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Elastin is an intriguing extracellular matrix protein present in all connective tissues of vertebrates,

rendering essential elasticity to connective tissues subjected to repeated physiological stresses. Using

piezoresponse force microscopy, we show that the polarity of aortic elastin is switchable by an electrical

field, which may be associated with the recently discovered biological ferroelectricity in the aorta. More

interestingly, it is discovered that the switching in aortic elastin is largely suppressed by glucose treatment,

which appears to freeze the internal asymmetric polar structures of elastin, making it much harder to

switch, or suppressing the switching completely. Such loss of ferroelectricity could have important

physiological and pathological implications from aging to arteriosclerosis that are closely related to

glycation of elastin.
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Elastin is an intriguing extracellular matrix protein
present in all connective tissues of vertebrates [1], render-
ing essential elasticity to the aorta, lung, ligament, and
skin subjected to repeated physiological stresses [2].
Long thought to be purely structural, compelling evidence
has also emerged on its physiological significance, for
example, in vascular morphogenesis [3,4] and homeostasis
[5]. Glycation of elastin naturally occurs during aging
and is accelerated by elevated sugar level. It degrades the
structure and function of elastin [6] and is connected to
aging [7] and a number of diseases such as diabetic macro-
angiopathy, arteriosclerosis, and hypertension [6,8,9].Using
piezoresponse force microscopy (PFM) [10,11], we show
that elastin is switchable by an electrical field, whichmay be
associated with the recently discovered biological ferroelec-
tricity in the aorta [12] and points to possibly a much wider
occurrence of ferroelectricity in biology. It is also discov-
ered that switching in aortic elastin is largely suppressed by
glucose treatment, and such loss of ferroelectricity could
have important physiological and pathological implications.

Electromechanical coupling is ubiquitous in biology
ranging from nerve controlledmuscle contraction to voltage
controlled ion channels [10,13], and piezoelectricity and
spontaneous polarization have been observed in a wide
variety of biological tissues [14,15]. Ferroelectricity, where-
in the spontaneous polarization can be externally switched,
however, has only recently been discovered in aortic walls
and other biological systems [12,16,17], despite persistent
speculation on its biological significance [18,19]. We hypo-
thesize that elastin, one of the main extracellular matrix
components of the aorta, is ferroelectric, since collagens
have been previously reported to be nonswitchable [20,21].
The ferroelectricity of elastin, if confirmed, would connect a
few interesting observations in biology. For example, elas-
tins is only found in arteries of vertebrates [5], as well

as in the later stage of the embryonic development [22],
wherein blood pressure is notably higher, and ferroelectric
switching may help damp out the increased pulsatile flow
and blood pressure in order to limit distal shear stress [5].
Collagen, on the other hand, is found in both vertebrates and
invertebrates, though they have been shown to be nonferro-
electric [20,21]. In addition, pyroelectricity has long been
thought to play a fundamental role in the processes of
morphogenesis, and it was observed that the longitudinal
growth of animal and plant structures often occur in the
direction of positive polarization [23], which correlates well
with recent observations that elastin is a molecular deter-
minant of late arterial morphogenesis, stabilizing arterial
structure by regulating proliferation and organization of
vascular smooth muscle [3,4].
In the present study, a purified elastic fiber network

was obtained from a porcine thoracic aorta [24]. Atomic
force microscopy topography mappings in Fig. S1 in the
Supplemental Material [25] show the fibrous network in the
micron meter regime, with the hierarchical structure of
individual fibers consisting of numerous fine microfibrils
revealed by transmission electron microscopy images in
Fig. S2 of Ref. [25]. PFM, a powerful tool to probe the
biological electromechanics at nanoscale [20,21,26–31],
was used to measure the piezoelectric effect of the elastin,
by applying an ac voltage through the conductive atomic
force microscopy tip to excite the piezoelectric vibration of
the sample under both vertical and lateral modes [32]. The
thickness of the PFM sample is approximately 0.62mm, and
a typical PFM scan is shown in Fig. 1. The two-dimensional
(2D) topography mapping in Fig. 1(a) reveals three elastin
fibers, and the corresponding vertical and lateral PFM
amplitude mappings in Figs. 1(c) and 1(d), both overlaid
on the three-dimensional (3D) topography, confirm the
piezoelectricity of the fibers. The vertical PFM is related to
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out-of-plane polarization, while the lateral PFM is related to
in-plane polarization. It is observed that one of the fibers
shows a high vertical response up to 120 pmwith a relatively
small lateral response, while another one exhibits a high
lateral response up to 360 pmwith a relatively small vertical
response. This suggests that their polar orientations are
rotated with respect to each other. These responses were
driven by a 5 V ac voltage near resonance, as shown in
Fig. 1(b), which is fitted well by the damped harmonic
oscillator model (DHOM) [12,33], yielding a quality factor
of 32 and resonant frequency of 176.9 kHz. The corrected
PFM amplitude is 6.25 pm, indicating that the piezoelectric
coefficient of elastin is on the order of 1 pm=V, in good
agreement with previous reports on other biological systems
[10]. The resonant frequency is smaller than aortic walls
that contain stiffer collagens, suggesting that elastin is softer
as expected. Such analysis is also confirmed by detailed
mappings of corrected PFM amplitude and resonant fre-
quency derived from the dual frequency resonance tracking
[34] technique using DHOM, as exhibited in Fig. S3 of the
Supplemental Material [25].

Switching spectroscopy piezoresponse force micros-
copy (SSPFM) [35] was then carried out on 32� 32 grid
points over a 10 �m� 10 �m area, as shown in Fig. 2,
which exhibit consistent ferroelectric switching throughout
the region, similar to what we observed in the aortic wall
[12]. The 3D topography mapping in Fig. 2(a) shows the

fibrous chain structure of elastin, and a sequence of dc
voltages up to 80 V is applied to switch the polarization,
with the corresponding PFM response measured by
10 Vac voltage simultaneously, as schematically shown in
Fig. 2(a) on top of the topography mapping. In order to
minimize the electrostatic interactions, the responses dur-
ing the ‘‘OFF’’ state are used in the following analysis.
Phase-voltage hysteresis and amplitude-voltage butterfly
loops characteristic of ferroelectric switching are obtained
throughout the probed area, with loops of three represen-
tative points shown in Figs. 2(b) and 2(c). In contrast, we
have also probed collagen extracted from the aorta, which
was found to be nonswitchable, consistent with previous
observation in collagens [21,22]. This suggests that the
ferroelectricity we observed in aortic walls may be asso-
ciated with elastin, and it is reasonable to expect biological
ferroelectricity in other connective tissues containing elas-
tin as well, such as skin and lung tissues. Indeed, detailed
SSPFMmappings of elastin exhibits similar characteristics
as those of aortic walls. In general, the high piezoresponse
is found in the range of 286–544 pm, and low response is
in the range of 13–77 pm, as observed from remnant
amplitude mapping in Fig. 2(d); it is noted that even points
where the PFM amplitude is rather small can be consis-
tently switched, in sharp contrast to what we observe in
glucose-treated elastin, as will be discussed next. The
coercive voltage is observed ranging from approximately
4–27 V in Fig. 2(e), exhibiting a larger variation than the
aortic wall, though the probed area is also much larger.
The nucleation bias, defined as the average of positive and

FIG. 1 (color online). Piezoelectricity of elastin probed by
PFM over a 1� 1 �m2 sample area. (a) 2D topography mapping
obtained by a contact mode PFM scan, showing three elastin
fibers; (b) PFM amplitude versus the driving frequency of ac
voltage (blue dot), showing enhanced PFM amplitude at resonant
frequency; the data are fitted well by the damped harmonic
oscillator model (red solid line). (c) Vertical and (d) lateral
PFM amplitude mappings overlaid on 3D topography; the area
with relatively high vertical (lateral) piezoresponse usually
exhibits relatively low lateral (vertical) piezoresponse, suggest-
ing different polar orientations.

FIG. 2 (color online). Ferroelectric switching of elastin probed
by PFM on 32� 32 grid of points over a 10� 10 �m2 sample
area. (a) 3D topography mapping, with schematics on the top
showing a sequence of dc voltage in the triangular form applied
to switch the polarization, and ac voltage simultaneously applied
to measure the corresponding piezoresponse. (b) Phase-voltage
hysteresis loops and (c) amplitude-voltage butterfly loops at
three representative points, showing characteristics of ferroelec-
tric switching, and switching spectroscopy PFM (SSPFM) map-
pings of (d) remnant PFM amplitude at zero dc voltage,
(e) coercive voltage, and (f) nucleation bias calculated as the
average of positive and negative coercive voltages, showing
consistent switching throughout the probed area.

PRL 110, 168101 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

19 APRIL 2013

168101-2



negative coercive voltages, is consistently negative, rang-
ing from �9:6–0 V, with most points around �2:2 V, as
shown in Fig. 2(f). This suggests internal asymmetry of the
polarization in elastin similar to the aortic wall [12], which
can also be deducted from the small asymmetry seen in
the hysteresis and butterfly loops. It has been verified that
such switching behavior is repeatable throughout the sam-
ple and in different samples, and SSPFM mapping of the
remnant amplitude for another elastin sample is shown in
Fig. S4 of the Supplemental Material [25].

While SSPFM mappings convincingly established con-
sistent ferroelectric switching in elastin, we also found that
such switching is largely suppressed by in vitro glucose
treatment, as seen in Fig. 3. The fibrous structure is again
evident from 3D topography in Fig. 3(a) over a 5� 5 um2

area for glucose-treated elastin. The SSPFM mapping of
the remnant PFM amplitude on a grid of 32� 32 points is
shown in Fig. 3(b), with the experimental parameters iden-
tical to those of Fig. 2. While many points are switched
with relatively large PFM amplitude, large areas marked
in blue are also identified showing no switching charac-
teristics, accounting for 30.7% of the total points probed.
This is better illustrated in Figs. 3(d) and 3(e), where
representative phase-voltage and amplitude-voltage loops

are shown. While the point outside of the blue area shows
clear hysteresis and butterfly loops, three selected points
inside the blue area show a very small variation in
phase and rather irregular amplitude loops, indicating no
switching occurs at these points. Similar observations are
made throughout the blue area, suggesting that the ferro-
electricity is suppressed in these areas by the glucose
treatment. Such observation is also consistent throughout
the glucose-treated samples, and three additional SSPFM
mappings of glucose-treated elastin are shown in Fig. S5 of
Ref. [25], where switching is suppressed in the blue area as
well. The percentage of points with switching suppressed
derived from these SSPFM mappings are presented in
Fig. S6 of the Supplemental Material [25], which illus-
trates that untreated elastin shows consistent switching
throughout, while the glucose-treated elastin has switching
suppressed to a different extent. In fact, even for points
outside of the blue area where the switching is not com-
pletely suppressed, the switching characteristics are also
substantially altered by glucose treatment. For example,
the amplitude-voltage butterfly loops become highly asym-
metric, with a much higher PFM amplitude at positive
voltage, while the corresponding nucleation bias moves
toward much more negative values. This is confirmed by

FIG. 3 (color online). SSPFM mapping of 32� 32 grid of points over a 5� 5 �m2 sample area shows suppression of ferroelec-
tricity in elastin by glucose treatment. (a) 3D topography mapping and SSPFM mappings of (b) remnant amplitude and (c) nucleation
bias, where points with no switching characteristics are marked by blue; (d) phase-voltage loops and (e) amplitude-voltage loops at
four representative points, showing that switching is suppressed in points 1, 2, and 3 within the blue area, but is observed in point 4
outside of it. (f) Comparison of percentages of points showing no switching characteristics in the control and glucose-treated elastin
(n ¼ 5) over a 90� 90 �m2 sample area, with 64 points probed in each sample; the percentage of the no switching points (49:68%�
5:54%) in the glucose-treated elastin is significantly higher than the untreated elastin (0%) (p < 0:05).
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SSPFM mapping of the nucleation bias shown in Fig. 3(c),
which ranges from �20 to �38 V, much larger than those
observed in untreated elastin in Fig. 2(f). This observation
suggests that glucose treatment seem to freeze the internal
asymmetric polar structures of elastin, making it much
harder to switch, or suppress the switching completely.
Since the 10� 10 �m2 area only contains a few elastic
fibers, we also probed 64 points over a 90� 90 �m2 area
in 5 glucose-treated samples and 5 controls without glu-
cose treatment. Statistical analysis was performed using
one-way analysis of variance to confirm the statistical
significance of the difference between the control and
glucose-treated elastin. The resulting percentages of points
with switching characteristics suppressed are shown in
Fig. 3(f), and it is again observed that untreated elastin
shows 100% switching in all these samples, while glucose-
treated elastin has switching suppressed at approximately
49:68%� 5:54% points.

To understand the suppression of ferroelectricity in elas-
tin by glucose treatment, and to correlate the changes of
ferroelectricity to its piezoelectric response, we also car-
ried out detailed PFM mapping for glucose-treated elastin
using dual frequency resonance tracking with 15 V ac
voltage, as shown in Fig. 4. Two-dimensional topography
mapping is presented in Fig. 4(a), which shows two elastin
fibers. PFM amplitude mapping overlaid on 3D topography
is shown in Fig. 4(b), with both high and low PFM
amplitudes observed. Interestingly, it is noted that points
within the high response areas exhibit clear yet notably
asymmetric switching characteristics, while those within
low response areas are largely nonswitchable, as seen in

Figs. 4(d) and 4(e). Further analysis reveals that for non-
switched points, the piezoelectric response is rather small,
and it cannot be fitted by DHOM. This is evident from
the corrected PFM amplitude mapping in Fig. 4(c), which
shows large amounts of blue points, for which DHOM
yields no solution. While it is difficult to compare the
piezoelectric response of elastin with and without the
glucose treatment quantitatively, since the PFM experi-
ment is sensitive to a number of parameters, the statistical
distributions of the PFM amplitude over four 1 �m�
1 �m areas in respective samples reveal valuable informa-
tion, as shown in Fig. S7 in the Supplemental Material
[25]. In particular, glucose treatment leads to large spikes
at very weak PFM amplitude, as small as 0.2 pm, with the
intensity close to (Fig. S7(c) of Ref. [25]) or even higher
than (Fig. S7(d) of Ref. [25]) intensity at typical PFM
amplitude around 3~4 pm. Such spike is clearly absent
in untreated elastin samples as seen in Fig. S7(a) and
Fig. S7(b) [25]. To better quantify this, we also evaluated
the percentage of points with piezoresponse less than 1 pm
from PFM mappings of both pure and treated elastin,
as shown in Fig. S8 of Supplemental Material [25],
which confirms that the glucose-treated elastin has a
much higher percentage of points with an extremely small
piezoresponse. These observations suggest that glucose
also alters the piezoelectric response of elastin substan-
tially in addition to suppressing its ferroelectric switching.
While the detailed mechanism of loss of ferroelectricity
remains to be uncovered, these data indicate that it may be
related to cross-linking, which stiffens the elastin fibers
and reduces their piezoelectricity, resulting in hardening of
the arteries. Indeed, an increase of the tangent modulus was
observed in glucose treated elastin [36], as detailed in
Fig. S9 in the Supplemental Material [25].
While ferroelectricity has long been speculated in biol-

ogy, and a variety of potential biological functions have
been proposed, convincing evidence of biological ferro-
electricity has only recently emerged. By confirming
ferroelectric switching in elastin, this study uncovers the
possible origin of ferroelectricity in the aortic wall, and
points to a potentially much wider occurrence of ferroelec-
tricity in biology. Indeed, one of the main components of
elastin, glycine [2], has recently been reported to be ferro-
electric [17]. While a clear understanding on the biological
significance of ferroelectricity remains to be established,
the switching in elastin appears to coincide with rising
blood pressure in vertebrates as well as in the later stage
of embryonic development, and it may provide energy
dissipation to damp the increased pulsatile flow and blood
pressure in arteries, as well as higher pressure and/or stress
in lungs, ligaments, and skin. Interestingly, collagen, a more
ancient and ubiquitous protein than elastin, has been found
to be nonswitchable [5,22]. The polarization in elastin
may also help in regulating proliferation and organization
of vascular smooth muscle and contribute to arterial

FIG. 4 (color online). Correlation between reduced piezores-
ponse and suppressed ferroelectricity in glucose-treated elastin,
as probed by PFM over a 1� 1 �m2 area. (a) 2D topography
mapping; (b) PFM amplitude mapping; (c) PFM amplitude
mapping corrected by a quality factor obtained from DHOM,
wherein points with no solution from DHOM are marked by
blue. (d) Phase-voltage loops and (e) amplitude-voltage loops of
four representative points, showing that switching is suppressed
in points 3 and 4 within the blue areas, but is observed in points
1 and 2 outside of it.
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morphogenesis, as the longitudinal growth of animal and
plant structures in the direction of positive polarization is
often observed [23]. Finally, while it is well known that
glycation degrades the structure and functionalities of elas-
tin, we present the first evidence that it also alters the
electromechanical response of elastin and suppress its fer-
roelectricity. Such loss of ferroelectric switching could
contribute to a wide range of phenomena associated with
glycation from aging to arteriosclerosis. For example, accu-
mulation of ions is often observed in cross-linked elastin
[1], particularly calcium ions [8]. Furthermore, the electro-
mechanical response of elastin and its correlation with the
degree of glycation can be applied for high resolution
imaging and for testing tissues of extremely small quantity.
This study thus shed considerable new insight into biologi-
cal ferroelectricity, though much more remains to be
learned about its mechanisms and significance.
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