool simple cut 0.0033 pm/V
horse femur simple cut 0.0033 pm/V
horse achilles . 0.066 pm/V
simple cut
tendon
human bone simple cut 7-9 pC/N
spider silk embedded in 0.36 pm/V
fish swim PDMS 22 pC/N
bladder
porcine thoracic  purified elastin 0.75 pm/V
aorta fiber
Transverse silk simple cut 0.02 pm/V
(ds1) wool simple cut 0.01 pm/V
horse femur simple cut 0.0033 pm/V
horse achilles simple cut 0.013 pm/V
tendon
human cornea diagonal cut 2250 pC/N
vertical cut 600 pC/N
horizontal cut 200 pC/N
Shear (d;= human bone simple cut 0.12 pC/N,
-dys) simple cut 0.12 pm/V
silk simple cut —1.09 pm/V

Different from the structural proteins, elastin forms the
fabric of stretchable tissues, such as skins, blood vessels,
and elastic ligaments [128]. It provides the elasticity re-
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quired for physiological activity. For example, in the walls
of the aorta, collagen provides the strength required to pre-
vent rupture due to high blood pressure, while the elastin is
also responsible for resilience and extensibility of the aorta
by impartation, minimizing the energetic demands on the
heart, and to ensure smooth blood flow to different organs
in the entire human body [129, 130]. About 80% of the se-
quence of tropoelastin consists of repeated motifs of
Pro-Gly-Val-Gly-Val-Ala, Pro-Gly-Val or
Pro-Gly-Val-Gly-Val. Models of elastin structures and func-
tions reported in the literature are simplistic and with large
discrepancies. Urry et al. proposed a B-spiral model, in
which elastin had an ordered spiral [131]. Flory et al. sug-
gested a random, rubber-like, highly disordered structure of
elastin, which changed the ordered spiral to a predominantly
random coil [132, 133]. Rauscher et al. obtained a disor-
dered conformational ensemble for the elastin-like peptide
(Gly-Val-Pro-Gly-Val),, which was a heterogeneous ensem-
ble of conformations (Fig. 8) [134, 135]. These structures
are not random coils and contain no a-helix or extended
B-sheet (secondary structures of a polypeptide chain). They
are disordered but not random [136]. Fig. 8b shows the 16
unique configurations of an elastin-like peptide monomer.

N

,,
p e
S

ﬂ— e
=

~

2
RIG

RS

A St

f

Fig. 7 The illustration of collagen organization and structure. (a) The
quasi-hexagonal packing of the molecular segments; (b) C* carbons
rendered as line spheroids showing the conformation of the staggered
collagen segments within a unit cell (cell axis shown); (c) molecular
path of a collagen molecule through successive unit cells in the a-c
plane; (d) enlarged view of the telopeptides of type-I collagen at the
bottom of (c); (e) several staggered collagen molecules with
right-handed twist; (f) Three microfibrils are shown side by side to
indicate the probable binding relationship. The N-terminal and
C-terminal are shown [127]. Reproduced with permission. Copyright
2006, National Academy of Sciences.
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Fig. 8 Configurations  of  the  elastin-like  peptide
(Gly-Val-Pro-Gly-Val);. (a) An aggregate of 8 chains; (b) 16 unique
configurations of a monomer [136]. Reproduced with permission.
Copyright 2012, Springer.
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4.2 Electromechanical coupling in collagen and elastin

Fukada reported that collagen was piezoelectric with shear
piezoelectric coefficient ranging from 0.2 to 2.0 pC/N [62].
Collagen can exhibit different structural organizations, thus
complicating the determination of the origin of its piezoe-
lectricity. Marino et al. found that the electrodeposited col-
lagen films were more organized and with higher piezoelec-
tric responses than those of the evaporated films. They sug-
gested that the piezoelectricity originated from the tropo-
collagen molecule or aggregated structures with less than 50
A diameter [137]. The emergence of PFM and spectroscopy
have successfully provided access to the nanoscale inspec-
tion of the piezoelectric response of biomolecules. Theoret-
ically, it considers the inhomogeneity of the electric field
under the probe apex and screening effects of the applied
electric field to obtain the piezoelectric coefficients of ma-
terials. Minary-Jolandan et al. applied the lateral PFM
(LPFM) to probe the shear piezoelectricity in bone with
high resolution down to the sub-fibrillar structure of indi-
vidual collagen fibril (Fig. 9) [84]. The shear piezoelectrici-
ty maps of collagen fibrils exhibited heterogeneous struc-
tures. Individual collagen fibril showed a periodic pattern
with a D-space of 60-70 nm. They believed that the hetero-
geneity in piezoelectricity maps of collagen fibril might be
relevant to the modulation of the ionic environment of bone
and might have effects on the bone mineralization process.
Denning et al. measured the structure and piezoelectric
property of the aligned collagen membranes using LPFM
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under ambient conditions. They demonstrated that the pie-
zoelectricity of the collagen membrane was an order of
magnitude lower than that of collagen fibril in rat tail ten-
don. They believed the lower response of collagen mem-
branes was attributed to less-ordered molecular assembly
than the periodic D-space structure in collagen fibrils [138].
Although the piezoelectricity could be aroused from colla-
gen structures, supramolecular interaction could also lead to
the piezoelectric behavior of collagen. For example, Sousa
Neto et al. did studies on collagen membranes with iron as
impurities. They found that doping the iron in the collagen
structure could increase the value of piezoelectric strain
tensor element di4 [139]. Besides, hydrated proteins were
reported polarizable in reference [107, 140] from which we
might expect similar phenomena exhibited by the colla-
gen-water system. However, the ferroelectricity of collagen
has not been observed yet.

As the key extracellular matrix (ECM) protein found in
all connective tissues of vertebrates [141, 142], elastin was
found to exhibit polarization switching behavior by SSPFM
and confirmed to be ferroelectric by macroscopic pyroelec-
tric measurements [64]. The polarization of elastin was in-
trinsic in tropoelastin at the monomer level, resembling the
unit cell of classical perovskite ferroelectrics. Fig. 10 shows
the responses of tropoelastin monomers characterized by
PFM and SSPFM. The PFM response vs. voltage curve
shows a bilinear relationship (Fig. 10a). The PFM phase
(Fig. 10b) and amplitude (Fig. 10c) reveal the piezoelectric-
ity of tropoelastin. The switching spectroscopy maps reveal
consistent polarization switching (Fig. 10d). The phase and
amplitude butterfly loops (Fig. 10e and f) were recorded at
three different locations. Although elastin was confirmed to
be ferroelectric, it was only found in the arteries of verte-
brates. The existence of ferroelectricity in other pro-
tein-based biomaterials has remained a puzzle. For example,
the fibril-forming type-I collagen appeared to be
non-switchable [143], whereas it is rich in amino acids such
as glycine and proline. Another point worthy of noting is
that the conformational disorder is a constitutive feature of
elastin structure and function. However, collagen has shown
a highly ordered triple helical structure [134, 144, 145].
Therefore, elastin is more flexible and easily stretched. The
bioferroelectricity is supposed to be related to the degree of
structural ordering.

== 400Tm.

. ar -

‘ - - ’
Fig. 9 The shear piezoresponse in cortical bone measured by LPFM. (a)
AFM deflection image, and (b) the lateral PFM response [84]. Repro-
duced with permission. Copyright (2010) AIP Publishing.
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Fig. 10 Ferroelectricity of tropoelastin monomers. (a) PFM response
vs. AC voltage; (b) PFM phase and (c) amplitude images; (d) SSPFM
image at zero DC voltage; (e) phase hysteresis and (f) butterfly loops
of three representative points [64]. Reproduced with permission. Cop-
yright (2014) National Academy of Sciences.
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The piezoelectric properties of collagen and elastin are
convincible because they are formed by amino acids, among
which 21 amino acid molecules are non-centrosymmetric,
and 20 of them show piezoelectricity [125]. The situation
can be generalized to other protein-based biomaterials.
However, the bioferroelectricity should be carefully pro-
claimed with a good cognition of the struc-
ture-property-functionality relation and a systematic verifi-
cation method. The structural and conformation changes
arouse various biological functions. Moreover, the na-
noscale experiments by using PFM and related spectroscopy
techniques are usually coupled with non-piezoelectric EM
coupling effects so that the measured piezoelectricity should
be carefully evaluated. In the next section, we will discuss
other factors that can cause EM signals in experiments.

S Identification of intrinsic piezoelectricity in bi-
ological materials

Since other forms of EM couplings (electrostriction and
flexoelectricity) and experimental factor (electrostatic ef-
fects) may contribute to the overall EM signals detected by
PFM, it is quite essential to differentiate them from the in-
trinsic piezoelectricity. In this section, we review the influ-
ences of electrostriction, flexoelectricity, and experimental
electrostatic effect on the measured piezoelectric phenome-
na.

5.1 Other types of EM couplings

Both the electrostriction and flexoelectricity may contribute
to the measured EM response. Electrostriction indicates that
the dielectric material displays deformation under an ap-
plied electric field. It does not require electric dipoles in the
dielectric materials (Fig. 11a). Theoretically, all polarizable
materials can show electrostriction behaviors [146]. Elec-
trostriction has a quadratic relationship between the me-
chanical strain and the electric field (Equation 3). Using the
third derivative of the Gibbs free energy G (Equation 4), the
direct electrostrictive (Mitjﬁkl) and converse electrostrictive

(Mﬁm) coefficients are found to be equal and can be deter-

mined from the Maxell relationship (Equation 5):

dG =-S-dT —¢,-do, -R.-dE, (4

Mé - G \_[ P \_ [ oG ) [om _Me
W 80,0E 0, | | OE,OF, OE0Ed0; | | oo, "

)

where S, T, and o are the entropy, temperature, and stress,
respectively.
Flexoelectricity is defined as a dielectric material that ex-

hibit a spontaneous polarization induced by a strain gradient.
Fig. 11D illustrates the flexoelectric effect. It describes that a
dielectric material can deform under a strain or stress gra-
dient generated in the material. The gradient breaks the in-
version symmetry of the material, leading to nonuniform
displacements of atoms [147-149]. The flexoelectric effect
usually is small, but it may dominate on the nanoscale.
Therefore, the measured piezoelectricity can be veiled by
flexoelectricity in PFM measurements. Flexoelectricity has
been reported to be associated with many biomechanical
phenomena such as hair cells to amplify sound [150] and
embedded proteins in biomembranes to act as mechanical
motors [151]. Together with the direct piezoelectricity, the
total electric polarization upon mechanical deformation of a
solid can be written as:
P=d.o. +u % (6)
k kij ~ij kijl aXl

where dy;, 0y, uw, €5, and x; are the piezoelectric constant,
stress, flexoelectric coefficient, strain, and position coordi-
nate, respectively [152-154]. The d is zero for all groups
containing inversion symmetry. Therefore, the flexoelectric
effect can exist in all the 32 point groups [155] since the
inversion symmetry is disrupted by strain gradient [7]. In
centrosymmetric materials, Equation 6 can be written as:

B 66‘”

= thy — (D)

k kijl 6X|

Tagantsev reported that the flexoelectric coefficient could
be scaled with the dielectric susceptibility of the material,
which can be expressed as [156, 157]:

e
u=xy (—j ®)
a

where y, e and a are the materials parameter constant, elec-
tron charge and lattice constant, respectively. In the expres-
sion above, there are several factors that contributed to the
polarization, including static bulk flexoelectricity, dynamic
bulk flexoelectricity, and surface flexoelectricity.

The converse flexoelectric effect can be described as the
linear coupling between the induced elastic stress and the
electric field gradient:

oE

T=uZ= ©
e O

where 7 is the induced elastic stress.

Electrostriction, flexoelectricity, and piezoelectricity are
usually coupled with one another. They have the same cor-
related parameters, including stress, strain, polarization, and
electric field. For example, both piezoelectricity and elec-
trostriction indicate the mechanical strain induced by an
applied electric field. Therefore, the piezoelectric and elec-
trostrictive polarizations are mixed in the measurement of
strain under an electric field. In addition, the direct piezoe-
lectric polarization can be mixed with flexoelectric polari-
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zation when applied mechanical stress that generates nonu-
niform strain inside materials [6]. However, there are dif-
ferences in these effects. The electrostrictive strain is pro-
portional to the square of electric polarization (Equation 3)
so that the reverse of the electric field will not change the
strain. However, the piezoelectric strain is linearly propor-
tional to electric polarization (Equation 3), so the strain is
affected by the reverse of the electric field. Moreover, pie-
zoelectricity refers to polarization due to uniform strain,
while flexoelectricity refers to polarization due to strain
gradient (Equation 6). Piezoelectricity changes sign under
space inversion, while flexoelectricity is insensitive to the
space inversion [158]. Therefore, checking the point groups
is a good way to distinguish piezoelectricity. Besides, flexo-
electricity is size-dependent [159, 160], hence possibly in-
creasing the length scale is beneficial to differentiate the

flexoelectricity from piezoelectricity.
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Fig. 11 Illustration of (a) electrostriction and (b) flexoelectricity [6].
Reproduced with permission. Copyright (2018) ACS Publications.

5.2 Experimental factor

The electrostatic effect is a parasitic interaction between the
conductive AFM tip/cantilever and the sample surface, re-
gardless of the operational modes (i.e., contact or
non-contact modes), which originates essentially from the
Coulombic electrostatic force. The Coulombic force be-
tween separated charges can cause deformation of the mate-
rial, as shown in Fig. 12. When the sample with two elec-
trodes is connected to an external voltage, the electrostatic
force is generated between the oppositely charged surfaces,
which can lead to the compression of the sample in the
thickness direction and the expansion in the planar direction
[16]. In the nanostructured compliant biomaterial, there may
exist a large electric potential between the sample and elec-
trodes, as well as the sample surface and internal atoms. The

electrostatic effect could contribute significantly to the
measured EM signals, making it difficult to identify the true
piezoelectric response [99, 100]. However, there are some
methods to identify the electrostatic effect experimentally,
which are discussed in the next section.

apply

Efield = = = = -
iy x

remove
E-field
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Fig. 12 Illustration of the electrostatic effect [6]. Reproduced with
permission. Copyright (2018) ACS Publications.

6 Piezoresponse force microscopy and spectros-
copy

In this section, we will review the approaches for identify-
ing the piezoelectric contribution from the measured EM
signals in PFM and related techniques.

6.1 Electrostatic effect in measurements

When conducting the PFM experiments, the EM phase sig-
nal of each domain is proportional to that of the electrostatic
phase. Gomez et al. gave a theoretical description of the
total phase difference versus the electrostatic phase with
different ratios of Agjec/Apicso (Fig. 13) [161]. They found
that when the electrostatic effect was quite low (Agiee/ Apiczo
=0.001), the phase difference of domains equaled to 180",
indicating that the measured signal mainly comes from the
piezoresponse. When the electrostatic effect was increased
(AEiee/ Apiezo = 0.5), the measured EM phase was 126" . When
the phase difference decreased up to a point (Agiee/Apiezo =
2), all the phase recorded was directly proportional to the
electrostatic effect and independent of the piezoelectric ef-
fect [161].
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Fig. 13 Description of the total phase difference versus the electrostatic
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phase with different ratios of Agiec/Apiczo. When the ratio is 0.001, the
phase difference is independent of the electrostatic signal. The phase
of each domain decreases as the ratio increases, up to the point that all
the phase recorded is proportional to the electrostatic signal and inde-
pendent of the piezoelectric signal [161]. Reprinted with permission.
Copyright (2018) Elsevier.

Gomez et al. also suggested that the electrostatic effects
could be diminished by using longer ultra-stiff tips [161].
They developed a theory that could decouple the effects of
electrostatic contribution in the total cantilever vibration
and addressed the problem through using longer ultra-stiff
probes, which provided high sensitivity, allowed lowest
electrostatic  interaction, and avoided working in
high-frequency regime. They tested the theory by conduct-
ing PFM on a periodically poled lithium niobate (PPLN)
crystal, which showed well-defined 0° and 180° domains
(Fig. 14). It was found that both soft diamond and platinum
tips were quite sensitive to DC bias, while longer ultra-stiff
tips were independent of DC bias.

Soft diamond Platinum ) °

(b) 180

160
140
120
25pm | 100
80
60

40

20

0

Ultra-stiff

Longer
Fig. 14 PFM phase image by (a) a soft diamond-coated probe, (b) a
standard platinum-coated tip, (c) a longer tip length probe and (d) an
ultra-stiff probe with voltage (5 Vac, 105 kHz, +5 Vpc) applied to the
sample from bottom to the middle. The voltage -5 Vpc is applied from
middle to bottom [161]. Reproduced with permission. Copyright (2018)
Elsevier.

Balke et al. demonstrated a cantilever-resonance-based
method to quantify the electrostatic forces on a probe aris-
ing from a surface potential or when a bias voltage was ap-
plied to the AFM probe [162]. They showed that the local
topography had a direct effect on the electrostatic forces
acting on the tip apex, and the electrostatic force strongly
depended on the tip apex shape. In combination with mod-
eling, they analyzed the cantilever vibration at its resonance
in response to a harmonic force Fyyec-sin (wt) applied to the
tip apex along the normal to the sample surface. The ampli-
tude of the tip apex displacement induced by the harmonic
electrostatic force at the tip apex was obtained. Fig. 15
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shows the calculated electrostatic force linear density.

020 starting 0.5 nm above the contact line
0'16i concave
T 0.12- s
Z ] convex
& 0.084
-
=
N 0.04-
0.00 1
5 10 15 20 25

Distance along tip meridian R [nm]

Fig. 15 Calculated electrostatic force linear density 2zr-fs (R) along
the tip meridian for the concave, flat, and convex sample surfaces for
the same conditions [162]. Reproduced with permission. Copyright
(2017) IOP Publishing.

It is worthy of noting that using ultra-stiff probes to re-
duce the electrostatic effect is suitable for materials of
which the elastic moduli are significantly higher than that of
the probe. However, such a method encounters problems for
organic polymers and biomaterials (Young's modulus of the
material is small comparing to the probe), in which the
electrostatic responses are quite large. Besides, an ultra-stiff
probe can cause significant deformation of the soft bio-
material. The mismatch between the soft surface and stiff
AFM probe leads to a small amplitude response even under
large applied electric field and small signal to noise ratio in
the prevalent dual AC resonance tracking (DART) PFM
technique [163] which uses contact resonance for signal
enhancement [164]. Marvin et al. changed the thicknesses
(At) of short peptides, peptoids, and control small molecule
dodecanethiol (DDT) films over a series of applied voltages
(1.5-4 V) averaged across specific areas. They calculated
the slopes from a linear fit to plots of At vs. applied voltage
to derive the piezoelectric responses of these materials
along the polarization axis (ds;). The non-zero intercepts of
the lines were due to electrostatic and tip-sample interac-
tions (Fig. 16) [165]. They demonstrated the validity of their
method by successful determination of the piezoresponse of
quartz.
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Fig. 16 Summary of DART-PFM method used to determine piezoelec-
tric responses and ds; values obtained from replicate independent ex-
periments on peptides (1-3), peptoids (4-6), and dodecanethiol (DDT)
[165]. Reproduced with permission. Copyright (2017) ACS Publica-
tions.

6.2 Electrostriction and flexoelectricity in measurements

Eliseev et al. theoretically demonstrated the contribution of
electrostriction could not be readily separated from the PFM
response [166]. In particular, the electrostriction became
significant for materials with low dielectric constants. Seol
et al. adopted the finite element method to simulate the cy-
lindrical geometry with the axially symmetric tip at various
frequencies [167]. They calculated the electrostrictive con-
tribution to the EM amplitudes, as shown in Fig. 17. The
frequency-dependent amplitude was found to increase as the
frequency decreased. In addition, they proved that by

sweeping the frequency-dependent AC amplitude, it could
be able to extract the ferroelectric effect.

Electrostrictive
response
0.01 kHz

0.8 -

0.6

0.4

0.2

EM amplitude (a.u.)

b4 =) 0 2 4
Voltage V. (V)
Fig. 17 The influence of electrostrictive response on the EM response
measured at different frequencies (0.01 kHz, 0.1 kHz, and 1 kHz)

[167]. Reproduced with permission. Copyright (2016) Nature Publish-
ing Group.

Chen and Li et al. compared the first and second har-
monic responses under vertical strain-based SPM of lead
zirconate titanate (PZT) thin film, lithium iron phosphate
(LFP) thin film, and soda-lime glass. They found that the
three materials had quite distinctive responses, as shown in
Fig. 18 [168]. For the piezoelectric PZT thin film, the re-
sponse was predominantly linear to the AC electric field,
indicating the measured response was mainly due to the
piezoelectricity (according to Equation 3). For the LFP thin
film, there was a significant quadratic strain because of
electrostriction (according to Equation 3), though the se-
cond harmonic response was slightly smaller than the first
harmonic one. For the glass, the second harmonic response
was slightly higher, suggesting a substantial quadratic con-
tribution to the measured strain.

a b c .
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Fig. 18 First and second harmonic responses under vertical strain-based SPM of (a) PZT; (b) LFP; and (c) soda-lime glass. Reproduced with per-
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mission [168]. Copyright (2014) AIP Publishing.

The flexoelectric effect becomes significant in thin films
and nanostructures and is reported as the key EM effect for
important biomechanical phenomena [7]. In addition, the
flexoelectric effect could affect the ferroelectric properties
of materials, including their critical thickness, electrical
transport of the domain wall, and polarization switching [94,
169]. Both the piezoelectricity and flexoelectricity describe
the linear EM effect [170]. The coupling effect of flexoelec-
tricity and piezoelectricity in piezoelectric nanostructures
has not been completely clarified yet, not to mention the
thin and nanostructured biomaterials. Kalinin ef al. explored
the EM phenomenon in tobacco mosaic viruses (TMV) by
using PFM. They found that in the small-sized and highly
symmetric materials, the flexoelectric effect dominated the
observed EM behavior. Fig. 19 shows the results of TMV.
They estimated the relative contributions of the piezoelec-
tric and flexoelectric responses to the measured PFM signal
using piezoelectric and flexoelectric models, and they found
that the linear behavior in Fig. 19¢ should be explained by
the flexoelectric effect instead of the piezoelectric effect
[171].

Zhang et al. adopted AFM to investigate the deformation
of human embryonic kidney (HEK 293) cells upon voltage
changes of a stimulus-evoked membrane (Fig. 20a). It was
found that the cells swelled when depolarization (hyperpo-
larization) happened because a 100 mV depolarization of
the cell membrane caused approximately 0.6 nm of swelling
(Fig. 20b). To understand the observation, they developed a
model (Via the Lippmann relation) to explain the voltage
induced movement of the membrane. The model showed a
dependence of tension on the membrane voltage so that the
membrane should change the cellular radius. The observa-
tion resembled the converse flexoelectricity [172].

The above works are associated with math models, which
are important for the studies of piezoelectric and flexoelec-
tric coupling effects. The researches in the field are still
growing [173-176].

7 Discussion and perspectives

For biological materials and systems, their hierarchical
self-assembly structures usually involve different order pa-
rameters spanning multiple length scales and thus have
made them far from good-fetched. For protein-based mate-
rials, different biomacromolecules, peptides, and proteins
may exhibit distinct properties even though all of them are
built up by known amino acids. Biopie-
zo-/bioferroelectricity should be carefully proclaimed after
clarifying the structure-property-functionality relation.
Since the bio-functions originate from small length scales,
i.e., atomic- or nanoscale level, the advanced SPM tech-
niques combing with spectroscopy offer effective ways to
explore the mechanisms behind the novel biopie-
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zo-/ferroelectric phenomena. However, caution should be
paid to the influences of other types of EM couplings and
factors aroused from SPM experimental measurements. The
decoupling of various EM responses is still a hot research
topic, and we expect more innovative and fruitful works in
the future.

On the other hand, the biopiezo-/ferroelectricity holds
great potentials for in vivo sensing, drug delivery, and tissue
reconstruction, especially the piezoelectric response arising
from strong supramolecular dipoles in biomaterials and
systems, which can be tuned by molecular chemistry and
packing. It has opened new opportunities for the realization
of functional devices. Also, the molecular/supramolecular
interactions in the ordered structure may have more than
two stable states. It means that the multiple orthogonal su-
pramolecular interactions in molecular materials can lead to
multiple supramolecular dipoles in the ordered structure,
offering the essential conditions for the realization of mo-
lecular ferroelectrics with better storage capacity. For ex-
ample, Tayi and co-workers reported the supramolecular
charge-transfer networks, which showed ferroelectric polar-
ization switching above the room temperature (Fig. 21).
These switchable polarization networks consist of hydro-
gen-bond networks and charge-transfer complexation of
donor and acceptor molecules in a mixed stack [177]. The
combination of hydrogen-bond and charge-transfer com-
plexation interactions has promoted promising supramolec-
ular organic devices. Such situations can be expected for
biobased  devices  because  hydrogen-bond  and
charge-transfer complexation are also commonly interac-
tions in biomaterials and systems.

With the fast development of high-performance compu-
ting methods, researches on the piezo-/ferroelectric proper-
ties of biomaterials and biomolecules have been facilitated
by using quantum mechanical calculations, which can be
used to predict the full piezoelectric tensor of biomolecular
crystals, including amino acids and small peptides [102].
For example, the density functional perturbation theory
(DFPT) can be used to understand inside the peptide struc-
tures for the desired EM properties. The simulation methods
can advance the experiments and allow insight into the
evolution of conformational and hierarchical structure
changes in biological materials that originate from highly
piezoelectric building blocks. In addition, the research fron-
tier, such as deep learning, shows abilities to predict the
protein crystal growth, peptide evolution, structure-based
rational drug design, and device fabrication, thus guiding
the experimental studies and promoting the developments of
biobased devices.

8 Summary and conclusions

Although piezoelectricity of amino acids is surely accepted,
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particularly, the glycine and lysine show the highest piezoe-
lectric responses and are promising for engineering highly
piezoelectric peptides in the future, it is unrealistic to con-
sider the piezoelectricity in the peptides or the protein-based
materials regardless of their structures and conformations.
Elastin and collagen are good examples that own different
molecular structures, thus function differently in the body.
In terms of bioferroelectricity, it should be carefully pro-
claimed due to the lack of macroscopic experiments con-
firmation. The observed EM coupling signals measured by
PFM and spectroscopy are usually associated with piezore-
sponse, flexoelectricity, electrostriction and electrostatic
effects, and some others. In literature, many researchers
have proposed methods to extract the piezoresponse or
minimize the perturbance factors. Nevertheless, combing
the multiple nanoscopic and macroscopic experimental
techniques, as well as the simulation, is the most persuasive
approaching method. Physiological and pathological signif-
icances of biopiezo-/bioferroelectricity remain to be largely
explored, but we expect more exciting discoveries.
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Fig. 19 Flexoelectricity in the tobacco mosaic virus (TMV). (a) Mor-
phology of TMV at different size scales; (b) PFM deformation images
of TMV associated with the morphology images; (c) the EM response
of TMV under an applied AC voltage with varying amplitude. Repro-
duced with permission [171]. Copyright 2006, American Institute of
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Fig. 21 Macroscopic ferroelectric hysteresis loops in supramolecular
networks. Polarization versus electric field curves for lock arm supra-
molecular ordering (LASO) complexes. (a, b) complex of 1 and 2; (c-¢)
complex of 1 and 3; and (f, g) complex of 1 and 4 measured at various
temperatures: (a) 300K, (b) 74K, (c, d) 300K and (e) 7K, (f) 300K and
(g) 7K. Room-temperature hysteresis curves for LASO complexes are
under-polarized because of leakage currents at high voltage. 1 is py-
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romellitic diimide-based acceptor, while 2, 3, and 4 are derivatives of
naphthalene, pyrene, and TTF, respectively [177]. Reproduced with
permission. Copyright 2012, Nature Publishing Group.
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