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Biological tissues are soft, amorphous and often appear to possess a high degree of mate-
rial symmetry. This would appear to preclude a phenomenon like ferroelectricity which,
in the world of hard materials, only occurs in selected crystalline materials that are non-
centrosymmetric. Recent experiments, however, indicate the presence of ferroelectricity
in soft biological entities such as the protein elastin—a large biopolymer found in the ex-
tracellular domains of most tissues. In this letter, we present a model and an explanation
for this intriguing observation. Based on a very simple physical hypothesis, we develop an
analytical statistical mechanics model that, coupled with insights from molecular dynam-
ics, provides a plausible mechanism underpinning biological ferroelectricity. Furthermore,
we predict for the first time, piezoelectric properties of tropoelastin, a precursor/monomer
of elastin—properties that are not easily obtained from experiments. Specifically we find

that the piezoelectric constant of tropoelastin is larger than any known polymer.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of electromechanical coupling in biologi-
cal materials and its physiological significance has been an
active area of research over the last several decades. Piezo-
electricity was first discovered in bone samples in 1957 [1].
Shortly after that, in 1966, the pyroelectric phenomenon
was also discovered in bones [2]. However, ferroelectricity,
the rarest electromechanical coupling, was not observed in
biological materials until 2012 when it was shown that the
tissue from porcine aortic walls does indeed exhibit all the
tell-tale signatures of ferroelectricity typically associated
with hard ceramics like Barium Titanate or Lead Zirconium
Titanate [3]. The main component of these tissue samples
is a protein called elastin.

Elastin is found throughout various connective tissues.
Aptly named, elastin is responsible for the elastic response
of tissues, allowing the tissues and the relevant organs to
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retain their original shape after loading [4]. Elastin proteins
are in fact long polymers composed of many monomer
proteins called tropoelastin. While we typically think
of monomers as small molecular units, a single human
tropoelastin protein consists of up to 792 amino acids, or
roughly 10,000 atoms [5]. The form most commonly used
in experiments, and here for comparison, is a recombinant
form of tropoelastin which is composed of 698 amino acids
(isoform SHELd26A) or about 8,700 atoms [3,6,7].

Despite the discovery of ferroelectricity in biological
materials, its physiological role is still somewhat unclear
although there are several speculations regarding its sig-
nificance. There is a large amount of elastin present in
arteries, so one proposed possibility is that ferroelec-
tric switching may limit the shear stress due to pulsatile
flow [8]. Another notion that has been advanced is that
the dipole switching associated with ferroelectricity may
provide some type of memory function for our tissues and
organs to retain their original shape. Either way, we feel
that it is unlikely that the occurrence of this phenomenon
is purely coincidental. Indeed, somewhat tentatively, the
experimental results show that biological ferroelectricity
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Fig. 1. (a) Two dimensional representation of amorphous elastin. Separate elastin polymers are shown in different colors, and shading is used to
differentiate between tropoelastin monomers. The dipole moment associated with each monomer is shown by the red arrow. (b) Illustration of the two
dimensional 2 site statistical mechanics model with general 6. Notice that ¢; = 0 and ¢, = 5 are used as the angles made between a vector connecting
two adjoining dipoles and the applied electric field. (c) Mostly aligned dipoles and monomers after/during application of an electric field sufficient for
switching. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

in elastin is possibly linked to the aging process [9]. As our
bodies age, elastin undergoes the slow process of glyca-
tion, i.e. the spontaneous, unassisted bonding of glucose
to a protein. Once the concentrations of glucose bonded
to elastin proteins are sufficiently high, such as during old
age or in diabetics, elastin begins to degrade which may
cause results such as lowered elastic response. This loss
of elasticity can be easily viewed as wrinkles in the skin
[10,11]. Coinciding with the change of mechanical proper-
ties, the ferroelectric response of elastin is also suppressed
by the increasing severity of glycation [9]. Much research
has been done on advanced glycation end-products (AGE),
but none have focused on the effect of AGE on ferroelec-
tricity [12,13]. The reason for the loss of ferroelectricity is
again unknown, but as a first step, a reasonable starting
point would be to first establish the mechanism underpin-
ning biological ferroelectricity—this is the main goal of the
current letter.

2. Hypothesis and central idea

Inspired from ideas already explored in the context of
semi-crystalline polymers such as polyvinylidene fluoride
(PVDF) [14], we propose the following picture of the likely
mechanism for ferroelectricity in proteins like tropoe-
lastin. We consider elastin as consisting of an amorphous
array, or matrix, of tropoelastin monomers—each of which
possesses a dipole moment. Alternatively, we could say
that elastin is represented by a set of frozen dipoles which
thermally fluctuate about some equilibrium angle. When
subjected to an external electric field, the dipoles undergo
some rotation and attempt to align with the field (Fig. 1).
Ferroelectric switching, as will be elucidated in later sec-
tions, emerges as a cooperative effect. The overview of our
modeling approach is as follows: (i) the statistical mechan-
ics model of fluctuating frozen dipoles is adapted for the
present case; (ii) molecular dynamics is used to estimate
quantities like the monomer dipole moment (which feeds
into the statistical mechanics model) and (iii) experimental
observations are used to estimate the coercive field.

A comparison of the model with experimental obser-
vations provides reasonable assurance that our model and
proposed mechanism is plausible. Furthermore, based on

this model, we present numerical predictions of untested
properties of tropoelastin—such as piezoelectric coeffi-
cient.

3. Biological ferroelectricity model

In the following (Section 3.1) we first present the
statistical mechanics model that translates the physical
picture of the preceding section into a simple analytical
model. Molecular dynamics calculations, that connect with
the analytical model, are presented in Section 3.2 and in
subsequent subsections, we explore their implications (3.3
and 3.4).

3.1. Statistical mechanics framework

The model followed here was originally proposed by
Broadhurst and Davis for PVDF [14]. They assume that the
material is a collection of dipoles that thermally fluctuate;
the dipoles interact only with the applied electric field, and
the dipole-dipole interactions are purposefully neglected.
In the general case, a dipole will have a probability, f;, of
being found in a preferred orientation specified by 6; which
is the angle between the applied electric field, E and the
dipole orientation.

We start with the Helmholtz free energy of the system.
While elastin is not crystalline, or even semi-crystalline,
we approximate it as an evenly spaced set of dipoles
allowing the use of terms such as the lattice energy of the
crystal given by:

—Up Y f? (1)
i=1

where Uy is the difference in energy between a filled lattice
site and an empty site, and n is the number of preferred
orientations in the “crystal”. Here Uy may be thought
of as a material property which governs the ability of
dipoles to change orientations. Our subsequent molecular
dynamics results indicate that this scenario, even thought
idealized, is a reasonable approximation (and price to pay)
for analytical results. In the case of a two-site or two-
orientation model, the system can be solved analytically.
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This is tantamount to assuming that dipoles can only be
up or down. One may assume a larger set of possible
orientations and then the calculations must proceed
numerically. We discuss this further in Section 3.4. The
dipole-electric field interaction energy is then given by:

n
— moE Zﬁ cos 6;. (2)
P

Here, my is the average dipole moment of a single
monomer. Next is the entropic contribution:

— kT Y _filnf. (3)
i=1

The dipole-dipole interaction is somewhat more com-
plex and requires an extra summation—this is omitted in
the original model of Broadhurst and Davis [ 14].

m? &
Eqa = 73? ;(fiz[z — 3{cos*(6; — ¢1)

+ cos’ (6, — ¢ +fi D fil2cos(6; — 6j)
j=1j#
—3{cos(6; — ¢1) cos(6; — ¢1)

+ cos(6; — ¢2) cos(6; — ¢z)}]>- (4)

The mean separation of the dipoles is assumed to be a
constant value, r. The angles ¢, and ¢, are defined as the
angle between the electric field and a line connecting two
interacting, nearest-neighbor dipoles. For simplification,
we write these for the two dimensional case as ¢; = ¢
and ¢, = ¢ + 7. Later, the assumption will be made that
¢ =0.

Each of the energetic terms can be combined to yield the
Helmholtz free energy (after duly subtracting the entropic
contribution). Here Ay, the free energy when all f; are equal,
is used as the reference energy.

n n
Ai— Ay = U Zfiz - moEZficosG,-
P P

n
+kT D filnfi + Eq—g — Ao. (5)
i=1
Appealing to the second law of thermodynamics, we
minimize the free-energy subject to the constraint that
Xf; = 1. Using A to denote the Lagrange multiplier, the
system of equations to solve is then given by:

A —A)  IZf;
afk 8fk

The model therefore represents a system of n nonlinear
algebraic equations and can be solved for any number of
preferred orientations or “sites”. The complexity of the
model is well-evident when the dipole-dipole interactions
are added.

In the following, as a first approximation, we assume a
2-site model, i.e. dipoles can point up or down only. With

=0. (6)

this assumption, the set of equations given in (6) can be
solved analytically. These orientations, with respect to the
applied electric field E, will be evenly spaced and separated
by an angle of 7 between the two, represented by 6; = 6
and 6, = 0 + . This is depicted in Fig. 1(b) for an arbitrary
value of 6.

Equivalent to solving the set of equations given in (6),
for a two-site model, Eq. (5) may be minimized directly.
Prior to performing the minimization, we explore the form
of the free energy by expanding the summations in (5) and
substituting for 6; and ¢; when & = ¢ = 0. The Helmholtz
free energy simplifies to

(A — Ao) = —Uo(f + f) — moE cos O(fy — f2)
2
+ kT (fiInfi + o Inf) + 30 2f1f2

—fE =) — Ao. (7)

We note the following relationship between the
magnitude of the apparent dipole moment, m, and the
magnitude of the average dipole moment, mg based on the
probabilities f; and the incidental angles 6;:

m
r

mcos® = mgy(f; cosO; + f, cos ). (8)

Substituting for 67 and 6,, this relationship simplifies to

m
—=h-F. 9)
mo

The ratio of m to myg may be thought of as the degree
of polarization in the direction of the applied electric field.
That is, when all of the dipoles are aligned with the electric
field, mﬂo = 1, and when all of the dipoles are aligned
against the electric field, mﬂo = —1, in the context of
a positive applied electric field. All other orientations of
dipoles will lie somewhere within this range. This can also
be equated to the amount of polarization versus the total
possible polarization and the actual polarization of the
system can then be estimated by multiplying mﬂo by N *xmg
where N is the number of dipoles included in the system.
Using the relation in (9) along with the Helmholtz free
energy given by Eq. (7) and the constraint that f; + f, = 1,
we find the non-dimensional energy per dipole to be:

Ai — Ag 1 Uy m 2 moE m
L ()
kpT 2 kyT \mg k,T mg

+ %[(1 n mﬂo) In(1+ mﬂo)
+ (1 _ mﬁo) 1n(1 — mﬁo)]

2 2
- (2 (10)

r3k,T \mg

This results from setting Ag = A; when Ay is the disor-
dered stateand f; = f, = % Eq. (10) is non-dimensional
and illustrates the behavior of the free energy as a function
of the electric field and the degree of polarization. The free
energy is shown in as a function of electric field and degree
of polarization in Fig. 2(a) and as a function of the degree of
polarization only (although multiple values of the electric




M. Zelisko et al. / Extreme Mechanics Letters 4 (2015) 162-174

2 =
a A;— Ao
kT
2
A
1
SIES
gle O 0
-1
-1
-2
-2
-1.0 -0.5 0.0 0.5 1.0

m
moy

Fig. 2. Effect of the applied electric field on the free energy of the two-site model shown for arbitrary value of W T 2

field are illustrated) in Fig. 2(b). Fig. 2 is shown for an ar-

bitrary value of the parameter ,:;)—"T +2 ST We will derive
the actual value for this parameter in Section 3.3. Now that
the free energy of the two-site model is known, we may
minimize the energy by taking the derivative with respect
to mﬁ and setting it equal to zero. This gives the relation
relating the (non-dimensional) electric field to the degree
of polarization as:

E U 1, (1+4
micos&:——o(ﬂ)—}—fln 0
ka ka my 2 1— =

mg ,m
2 (—)
r3k,T \mg

Alternatively, expanding the set of equations given by
(6) along with the applied constraint gives a system of
three equations for a two site model.

My

(11)

—2Uof1 — mgE cos 6 + k,T(1 + Inf;)

m2
+2 3 (h—fi) =2 =0 (12)
—2Uofs + mgE cos 6 + kpyT(1 + Inf,)
2
+2%(fl_f2)_)\:0 (13)
h+h=1 (14)

Solving these equations and using the relation given
in (8)/(9) will lead to the exact same result as given by

Eq. (11). There is a common parameter; k‘i—"r + Zr;;ET that
emerges in both Eqs.(10)and (11) that cannot be estimated
without some additional information about the material
which is being examined. Estimation of this parameter is

discussed in the next two sections.

b
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plot of the free energy, minima and maxima are represented by blue and red respectively. (b) Free energy as a function of polarization, for selected values
of applied electric field. These would be horizontal slices from the contour plot. The light blue arrow indicates which direction the free energy landscape
“moves” towards as the electric field is increased. The red line shown is for zero applied electric field. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Yo (a) Two dimensional contour

3.2. Molecular dynamics simulation results

There is no experimental information on the structure
of tropoelastin, other than the sequence [6] and the general
shape [7]. This is a major obstacle since the folded struc-
ture of this monomer is beyond the scope of molecular
dynamics. We note here that we consider the 698 amino
acid recombinant form of tropoelastin (SHELd26A) rather
than the 792 amino acid form of human tropoelastin, in or-
der to make a better comparison with the available exper-
imental results. Accordingly, we first attempted to use the
so-called homology modeling approach to determine the
folded structure of the protein. Homology modeling takes
the protein’s amino acid sequence as input, then searches
through existing (extensive) databases to find the best
matches for common patterns in the sequence. A previ-
ously generated structure was found in the ModBase data-
bank [15], but this structure showed almost no similarity
to the experimentally determined general shape of Baldock
et al. and only modeled approximately 80% of the protein’s
sequence [5].

Since a satisfactory homologous model does not exist
for tropoelastin, we used the protein threading approach.
Protein threading, also called fold recognition, uses the
amino acid sequence to place each amino acid in the
best fit position based on other folds commonly found in
nature; this works because there are only around 1300
known folds to choose from [ 16]. Many remote servers are
readily available to perform protein structure prediction
based on this protein threading algorithm. Based on the
results of several different servers, the structure predicted
by the SPARKSX server was used as an initial structure
for tropoelastin which is, upon analysis, fairly close to the
expected general (experimental) structure [17].

All molecular dynamics simulations were performed
using GROMACS version 4.5.6, with the CHARMMS36
force field and SPC/E explicit water model [18-23].
Several steps were taken to equilibrate the structure
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Fig. 3. Protein structures rendered using Visual Molecular Dynamics
[24]. (a) Initial tropoelastin structure obtained from protein threading,
after energy minimization, end-to-end length is 21.7 nm. (b) Structure
after including the desmosine cross-link and equilibration, red arrow
indicates the direction of the dipole moment. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

prior to performing any production molecular dynamics
simulations. An energy minimization was first performed
on the folded structure taken from the protein threading
results using the conjugate gradient method until the
largest remaining force was less than 10 k] mol™! nm~.

The energy minimized structure has an end-to-end length
of 21.7 nm, somewhat higher than the expected value of
16 nm [7]. The resulting structure for tropoelastin is shown
in Fig. 3(a) [24]. After energy minimization, the system was
solvated with water molecules; energy minimization was
done on the solvated system and a molecular dynamics
simulation was performed for 1000 ps to equilibrate the
system. All molecular dynamics were performed using
leapfrog integration with a time-step of 0.002 ps at 310 K
and all bond lengths constrained.

Since we have only used the amino acid sequence of
tropoelastin to predict the structure, only peptide bonds
are present to create the backbone of the protein; there are
no additional bonds between the amino acid side chains
anywhere within the structure. This simplification of the
structure leaves out some detail. In particular, tropoelastin
is a highly cross-linked protein with both inter- and in-
tramolecular cross-links present. For simulations of one
monomer, we may ignore the intermolecular cross-links
and only consider those that are intramolecular. Tropoe-
lastin is composed of hydrophobic domains, classified as
glycine or proline rich, alternating with lysine cross-linking
domains, classified as KA for alanine rich of KP for pro-
line rich [25]. Only one cross-linking domain has been
highly studied in tropoelastin; that is intramolecular cross-
linking which occurs between lysine residues in exons
19 and 25, both of which are alanine rich cross-linking
domains. We may also note, that intermolecular cross-
linking is believed to occur between exons 19 and 25 of one
monomer with exon 10 of the linked monomer [26]. The
sequence for each exon is provided with the lysine residues
involved in the cross-linking in bold [7,25]:

Exon 19
Exon 25

GVVSPEAAAKAAAKAAKY
GPGGVAAAAKSAAKVAAKAQL

This cross-link is approximated by adding a few simple
bond potentials between the lysine side chain atoms
involved with equivalent strengths to the other bonds
provided by the force field. After adding the cross-linking,
the structure is equilibrated for another 2000 ps and
oriented along its principal axes to be used as a starting
structure in the remainder of the simulations. The starting
structure is shown in Fig. 3(b). The average end-to-end
distance is found to be 12.7 nm with fluctuations as high
as 15 nm, slightly lower than the experimental value of
16 nm [7].

Finally, a production molecular dynamics simulation
is performed on the equilibrated structure for 1000 ps
with the protein backbone atoms restrained to prevent
unwanted free rotation of the monomer. From this, we
obtain the radius of gyration (R,), which has a mean
value of 4.65 nm over the entire simulation, and the
time averaged dipole moment of tropoelastin monomer is
calculated to be 581 + 33 D. The general direction of the
dipole moment is superimposed on top of the tropoelastin
structure in Fig. 3(b). The average volume of the molecule
over this time is approximately 54.040.23 nm?; this leads
to an overall polarization of 3.59 uC cm™~2. (The method for
calculation of the volume is discussed in Section 4.1.) This
is slightly higher than the experimental value found to be
around 2 wC cm~2 [27]. This discrepancy arises from the
fact that we consider the polarization of a single monomer,
while the experimental work considers the polarization
of a bulk elastin sample. This bulk material, with several
tropoelastin monomers, may have dipoles that are not
perfectly aligned as well as additional volume from free
space between monomers due to imperfect packing of the
molecules. Therefore, it is expected that the value found for
a single tropoelastin molecule would be higher.

3.3. The final model: putting it all together

Now that the dipole moment and radius of gyration
of a tropoelastin monomer have been found, the only
remaining data necessary for the model is the coercive
electric field. The coercive field is the magnitude of the
applied electric field at which ferroelectric switching oc-
curs, and must be found from experiments. Detailed ex-
periments, based on piezoelectric-force-microscopy (PFM)
characterization, have been already presented by Li and
co-workers [3,9,27]. Due to the asymmetry of the exper-
imental data, the coercive field, based on the voltage bias
applied during the PFM experiment and the sample size,
was averaged between the negative and positive values to
find a magnitude of approximately 10,300 % [27]. This is
the coercive field for a larger sample than only a single
molecule, therefore when non-dimensionalizing the data
we must use mg * N, where N is the number of dipoles
in the system, in place of the dipole moment of a single
monomer. We make this distinction here, but do not ex-
plicitly show this in the equations. Based on the details of
the experiments [9,27], N is found by calculating the den-
sity of the tropoelastin, multiplying by the volume affected
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(a) Free energy shown for different values of lattice energy parameter at the calculated critical field. (b) The first and second derivatives of the free

energy, taken with respect to the degree of polarization, are shown by the red and green lines respectively. The black dots show when the first derivative
is zero. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

by the PFM tip, and dividing by the mass of a single tropoe-
lastin monomer (60,000 Da). The entire sample has a vol-
ume of 2.7 mm? with a mass of 70 pg yielding a density
0f25.9 -*& The size of the sample affected by the PFM tip
mm

is estimated as a hemisphere with radius of 50 nm for a
volume of 261,799 nm?>. Multiplying the pertinent volume
by the density of the sample and dividing by the mass of
a single monomer, we find that the sample contains N =
68 tropoelastin monomers. This supports the previous
statement that the monomers in the bulk sample are not
perfectly packed and the sample will have some empty vol-
ume; simply dividing the affected volume by the volume of
a single tropoelastin molecule would suggest many more
monomers in the sample. Using this result we estimate the
non-dimensional critical field to be (moEC)cm =0.33.

The next step is to estimate k % +2 Re-arranging

31 T
the Helmholtz free-energy in Eq. (10), given that (";Ob’;f )eric
has been determined, and substituting the value of

(T{gg‘)cm, when 6 = 0, we find:
o ) e
kpT kyT 3k, T/ \my " \my

+ %[(1 + m%) In(1+ m%)
(- Zyu-2)

Using the radius of gyration calculated from the
molecular dynamics simulation where the mean value
over 1 nsis found to be 4.65 nm, the mean spacing between
dipoles, r can be estimated as r = 2R, = 9.3 nm.
This result combined with the dipole moment to find the
dipole-dipole interaction contribution to the unknown

(15)

Z
parameter yields 2 = 1.0 x 107°. We will show

31 T
shortly that this term is negligible compared to /< %.Eq.(15)

is plotted for different values of UO + 2r3k T in Fig. 4(a).

For some of the cases, there exist two dlstinct free energy
minima. These correspond to the two possible orientations
of the dipoles. When two minima exist, the switching from
one site to the other will note be complete—for the given

electric field. Therefore the lattice energy is too high for
the critical field. On the other hand, the case where there is
only one distinct minimum indicates that the applied field
has already caused complete switching. For the latter, the
lattice energy is too low for the applied field. This leaves
only the case where the free energy shows a minimum for
one site, and a zero slope for the other. The system is then
neutrally stable in one configuration as it should be at the

+ 2 r3k T
from this condition—which we frnd to be about 1.64. This
is a very reasonable value given the following observation:
for PVDF, Broadhurst and Davis estimated this value to be
3 (—their coercive field was much higher than ours) [14].
The ideal value is found by taking the first and second
derivatives of (15) with respect to mﬂo then finding where

the first derivative is zero. For the case presented here,
the first derivative must have two roots, and the second
derivative must be zero at one of the roots. These equations
were solved numerically, by iterating over different values

of kL:OT + 2 3k T until the proper conditions were met.
The derrvatives for the selected value of 1.64 can be seen
Fig. 4(b), which shows that the first derivative has two
unique roots, and at these points the second derivative is
zero for one root and positive for the other. This implies
that one root is a minimum, while the other is neither a
minimum nor maximum—precisely the condition we were
looking for.

Based on the calculation done earlier, it is immediately

k % > 250 3ka ; therefore we can essentially

ignore the contrlbutlon of the dipole-dipole interactions.
Here we will simply lump that small contribution in with
the dominant term. Additionally, we know from the critical
temperature (or what is essentially the same, the transition
point between two and one minima in Fig. 4(a)) that a
lower bound is 1.0, found by evaluating Eq. (10) at zero
electric field. This can help us effectively find the Curie
temperature for the model system. Since we know that
k%"T > 1.0 for a ferroelectric response, inserting the
estimated value for Uy, the Boltzmann constant, kj,, and
solving then inequality leads to the estimation of the Curie
temperature, Tc = 508 K. This is in good agreement with
the experimental value of 470 K [27].

critical field, and the value for can estimated

clear that
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Fig. 5. Comparison of the experimental data [9] with the model
represented by Eq. (11).

Fig. 5 shows the experimental data and the results of our
model. The dotted lines in the hysteresis loop are a guide
to the eye since our model simply “jumps” at those points
of transition. The two-site model exhibits some unphysical
behavior in the middle, which is an artifact of switching
the independent and dependent variables when plotting
(11). This is discussed further in the next section where
we also present results from the six-site model. Additional
insights, including the hysteresis prediction, are discussed
in the context of a comparison between the 2-site and
6-site models.

3.4. Extension of the model to more than 2 sites

The two-site model is a simplification—albeit one that
well-captures the essential physics. Its chief advantage,
aside from the conceptual simplicity, is its analytical
tractability. Physically, the dipoles will be able to align in
almost any direction, not simply with or against the elec-
tric field. The set of equations represented by (6) may be
solved for any number of sites; the two-site model was an-
alytically solved in the preceding section but the inclusion
of a higher number of sites requires a numerical solution.

However, “more sites” is not necessarily better. Simple
physical considerations and symmetry arguments impose
some restrictions on the number of sites that can be used
in our modeling framework. First, the model must have
sites that align with the applied electric field for complete
ferroelectric switching to occur. Consider a model with
three evenly spaced sites; the first aligns in the positive
direction of the applied electric field and the other two
make angles of :i:%” with the first site. It is clear that if
the electric field is positive, complete switching can occur,
that is fi — 1. However, if the electric field is applied
in the negative direction, at an angle of = with respect to
site one, complete switching will not occur. In that case,
f,f3 — 0.5 and the maximum degree of polarization

achieved would be (—)1; found from the equivalent to
Eq. (8) with three sites.

The second restriction is that the model must have no
sites aligned perpendicular to the applied electric field, as
is the case of a four site model with the sites spaced evenly
at angles of 7. Sites 1 and 3 are aligned with the positive
and negative electric fields respectively, but sites 2 and 4
are perpendicular to any applied electric field. Complete
switching may occur based on the orientations of sites
1 and 3, however we cannot determine any information
about how the applied electric field interacts with sites 2
and 4. The free energy contributions from the dipole-field
interaction given by (2) shows that the energy depends
on the cosine of the angle between the electric field and
the dipole. When the dipoles are aligned at an angle of
+7 with respect to the electric field, the dipole-field
interaction energy goes to zero. Therefore the sites 2 and
4 can be thought of as neutrally stable sites that will not
change regardless of the strength of the applied electric
field—unless there is some perturbation that moves the
dipole out of its equilibrium state. Due to this, solving the
four site model, will yield the same result as the two site
model since the additional sites do not interact with the
external electric field.

In a large enough system, that has not been poled to bias
the probability of finding dipoles in certain orientations,
the dipoles will be evenly distributed. To satisfy this
condition and avoid introducing any bias into the model,
we should use sites that are evenly spaced. For evenly
spaced models, we have already detailed why three and
four sites will fail; a five site model will fail for the same
reason as three sites. Therefore, beyond the 2-site model,
the simplest one is a 6-site model. A 6-site model will not
violate either of the restrictions mentioned above, but will
lead to a system of 6 nonlinear equations (and 1 linear
equation) that must be solved simultaneously.

Our initial attempts to implement a 6-site model were
unsuccessful. Therefore, we outline here several subtleties
in its implementation to facilitate replication of our work.
First and foremost, the value of kl:—OT used in the 2-site
model should not be used in the 6-site model. Indeed, for

the 6-site model kL;—OT cannot be found analytically from

Eq. (15). While the 2-site model requires ,fi—"T > 1.0
to exhibit ferroelectric behavior, the requirement for the

6-site model is k%"T > 1.9182 [28]. Broadhurst and Davis

suggest that a good approximation is ,%’T ~ 24 (TTOTE)UMCGI-
For the case described here this condition translates to
,f;—(’T = 2.33for the 6-site model [ 14]. The Curie point for the
6-site model can be computed in the same manner as done
for the 2-site model and yields T, = 377 K—somewhat
lower than that predicted experimentally.

As mentioned earlier, the 6-site model yields a system
of 7 equations, 6 of which are nonlinear, and 7 unknowns.
To find all possible solutions for the 6-site model the freely
available OpenOpt optimization software was used [29].
The solver “interalg” was applied through the OpenOpt
System of Non-Linear Equations (SNLE) algorithm. This
solver is capable of finding all solutions to a set of nonlinear
equations when the upper and lower bounds are the
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Fig. 6. Comparison of the experimental data [9] with the 6-site model,
based on the set of equations given in (6).

solution are known. The numerical solution obtained for
the 6-site model along with the experimental data is
shown in Fig. 6. As evident, the 6-site model yields results
that are both qualitatively and quantitatively quite similar
to the 2-site model (Fig. 5). The dotted lines are added
to show where a jump will occur. We note that the fit to
the data is not quite as good as the two-site model; this
is caused by the fact that kU—OT must be estimated for the
6-site model. This parameter could be adjusted to give a fit
similar to that of the 2-site model (as done by Broadhurst
and Davis) but we do not feel that it is necessary in the
present case.
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Up to this point, the models have been solved to
show the relationship between the degree of polarization
and the applied electric field. These results do suggest a
hysteresis behavior, but to actually show that the model
predicts the ferroelectric hysteresis an additional step
must be undertaken. Using the origin as the starting point,
the Newton-Raphson method is used to find the 6-site
solutions. The initial solution is taken to be one where
the probabilities of all sites are equal and the applied
electric field is zero. From this solution, the electric field is
increased by small increments and the Newton-Raphson
method is used to predict the new solution. The electric
field is then increased further and a new solution is found
using the previous solution as the initial guess. This is
repeated to map out the ferroelectric hysteresis loop as
shown in Fig. 7(a) for the 2-site model and 7b for the 6-site
model. We see that this method exhibits the unphysical
solutions shown in Figs. 5 and 6, but once a “jump” is
made to the outer curve the physically meaningful solution
branches are followed and the unrealistic solutions are
never revisited regardless of the repeated cycling of the
electric field.

4. Origin of dipole moment and the switching process

The dipole moment of a single tropoelastin monomer
is found earlier to be 581 D. This can be attributed to
one dominating property of the monomer. We postulate
that the high dipole moment is predominantly a result of
the structure of the protein; this is due to the elongated,
asymmetrical shape and the large mass of the molecule.
We have mapped out the partial charges to create the set
of 2-D surface plots shown in Fig. 8 for the tropoelastin
molecule. From the surface plots it is clear that there is no
distinct location which contains a large positive or negative
charge. Rather, the partial charges are fairly evenly
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Fig.7. The model solved for (a) 2-sites and (b) 6-sites. In both cases the model begins with a solution consisting of evenly spaced probabilities at the origin.
As the electric field is increased, the solutions follow the path from points 0-1 to 2-3. Then after incrementally decreasing the electric field, the solutions
flow from point 3-4 to 5-6. Upon cycling the electric field, the solutions always follow the points in order but never revisits point 0.
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Fig. 8. 2-D surface plots illustrating the locations of the partial charges
in a tropoelastin molecule. White indicates areas of positive charge, while
black indicates negatively charged areas. Each plane in the Cartesian
system is shown to give a complete picture.

distributed throughout the molecule. This observation is
confirmed by calculating the locations of the positive and
negative centers of charge. Over a 1 ns simulation, the
mean separation between these two locations was found
to be only 0.0114 £ 0.0005 nm. However, even with
such a small distance separating the centers of charge, the
overall size of the molecule (8694 atoms), with each atom
assigned some partial charge as stated in the CHARMM
force field, has many partial charges to consider. The sum
of the positive partial charges in the tropoelastin monomer
is +992.85e while the sum of the negative charges is
—954.85e. The total charge of the molecule, which is due
to the inclusion of charged amino acids (predominantly
lysine) in the protein structure, is +38e; this is the sum
of the positive and negative partial charges for the entire
molecule. Compounding the issue of many partial charges,
we have a non-neutral molecule; therefore the dipole
moment must be computed with respect to the center of
mass leading to a rather large dipole moment despite the
relatively close centers of charge.
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4.1. Switching mechanism

In this section, we elaborate on the mechanism by
which the ferroelectric switching occurs. There are three
possible explanations for the switching. First, there could
be a rearrangement of the tropoelastin protein’s side
chains; in this case the shape of the protein backbone
would remain relatively intact and the charged atoms on
the side chains would move to cause the dipole moment to
change directions. The second explanation, could be that
the entire tropoelastin molecule rotates to align the dipole
moment with an applied electric field. Lastly, the tropoe-
lastin molecule could experience a slight reconfiguration
while the inter-molecular cross-linking residues remain
“fixed” as if rigidly bound to other monomers. We believe
that this final mechanism is the most likely mechanism for
the dipole switching in elastin.

Simulations are performed for 1 ns in all cases with
an applied electric field of 0.05 V nm~! in the opposite
direction of the highest component of the dipole moment.
The average length of the simulation box across which
the electric field applied is 20 nm, therefore the applied
electric field is equivalent to a bias voltage of 1 V across
the protein. The high applied electric field is to ensure
that switching does occur on the timescales available to
molecular dynamics. The first simulation is performed
with position restraints applied to the backbone atoms
while all other atoms are free to move. The second
simulation is done with no restraints such that the entire
protein may move, and the third case is performed with
lysine cross-linking residues in exons 10, 19, and 25
restrained [7,26]. During the simulations the total dipole
moment and its components are monitored versus time.
At the start of all simulations, the strongest component of
the dipole moment lies in the —z direction and the electric
field is applied in the +z direction. When switching occurs,
we expect to see a large change in the z component of the
dipole moment.

Fig. 9 shows the dipole moments versus time for
the first two simulations. When the backbone is held
fixed, there is very little change in the dipole moment
or its components as shown in Fig. 9(a). In this case,

[
ANV AP T —
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Mtolal
\/‘_/-\v/\

100 200 300

Time (ps)

400 500

Fig. 9. Total Dipole Moment and components with applied electric field. The thick gray line indicates the “z” component, and the external field is applied
opposite to its initial orientation. (a) The protein back bone is held fixed, while side chains are free. (b) The entire protein is free to move.
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rearrangement of the amino acid side chains does not
allow sufficient movement of the charged atoms to see a
change in the dipole moment. For the second simulation,
as shown by Fig. 9(b), a large change in the z-component
occurs rather quickly, within the first 500 ps. Thus, in the
second case switching has occurred. Tracking the positions
of the atoms versus time shows that in this case the
tropoelastin molecule undergoes an essentially rigid body
rotation causing the switching to occur. No significant
changes occurred to the dipole moments after the first
500 ps of simulation, so the data past that is omitted from
Fig. 9.

The third possible mechanism is also tested and shows
that switching of the dipole moment can occur while
the cross-linking amino acids are held fixed. In this
case some small amount of deformation, in the form of
bending, occurs in the tropoelastin backbone. We believe
that this is the most likely mechanism for the observed
ferroelectric switching in elastin, and these results will
be presented in more depth in a future publication. For
the statistical mechanics model presented in Section 3.1,
the exact mechanism is not as important as the fact that
we have shown that tropoelastin monomers possess a
dipole and that dipole will change direction under an
electric field—thus verifying the assumptions made for the
model. We propose that the mechanism responsible for the
ferroelectric behavior in elastin is that each tropoelastin
monomer possesses a large dipole moment, and when
exposed to a sufficient electric field these monomers
either rotate cooperatively and rigidly or undergo a slight
bending deformation such that their dipole moment aligns
as closely as possible with the electric field.

5. Piezoelectricity

One of the advantages of developing a quantitative
model for biological ferroelectricity is that it allows predic-
tion of properties that may not be easily estimated from
experiments. Ferroelectric materials also possess both
piezoelectric and pyroelectric properties. The pyroelectric-
ity of elastin has been investigated experimentally [27],
but the piezoelectric coefficient has largely been an af-
terthought with only the order of magnitude estimated [9].
Neither piezo- nor pyroelectric properties have been
predicted for a single tropoelastin monomer due to the dif-
ficult nature of working with such small molecules experi-
mentally where many traditional quantities, such as stress,
are ill-defined. For example, just to find the Young’s modu-
lus of tropoelastin requires experimental data, theory, and
some assumptions [7].

A material with frozen dipoles and/or space charges is
referred to as a electret. A model for piezoelectricity in
dipole electrets has already been derived [30]. This model
was originally created for amorphous solids containing
multiple partially aligned, frozen dipoles. Under an applied
electric field, the dipoles in elastin will become aligned and
essentially fixed (other than small thermal fluctuations),
allowing us to extend this model to be used here. The
important equation taken from this model can be written

Table 1
Summary of properties used in Egs. (19)-(21).
Property Value
kp? 138 x 1003 NmK™'
T? 310K
€° 8.85x 10712 A2 s* m3 kg~!
ER}:‘1 71
VP 54.0 nm?
e 9.93 x 1074 nm?
(M2) — (M)2° 14367 D2
p° 0.0359 Cm~2
B¢ 2.32 x 10710 pa~!
€ 32.8
aPc -1
5 96.6 pCN

2 Known or selected constants and properties.
b Found directly from MD.
¢ Calculated using theory with values from MD.

as

apP 10V €e—1 D
it 0001 )
Jo(¢o) p

where p is pressure and € is the relative permittivity of
the material. The constant D is related to electrostriction
and we will assume that this term is small enough to
be neglected (since the relative permittivity changes very
little with volume). The last term contains two Bessel
functions Jy and J;, and ¢q is the amplitude with which
the dipole oscillates around its equilibrium position. In
the case of constant temperature, the last term is also
small enough to be neglected. Lastly, P is the spontaneous
polarization in the material, given by:

p= (%)(m). (17)

Here N is the number of dipoles in the system; this
will be set to 1 for a single tropoelastin monomer here.
We note here that Eq. (17) essentially equates to the value
that was used for mg in the statistical mechanics model
presented earlier divided by the volume of the tropoelastin
molecule. We also note that the first term in the bracket is
the compressibility of the material
= 10V (18)

T Vvap’

Substituting this relation and removing the negligible

terms from Eq. (16) leaves us with:

BP_mO[IB(1+e—1)] (19)
ap vV 3

where my is already known, and €, 8, and V can be found
from molecular dynamics. The results for these quantities,
and all other important results and values for the following
sections, are reported in Table 1.

5.1. Compressibility of tropoelastin

For an NPT ensemble as we have used here, the isother-
mal compressibility can be found from a statistical for-
mula relating the fluctuations of the volume around a mean
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value [31].
_ 1) 20
T kT (V)

To find the volume fluctuations of the protein, we
follow a similar algorithm as that used by Dadarlat and
Post [32]. In this method we form a three dimensional grid
around the protein to form a mesh of small cubes. Then
we check to see if the cube is located within the Van der
Waals radius of any atom in the protein. If true, the volume
of the cube is added to the volume of the protein, otherwise
the cube is regarded as empty. This is performed over a
volume encompassing the entire protein, and the volume
of all cubes meeting the criteria described is summed to
estimate the volume of the protein.

A spacing of 0.2 nm between grid points was used, and
this gives each cube formed by the grid a volume slightly
lower than that of a sphere formed using the average Van
der Waals radius of the atoms in the tropoelastin protein.
The method of Dadarlat and Post also includes a “Van der
Waals expansion coefficient”, y, in order to include free
space inside the protein not accessible to solvent molecules
in the protein’s volume. We include this parameter in our
calculations with the same value, y = 1.3, by simply
multiplying the Van der Waals radii by the expansion
coefficient.

Taking the coordinates of the atoms at 2 ps intervals
over a 1 ns simulation yields 500 data points to use for
the time averaged volume and volume fluctuations. The
mean volume over 1 ns is found to be 54.0 + 0.23 nm°.
The volume is verified using the program MSMS which
calculates the solvent accessible surface and volume of a
molecule [33]. Since we are only interested in the volume,
we choose a small probe radius of 0.001 nm rather than
the default of 0.15 nm which overestimates the volume.
This method gives a value of 53.606 nm? for the single
configuration of the tropoelastin molecule tested which
agrees well with the value that we predict.

Finally, using, Eq. (20) we estimate the compressibility
to be 2.32 x 10~'° Pa~'. This is similar in magnitude to the
compressibilities of other proteins calculated in a likewise
manner [32].

5.2. Dielectric constant of tropoelastin

In a similar vein, the relative dielectric constant € can
also be found from molecular dynamics by monitoring the
fluctuations of the protein’s dipole moment. Following the
Frohlich-Kirkwood theory [34], we have

14 M-M)?  2eg
€ = 3egVkpT  (2€gr+1)
Ty my-m? g
3egVkpT  (2egp+1)

(21)

Although this equation appears complex, most of the
values are known or are very straight forward to obtain
from molecular dynamics. The other variable in (21) is the
relative dielectric permittivity of the reaction field, eg; for
our simulations we use SPC/E water molecules as the sol-
vent and therefore choose egr = 71 [35]. However, in

simulations for up to only 1 ns, as we have done so far, the
value of the dipole fluctuations may vary greatly for differ-
ent simulations. Therefore, results were taken from simu-
lations started from four slightly different configurations,
and run until the time averages of the dipole fluctuations
converged. The four simulations converge on the same
value of the fluctuations after running for 10 ns of simu-
lation time. Finally, using this result with Eq. (21) yielded
a relative dielectric constant of ¢ = 32.8 for tropoelastin.
This value is in line with the higher end of the range of di-
electric constants calculated for many other proteins [34].

5.3. Piezoelectric coefficient

Recall that the spontaneous polarization, P, for tropoe-
lastin found earlier is 3.59 wC cm™2. Using this along with
the values found for the compressibility, 8, and the dielec-
tric constant of tropoelastin, €, the piezoelectric coefficient
given by (19) can be computed. With the properties high-
lighted in Table 1, we find the piezoelectric coefficient for
tropoelastin to be 96.6 pC N™!, a very reasonable result
when compared with other piezoelectric polymers. For ex-
ample PVDF polymers have been shown to have piezoelec-
tric coefficients with magnitudes as high as 33 pCN~! [36],
and lead zirconate titanate (PZT), a ceramic, has reported
coefficients as high as 584 pC N~! [37]. So far we have made
no mention of the tensorial aspect of the piezoelectric re-
sponse. Therefore the calculated coefficient presented here
should be taken to be when the stress is applied in the same
direction as the dipole.

What we have found here is the piezoelectric coefficient
for a single tropoelastin monomer. The more easily
measurable value would be the coefficient of a bulk elastin
sample. Just as the polarization for the bulk elastin found
experimentally was lower than the calculated polarization
for a single monomer, we expect a similar result for the
piezoelectric coefficient. As a crude first approximation of
the piezoelectric coefficient for bulk elastin, we use the
fact that the actual polarization was 56% of the single
monomer value. Since Eq. (19) shows that the piezoelectric
coefficient scales linearly with the polarization, the
piezoelectric coefficient of elastin can be estimated as
56% of the value found for tropoelastin. This argument
then puts the piezoelectric coefficient of elastin to be
53.8 pC N~!. As expected, this estimate is too crude and
only puts the results within an order of magnitude of the
thin-film measured results [9]—-indeed, upscaling from a
single tropoelastin monomer to a thin film is a non-trivial
task and beyond the scope of the present manuscript.

6. Discussion

In this work, the mechanism underpinning biological
ferroelectricity has been elucidated through the combined
use of statistical mechanics, molecular dynamics, and in-
sights from experimental results. Our model is fairly sim-
ple and allows a facile calculation of several properties that
are not easily estimated from experiments e.g. piezoelec-
tricity.
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At first glance it may seem that the proposed switch-
ing mechanism and model are not specific to elastin and
its tropoelastin precursor. Elastin is only the first biologi-
cal material shown to exhibit ferroelectric behavior; there
may well be others, some of which may even share the
same switching mechanism as elastin. The uniqueness of
the switching mechanism presented here lies in the prop-
erties of the material itself. First, elastin is a relatively soft
protein. This characteristic is what makes elastin such an
integral part of our organ’s elastic response to any defor-
mations. Other proteins may be too stiff to undergo the
same deformation as elastin/tropoelastin under a similar
electric field and would therefore show no signs of fer-
roelectricity (or the response will be weak enough to be
impractical). The unstructured and asymmetrical nature
of tropoelastin also plays a role. Many proteins exist as
oligomers or other structures that exhibit higher symme-
try, compared to a tropoelastin monomer or essentially
amorphous elastin polymer. The lack of lower symmetry
could prevent general proteins the necessary properties
such as a dipole moment or cross-linking required for the
proposed switching mechanism.

A key open question involves determining the physio-
logical role of ferroelectricity—something that is beyond
the scope of this short communication. As mentioned
earlier, experimental results have shown that in glucose
treated samples of elastin the ferroelectric response is sup-
pressed or even completely eliminated [9]. Since glucose
will naturally build up in extracellular elastin as we age,
due to glycation, it is believed that ferroelectricity may
be intimately linked with the aging process. An intrigu-
ing future direction is to modify the model developed
in this communication to account for glycation. Knowing
the mechanism by which biological ferroelectricity occurs,
we may speculate on some possible reasons for the loss
of ferroelectricity in elastin due to the build up of glu-
cose. For one, the glucose may alter the dipole moment
of tropoelastin; for example, additional glucose could re-
duce or negate the dipole moment which would clearly
lead to a reduction in the ferroelectric response of elastin.
Another possibility is that as glucose binds to the tropoe-
lastin monomers, it causes a shift in the band gap chang-
ing the elastin from an insulator to a conductor which
would not exhibit any ferroelectric behavior. Perhaps the
most likely possibility, is that as glucose binds to the
elastin/tropoelastin, there is an increase in intermolecu-
lar cross-links between elastin chains. This would prevent
the tropoelastin molecules from rotating or deforming as
freely under the application of an electric field, thus damp-
ing out the ferroelectric behavior as more cross-links are
formed.

Ferroelectric materials are also known to be both
piezoelectric and pyroelectric. We have made the first
attempt to find the piezoelectric coefficient for elastin. This
is, as yet, an experimentally untested prediction.
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