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ABSTRACT: Piezoelectricity of Type I collagen can provide the
stress-generated potential that is considered to be one of the
candidate mechanisms to explain bone’s adaptation to loading.
However, it is still challenging to quantify piezoelectricity because
of its heterogeneity and small magnitude. In this study, resonance-
enhanced piezoresponse force microscopy (PFM) was utilized to
amplify a weak piezoresponse of a single collagen fibril with a
carefully calibrated cantilever. The quantitative PFM, combined
with a dual-frequency resonance-tracking method, successfully
identified the anisotropic and heterogenous nature of the
piezoelectric properties in the collagen fibril. The profile of shear
piezoelectric coefficient (d15) was obtained to be periodic along the
collagen fibril, with a larger value in the gap zone (0.51 pm/V)
compared to the value in the overlap zone (0.29 pm/V).
Interestingly, this piezoelectric profile corresponds to the periodic profile of mechanical stiffness in a mineralized collagen fibril
having a higher stiffness in the gap zone. Considering that apatite crystals are nucleated at the gap zone and subsequently grown
along the collagen fibril, the heterogeneous and anisotropic nature of piezoelectric properties highlights the physiological importance
of the collagen piezoelectricity in bone mineralization.
KEYWORDS: type I collagen, collagen fibril, piezoelectricity, piezoresponse force microscopy, atomic force microscopy,
dual-frequency resonance-tracking piezoresponse force microscopy

1. INTRODUCTION

Piezoelectricity is the electrical potential induced by mechanical
stress in crystalline or structured materials. In the 1960s, the
experimental demonstration of the piezoelectric effect in bone
had drawn a substantial interest among researchers in
elucidating the bone’s ability to adapt itself to mechanical
stresses, known as “Wolff’s Law”.1−6 Subsequent studies
confirmed that the bone piezoelectricity is mainly attributed
to tropocollagen because of its specific arrangement of collagen
molecules (i.e., polypeptide chains) possessing a dipole moment
characterized by a N-terminal (NH3

+) and C-terminal
(COO−).7−9 A tropocollagen molecule has a non-centrosym-
metric structure ascribed to its triple helix configuration with a
hexagonal assembly of collagen molecules in its cross-section,
which results in the piezoelectric effect.10 The tropocollagen
molecules assemble again in a staggered manner to build a
collagen fibril, a fundamental building base of bone, that exhibits
a periodic pattern of repeated gap and overlap regions with a
signature D-periodic distance of ∼67 nm.11−16 As a result, a
collagen fibril has anisotropic piezoelectricity that is largest on
the fibril surface when the bone is loaded in the longitudinal
direction.1,17

A bone remodels its structure and composition by replacing
its old part with new one by responding to various types of
external loading conditions.12 This newly formed bone mainly
consists of soft organic matrix (i.e., Type I collagen) that is
subsequently mineralized to enhance the elasticity and hardness
of the bone tissue.18 Although this bone mineralization process
is essential to determine bone’s material integrity, the underlying
driving force and detailed mechanism have not been fully
clarified. Considering that the collagen piezoelectricity can
generate an electrical potential on the collagen surface in
response to the various types of mechanical stress, piezo-
electricity is a highly appealing mechanism to explain bone’s
selective adaptation to varied physiological loading environ-
ments. In addition, it was recently reported that a mineralized
collagen fibril shows heterogeneous nature in mechanical
properties along the collagen fibrillar direction, exhibiting higher
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mechanical stiffness in the gap regions.19 In the mineralization
process, it was observed that the minerals infiltrate through the
gap regions and spontaneously crystalize, growing along the
collagen fibrillar direction.20−22 Here, we hypothesize that the
collagen piezoelectricity, as one of main contributors, mediates
this mechanical heterogeneity of mineralized collagen by
providing a heterogeneous template to control the local
mineralization along the fibril. In this regard, this work aims to
precisely characterize the local piezoelectric property of a
collagen fibril.
Piezoresponse force microscopy (PFM) enables character-

ization of electromechanical properties with a nanometer
resolution and has been employed to measure various
piezoelectric materials including collagen.23−27 Table 1
summarizes the piezoelectric property of collagen measured
on teeth, tendon, and fibril.1,7,9,17,23,28 Previous PFM demon-
strations indicated that collagen is indeed anisotropically
piezoelectric and relatively dominant in the shear piezoelectric
direction, but the reported quantitative values vary quite
significantly. These inconsistent values of the previous measure-
ments may result from inherent limitations of the conventional
PFM technique on quantifying the piezoelectric properties of
biomaterials that have high heterogeneous topography and weak
piezoelectricity.29−31 More importantly, recent studies reported
that displacements measured by PFM are possibly misinter-
preted as piezoelectric response, because there exist alternate
origins for the electromechanical displacement such as electro-
static forces.32−35 Thus, accurate validation of PFM amplitude
on collagen with a careful removal of electrostatic contribution is
necessary.
In this work, the piezoelectric coefficient of collagen fibrils in

air is quantitatively measured by employing resonance-
enhanced PFM to amplify the weak piezoresponse of collagen
by a quality factor with a careful calibration of cantilever
dynamics, while the unwanted electrostatic effect is removed
from the measured response. Moreover, the effect of substrate’s
conductivity on the PFM result was examined. The detailed
experimental protocol for quantitative PFM is specified and
thoroughly discussed. We also employed dual-frequency
resonance-tracking PFM based on a multifrequency atomic
force microscopy (AFM) technique to get a piezoelectric profile
along a collagen fibril with the topographic crosstalk
removed.36−39 The quantitative PFM measurements confirm
the heterogenous piezoelectric property at the gap and overlap
regions along with the anisotropic characteristic without
ambiguity.

2. RESULTS AND DISCUSSION
Figure 1 shows the schematic of PFM, based on AFM. A metal-
coated AFM cantilever is used to apply an AC voltage to a

sample through its conductive tip that is in contact with the
sample. In response to the local, nanoscale electrical stimulus at a
fixed frequency, the sample produces mechanical strains because
of the piezoelectric effect, and the local piezoelectric response is
detected by measuring the tip deflection. During PFM scanning,
the vertical (flexural) and lateral (torsional) deflection of the
cantilever can be separately measured to characterize the
direction of sample polarization.40−42 In vertical PFM, out-of-
plane polarization is measured by recording the tip-deflection
signal at the modulation frequency. In lateral PFM, the in-plane
component of polarization is detected by a lateral motion of the
cantilever because of voltage-induced surface shearing.43−45 In
this study, these vertical and lateral PFM techniques were used
to characterize the anisotropic piezoelectricity of a collagen fibril
using a commercial AFM system (MPF-3D infinity, Asylum
Research) and a gold-coated cantilever (0.3 N/m of nominal
stiffness, 3XC-GG, OPUS).

Table 1. Piezoelectric Property of Collagen in Published Literature

author
d31 (d32)
(pm/V) d33 (pm/V)

d14 (−d25)
(pm/V)

d15 (d24)
(pm/V) sample year method

Fukada and
Yasuda1

0.087 0.067 −2.668 1.407 bovine achilles tendon 1964 ballistic galvanometer and
mechanical level

0.013 0.067 −1.901 0.534 horse achilles tendon
Kalinin et al.23 N/A 0.15−0.25 N/A N/A single collagen fibril in enamel 2005 VPFM
Majid et al.7 N/A N/A N/A ∼1 collagen fibril from bovine

achilles tendon
2009 LPFM

Denning et al.28 N/A N/A N/A 1.6 collagen membrane 2014 LPFM
Zhou et al.9 N/A 1.10 N/A N/A collagen molecule computer

model
2016 molecular dynamics simulations

N/A 2.64 N/A N/A collagen microfibril computer
model

Denning et al.17 −4.84 ± 2.96 0.89 ± 0.08 −12.00 ± 2.60 6.21 ± 2.93 rat tail tendon 2017 VPFM LPFM

Figure 1. Resonance-enhanced PFM schematic: a metal-coated AFM
cantilever scans over a sample surface, and an AC voltage at the contact
resonance frequency (ω0) is applied to the sample surface through the
conductive cantilever tip. In response to the electrical stimulus, the
sample locally expands or contracts because of the piezoelectric effect,
and the local piezoelectric response is amplified and detected by
measuring the first harmonic component of the tip deflection.
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In order to determine the direction-dependent piezoelectric
coefficient of a collagen fibril, the relationship between the
measured (laboratory) and sample coordinate system must be
considered. Figure 2 shows the coordinates of the AFM system

and collagen, in which the cantilever body is set in y-axis to make
a perpendicular orientation between the cantilever and collagen
fibril. The plus and minus signs denote the applied electric
polarity, and the green arrows denote its piezoresponse
directions. In this measurement setting, d11 = d22 and d15 = d24
can be evaluated through vertical and lateral PFM, respectively.

Other piezoelectric tensors (d31, d33, and d14) cannot be
obtained through this measurement configuration because the
electric potential cannot be applied along the fibril’s longitudinal
direction tomeasure d31 and d33; a collagen fibril was fixed on the
substrate resulting in nullification in the d14 direction.7,46

Regarding the hexagonal/tetragonal symmetry of a collagen
fibril, it was assumed that d14 = −d25, d15 = d24, and d32 = d31.
Therefore, the piezoelectric tensor can be described by eq 1.47Ä
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While PFM has been widely applied to characterize various
piezoelectric materials, its applications to biomaterials are still
challenging because they typically display weak piezoelectricity
and are heterogeneous in terms of topography and material.27,48

To amplify the weak piezoelectric signal of collagen, the
resonance enhancement technique that employs contact
resonance of a cantilever can be utilized.49 Using a harmonic
oscillator model, the amplitude and phase responses of
resonance-enhanced PFM can be described as50
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where δ is the input piezoelectric displacement at the tip,ω is the
frequency of the applied AC voltage,ω0 is the contact resonance
frequency, and Q is the quality factor, respectively. When the
frequency of the applied voltage is chosen to be the same as the
contact resonance frequency (i.e.,ω =ω0), themechanical strain
of a sample δ is amplified by the quality factorQ according to eq
2. The quality factor of an AFM cantilever is typically in the

Figure 2. Cantilever set in the y-axis to make a perpendicular
orientation between the cantilever and collagen fibril. The plus and
minus signs denote the applied electric polarity, and the green arrows
denote its piezoresponse direction.

Figure 3. PFM amplitudes measured on the gap region of a collagen fibril in air. (a) Measured amplitudes in the vertical (red) and lateral (blue)
direction are plotted as a function of frequency of applied AC voltage (Vac = 5 V). An DC offset voltage concurrently applied to the sample was varied
between 0 and 1 V by 100 mV, and the results from 0−500 mV are shown in the graph. The contact resonance was clearly measured at 67.5 kHz in the
flexural mode and at 231.9 kHz in the torsional mode. TheDC voltage changes the resonance amplitude of the flexural mode, whereas the lateral results
are not affected by the DC voltage. (b) Schematic of piezoelectric and electrostatic force contributions during PFM measurements. (c) PFM
amplitudes at the resonance frequency (ω =ω0,flexural) in the vertical direction as a function of DC voltage. When the electrostatic force was eliminated
at 500 mV (800 mV) in the measurement on collagen prepared on a gold (glass) surface, no significant PFM amplitude was shown. (d) PFM
amplitudes at the resonance frequency (ω =ω0,torsional) in the lateral direction as a function of DC voltage. The lateral amplitude was not affected by the
electrostatic force, and the collagen on a gold surface exhibited a larger amplitude compared with the collagen on a glass surface.
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range of several tens to hundreds and, thus, the small
piezoelectric strain δ can be amplified to Aresonance = Qδ through
the resonance amplification, where ω = ω0. Figure 3a shows the
contact resonance response curves in the flexural (vertical) and
torsional (lateral) modes. The amplitudes were measured on the
gap region of a single collagen fibril, prepared on a gold-coated
substrate, in the vertical (red) and lateral (blue) directions, while
the drive frequency was swept between 0-300 kHz with an
applied AC voltage of Vac = 5 V. The obtained contact resonance
curves were fitted to eq 2 using the Levenberg−Marquardt
algorithm,51 and the contact resonance frequency (ω0) and
quality factor (Q) were obtained to be 67.5 kHz and 58 in the
vertical response and 232.5 kHz and 40 in the lateral response.
When an electrical potential is applied to the metal-coated

cantilever during PFM, there can exist a concurrent electrostatic
effect in addition to the piezoelectric effect, as illustrated in
Figure 3b. The electrostatic force mainly originates from the
interactions between the conductive cantilever body and a
substrate. This unwanted electrostatic contribution is amplified
together with the piezoelectric response when the resonance-
enhanced PFM is employed.32−34 Therefore, it is important to
quantify and remove the electrostatic contribution from the
measured PFM response. For the resonance-enhanced PFM, the
electrostatic force contribution in the measured response can be
estimated by32

ikjjj y{zzz= − ·−A k C
Z

V V V Qd
d

( )electrostatic
1

ac dc sp
(3)

where k is the spring constant of a cantilever, Vac is the applied
AC voltage, Vdc is the applied DC voltage, and Vsp is the surface
potential. The resulting electrostatic amplitude is inversely
proportional to cantilever’s spring constant k and proportional
to the capacitance derivative dC/dz, Vac(Vdc − Vsp), and Q
factor. This implies that the impact of the electrostatic force can
be reduced by either (i) using a stiff cantilever (i.e., k−1 ≪ 1) or
(ii) applying an external DC voltage Vdc to be equal to the
surface potential Vsp (i.e., Vdc = Vsp). As a biological sample is
commonly soft enough to be easily damaged by a stiff cantilever,
the second option is more practical to eliminate the electrostatic
contribution. As the surface potential of a measured surface is
typically unknown, the PFM amplitude was measured with
varied DC bias from 0 to 1 V by 100 mV steps to find a
compensating DC voltage that is same as the surface potential
Vsp. It is worth noting that kelvin probe force microscopy can be
also employed at this step as an alternative method to measure
the surface potential.52 Figure 3c,d shows PFM amplitudes at the
contact resonance frequency with respect to the DC voltage
offset in the vertical and lateral directions, respectively. The
resulting V-shape in the vertical amplitude can be interpreted
that the vertical PFM amplitude, greatly affected by the
electrostatic force, is nullified at 500 mV, where Vdc = Vsp (cf.
the minimum point of the red curve in Figure 3c). When the
electrostatic force contribution was nullified, the vertical PFM
amplitude was measured below the system’s noise level even
with the resonance amplification. This observation verifies that
there is no significant piezoresponse of the collagen fibril in the
vertical direction (d11, d22 ≈ 0) as expected in the collagen with
hexagonal/tetragonal symmetry.26 On the other hand, the lateral
PFM amplitude was not changed by the DC voltage, indicating
that the electrostatic force does not affect the lateral PFM
results. This difference between the vertical and lateral PFM is
attributed to the derivative capacitance dC/dz term in eq 3. For

vertical PFM, the gaps between the cantilever body and sample
is changed during measurement, and thus, the derivative
capacitance varies. On the other hand, the gap and derivative
capacitance are fairly constant for lateral PFM. Taken together,
these results draw a conclusion that the electrostatic force should
be carefully eliminated by applying a suitable DC voltage in the
vertical PFM, whereas this process is not necessary in the lateral
PFM. This conclusion confirms that the variations in the
collagen piezoelectricity summarized in Table 1 are not at least
caused by an error because of the electrostatic force contribution
on the lateral PFM.
The effect of substrate’s conductivity on the PFM result was

also investigated by repeating the measurement on collagen
fibrils prepared on a glass slide, as shown in Figure 3c,d. Each
PFM amplitude is illustrated by red lines for the conductive gold
substrate and blue lines for the non-conductive glass substrate.
In the vertical PFM results, both results showed that there was
no piezoelectric response in the vertical direction once the
electrostatic force contribution was eliminated, while the
nullifying DC voltage was shifted from 500 mV for the
conductive substrate to 800 mV for the nonconductive
substrate. In lateral PFM, the amplitude on the gold substrate
was larger than the amplitude measured on the glass substrate.
These results indicate that the nonconductive substrate does not
provide a good electrical ground, which reduces the actual
electrical field induced across the collagen fibril. Therefore, it is
important to prepare a biological sample on a conductive
substrate to provide a good ground condition for PFM.
Figure 4 highlights the necessity of using a soft cantilever and a

relatively low electrical input, showing a collagen fibril damaged

by a high mechanical or electrical input. In Figure 4a, a collagen
fibril was scratched and disappeared after scanning when an
AFM cantilever with 2N/m stiffness was used. Because a contact
scanning mode was employed for PFM, a single collagen fibril
does not have enough cross-linking, compared to a bundle of
collagen fibrils, to sustain a large mechanical input. In addition, a

Figure 4. (a) Intact collagen fibril is imaged with a soft cantilever (0.3
N/m) in the upper figure. When a stiff cantilever (2 N/m) is used, the
collagen in the red box is damaged and disappears in the lower figure.
(b) After a high voltage of 30 V was applied to an intact collagen fibril
(upper image), the same area was scanned again to check any damage
on the collagen (lower image). It was clearly shown that the collagen
fibril was electrically damaged within the marked area.
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biological sample is also vulnerable to the high electrical input.
As shown in Figure 4b, the intact collagen fibril on a glass slide
was permanently damaged by an AC electrical input of 30 V. In
our experimental setting, the extent of electrical damage on a
fibril was also affected by an electrical ground condition. For
instance, it was observed that a collagen fibril prepared on a
conductive substrate was easily damaged by an AC electrical
input of 10 V. This is the reason behind why the mechanism of
resonance amplification is beneficial for such a weak biomaterial
sample.
Figure 5a shows the lateral piezoresponse quantitatively

measured on a single collagen fibril on the gap (red) and overlap

(black) regions, following the careful calibration process, as
described in Section 4. The PFM was conducted at room
temperature (22 °C) and 40% relative humidity. The probe was
carefully positioned at the gap and overlap region, as marked in
Figure 5b, during the measurement. Five individual fibrils on a
gold-coated glass substrate were measured, and the measure-
ment was performed 10 times on each collagen fibril at each
input AC voltage. In total, 550 data points were obtained on
each fibril. The inset of Figure 5a shows the piezoresponse of the
five individual collagen fibrils. Although there are small
variations of piezoresponse amplitude from fibril to fibril, the
piezoresponse of each fibril was repeatable. The average
piezoresponse with respect to the applied voltage shows a linear
relationship, and the gap region exhibits a higher piezoresponse.
The piezoelectric coefficient is obtained from the slope to be
0.51 ± 0.08 pm/V for the gap zone, which is almost twofold
higher than the piezoelectric coefficient of 0.29 ± 0.05 pm/V

estimated on the overlap region. This quantitative discrepancy
verifies the heterogeneous nature of the piezoelectric property
along the collagen fibril. Note that the piezoelectric coefficient of
d15 was reported at the range of 0.5−1.5 pm/V in the previous
studies.1,7,9,17,23,28

The PFM map on a collagen fibril, as shown in Figure 6,
visualizes how the piezoresponse varies within a collagen fibril.

Figure 6a illustrates a schematic of a collagen fibril, describing
the gap and overlap region and PFM scanning direction on the
fibril. Figure 6b represents the PFM amplitude color map
overlaid on the topography of a single collagen fibril to clearly
reveal its heterogeneity. Obtaining the PFM map, not point
measurement, should be considered carefully because of the
crosstalk between surface topography and piezoelectric
responses.53 During PFM mapping, the changes in the
topography and mechanical properties shift the contact
resonance frequency, and this frequency change affects the
PFM amplitude as well.54 To avoid this cross-talk effect, we
employed dual AC resonance tracking PFM (DART-PFM).36 In
DART-PFM, the change of the contact resonance frequency can
be tracked and compensated, so that the crosstalk between PFM

Figure 5. Piezoresponse of Type I collagen fibril in the lateral direction.
(a) Average of piezoresponse amplitudes as a function of input AC
voltage, measured on five collagen fibrils. The amplitudes of each
collagen fibril are shown in the inset with red lines measured on the gap
region and black lines measured on the overlap region. (b) AFM
deflection map on a collagen fibril. The PFM was conducted at the
marked point at the gap (red) and overlap (black) regions.

Figure 6. (a) Schematic of a collagen fibril and AFM scanning direction.
(b) PFM amplitude overlaid on topography of a single collagen fibril,
measured by DART-PFM; (c) height and PFM amplitude profile along
the crest of the collagen fibril clearly shows the piezoelectric
heterogeneity inversely correlated to the topographic pattern.
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amplitudes and topographic/material property change is
minimized. The mechanism of DART-PFM and its result
compared to a common PFM result are shown in the Supporting
Information section. It is worth noting that sequential excitation
piezoresponse force microscopy (SE-PFM) can be also
employed as an alternative method to eliminate the cross-
talk.55−57 The surface topographic and piezoelectric profiles
along the crest of the fibril are plotted in Figure 6c. The signature
D-periodic pattern was clearly observed in the surface profile
(blue), and the PFM amplitude (red) was also repeatedly
changed with theD-spacing to be lower at the overlap region and
higher at the gap region. From the results shown in Figures 5 and
6, we can conclude that the piezoelectricity at the gap region is
much (about twofolds) higher than that of the overlap region
without any ambiguity originating from variations of structure
and mechanical properties that is a conventional PFM typically
suffers from. The gap region of collagen has randomly kinked
networks missing one molecule, while the overlap region
consists of five collagenmolecules providing a uniform structure.
We consider that this randomly kinked networks in the gap
region would be more susceptible to the electrical or mechanical
perturbation and result in a higher piezoelectric response.
Considering the piezoelectricity to be determined by the

molecular structure of an element, it is not surprising that the
piezoelectric profile along the collagen fibril has a periodic
pattern coordinated to the fibril’s periodic surface profile.30 Still,
the fact that the gap zone has a much higher value of
piezoelectric coefficient than the overlap zone can reinforce
the hypothesis that collagen piezoelectricity is one of
mechanisms mediating bone mineralization. It is because the
piezoelectric profile perfectly matches with the heterogeneous
pattern of mechanical property along a mineralized collagen
fibril.19 A pure, unmineralized collagen has lower stiffness on the
gap region because of lower packing density of collagen
molecules, missing one molecule and a kinked network.58

Once it is mineralized, however, the gap region has higher
stiffness because of the stronger reinforcement by mineral as
amorphous calcium phosphate (ACP) infiltrates into the
intrafibrillar space through the gap region and is then crystallized
into mineral nanoplatelets.59−63 To understand the mechanism
of this intrafibrillar mineralization, elucidating the driving force
for the ACP infiltration should be the first step.
In previous works, noncollagenous proteins (NCPs), electro-

static interactions, and osmotic pressure have been suggested as
a driving force responsible for the ACP infiltration into the
intrafibrillar space of collagen.64−66 Even though each of these
mechanisms may explain the ACP infiltration in part, they have
limitations to fully delineate it. For instance, even though highly-
acidic NCPs had been long believed to direct the nucleation of
ACP near the gap zone,67−70 the underlying procedure was
somewhat questionable because their molecule size larger than
40 kDa make them difficult to access to a small intrafibrillar
space.20,66,71 In a more recent study, it was directly observed by
combining cryo-transmission electron microscopy and tomog-
raphy that the negatively charged ACP complex infiltrates into a
fibril through a positively charged A-band region even in the
presence of mineral nucleation inhibitors.60,64 Since then, the
electrostatic interaction has been accepted as a prevailing
paradigm,72−74 but it cannot be a sole driving force because it
only covers a short-range interaction.66 Specifically, a later study
confirmed that there was no difference in the permeability of
mineral clusters when cationic and anionic collagenmodels were
examined for intrafibrillar mineralization.66 Here, the authors

suggested the osmotic pressure as a long-ranged driving force to
supplement the short-ranged electrostatic interaction, as the
molecular dynamics simulation showed that the mineral ions
with water molecules were transported through the loosely
bound gap regions because of the osmotic pressure.66 However,
the osmotic pressure depends on a difference of molecular
concentrations between intra- and extrafibrillar compartments,
and thus, it does not allow room for involving mechanical
loading inputs to mediate bone mineralization.
In this regard, the piezoelectricity is a compelling mechanism

that can explain both bone’s adaptivity to loading and the ACP
infiltration into the gap zone as a complementary driving force
that can cover the short- and long-range interactions. The
piezoelectric property of collagen enables a direct response to
loadings by increasing zeta potentials near the collagen surface.75

Within a short range, the higher piezoelectricity at the gap zone
may supplement the electrostatic interaction to locally modulate
the surface potential of a collagen fibril to infiltrate the ACP
complex through the gap zone. Furthermore, since the electro-
osmosis is influenced by the zeta potential,76 the increased zeta
potential due to the piezoelectric effect can cause an increase of
the electro-osmosis and finally result in an increase of hydraulic
permeability at the gap zone. Most importantly, the anisotropic
characteristic of collagen piezoelectricity can explain bone’s
complex response to various types of loadings, such as axial
compression, bending, twisting, and shear, developing well-
organized architectures to resist those loadings optimally.1,17

In addition, the piezoresponse of collagen from other tissues
that have a different function makes our claim more plausible.
For instance, recently, the piezoelectricity of collagen from
porcine artery was investigated by the SE-PFM technique.57

This study showed an opposite trend of piezoelectricity,
indicating lower piezoelectricity in gap regions and higher
piezoelectricity in overlap regions. This discrepancy of the
piezoresponse trend is very interesting because considering the
function of this tissue that helps blood flow by maintaining the
tissue soft, this tissue must not be mineralized. Therefore, it may
indicate that there would be a mechanism to keep the
piezoelectricity in the gap region low to prevent tissues from
being mineralized by inhibiting the infiltration of mineral
clusters. Consequently, this piezoresponse trend of porcine
artery collagen also supports the claim that the piezoelectricity of
collagen would modulate the mineralization of the tissue.

3. CONCLUSIONS
PFM is a readily approachable technique as a commercially
available tool and has been widely applied to various
biomaterials. While its setup based on AFM is fairly
straightforward, the operation and interpretation still require a
great deal of caution especially for quantitative measurement. In
this regard, this study was devoted to setting up the protocol for
quantitative PFM on biomaterials with anisotropic and
heterogenous properties by nature. It is shown that resonance-
enhanced PFM is a practical option for biomaterials because it
can avoid common vulnerabilities to large mechanical and
electrical stimuli while still quantifying the piezoelectric
coefficient accurately. Resonance-enhanced PFM in conjunc-
tion with DART-PFM enables differentiation of the piezo-
electric coefficients between the gap and overlap zones within a
single collagen fibril. The protocol developed in this study is
applicable to not only collagen but all other types of biomaterials
with piezoelectricity. The ability to quantify piezoelectricity of
biomaterials with high accuracy will be greatly useful not only in
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elucidating its physiological function in various biological
processes but also in diagnosing their abnormal activities.
Unravelling the mechanism of bone mineralization is

important for addressing the associated clinical issues and
suggesting new insights to develop bone-inspired synthetic
materials. Even though this study does not demonstrate the
direct relationship between the collagen piezoelectricity and
interfibrillar mineralization, the PFM results reinforced the
possibility of the collagen piezoelectricity as a local modulator
mediating the ACP infiltration. To further examine the role of
collagen piezoelectricity in bone mineralization, more studies
should be followed. As a direct observation, examining the
extent of intrafibrillar mineralization on a collagen fibril subject
to a controlled mechanical loading is potentially proposed, even
though applying a force to a collagen fibril seems to be quite
challenging. As an indirect method, a structurally modified
collagen may be used to compare the piezoelectric profile and
mineralized pattern to corroborate the hypothesis.

4. MATERIALS AND METHODS
4.1. Sample Preparation. Type I collagen extracted from bovine

Achilles tendon (Sigma-Aldrich) was used in this study. The collagen
powder was dissolved in 0.01M sulfidic acid at 4 °C overnight to liquify
it. Then, the collagen aggregates in sulfidic acid were blended using a
commercial blender (Type 4185, Braun) for 10 min at a temperature
lower than 4 °C to prevent self-assembly. Phosphate-buffered saline was
added to the blended solution to reach a final collagen concentration of
4 μg/ml. Bare and gold-coated glass substrates were prepared by
cleaning with 70% of ethanol and sonicating for 30 s in deionized (DI)
water. After the cleaning procedure, they were immersed in the blended
collagen solution for 1 h at room temperature so that collagen fibrils
were assembled on the surface. Finally, the substrates were taken out
and rinsed carefully with DI water before characterization.
4.2. Calibration of Cantilever. To quantitatively evaluate the

piezoelectric coefficient of a collagen fibril from the measured PFM
amplitude, the AFM cantilever was carefully calibrated in both vertical
(out-of-plane) and lateral (in-plane) directions through optical lever
sensitivity (OLS).77 The OLS (V/nm) is a ratio of a voltage from a
photosensitive detector caused by a cantilever deflection per actual
cantilever movement toward a hard surface (e.g., a sapphire) captured
by an embedded position sensor. While the inverse of OLS for the
vertical PFM (VinvOLS, nm/V) was obtained from a force curve of a
cantilever on a sapphire surface directly (cf. Figure 7a), the inverse of
OLS for lateral PFM (LinvOLS, nm/V) was calculated by considering
the cantilever geometry and VinvOLS.43 The ratio R between the in-
plane and out-of-plane optical lever amplification corresponds to 2L/
3h, where L and h indicate the length and height of the cantilever,
respectively.44 Here, the VinvOLS was obtained as 174.02 nm/V and R
was 22.22 based on the probe geometry of L = 500 μm and h = 14 μm.
Thus, the LinvOLS was determined to be 7.91 nm/V.
After examining the OLS of the cantilever, the Q factor should be

investigated to obtain the quantitative piezoresponse (δ) of collagen
fibrils from the resonance-enhanced PFM amplitude. This is because
the PFM amplitude was amplified by the Q factor at the resonance
frequency (i.e.,Aresonance =Qδ), so the measured PFM amplitude should
be divided by Q to obtain the actual piezoelectric strain (δ). By using
the Levenberg−Marquardt algorithm,51 the experimentally obtained
contact resonance curves were fitted to eq 2 (cf. Figure 7b) and their
values were estimated to be in the range of 40−110. Finally, eqs 4 and 5
were used to obtain the calibrated piezoresponse of the fibril in the
vertical and lateral directions, respectively.

= ·A
A
Q

VinvOLSpm,vertical
mv

(4)

= · = · ·A
A
Q

A
Q

h
L

LinvOLS VinvOLS 3
2pm,lateral

mv mv

(5)

Here, Apm indicates the calibrated piezoresponse amplitude of the
collagen fibril, while Amv means the measured PFM signal that is
amplified by contact resonance as mentioned in Section 2. The whole
calibration process used in this study is summarized in Figure 7c.

4.3. Error Propagation. During the calibration process for lateral
PFM, each term involved in the calculation has an error, and the
propagation of the error should be carefully considered for the
quantitative PFM result. Each term of the PFM result in eqs 4 and 5 was
statistically obtained. In order to get the statistical value of VinvOLS,
same type cantilevers were randomly selected, and a force curve of the
cantilever on a sapphire surface (cf. Figure 7a) was obtained 28 times.
As a result, (VinvOLS) and δVinvOLSwere obtained as 174.02± 25.47
pm/mV. Moreover, Amv was measured 10 times depending on each
input voltage ranging from 0 to 5 V with a 0.5 V interval through the
cantilever body. In total, 110 PFM data points were measured on the
collagen fibril surface. EachAmv was determined by the peak value of the
frequency response curve, and the Q factor was calculated from each
curve, as shown in Figure S1b. In addition, the cantilever specification
(3XC-GG, OPUS) was considered statistically. The cantilever’s
nominal height (h̅) and length (L̅) are 14 and 500 μm, respectively,
with the height range varied from 12 to 16 μm and the length range
varied from 490 to 510 μm.We assumed that the range of the cantilever
geometry (i.e., h and L) indicates 95% of the confidential interval; the
standard deviation of δh and δL values would be around 1.02 and 5.10
μm. Based on this information, the average ofApm was calculated by eq 6

= · · ̅
̅

A
A
Q

h
L

VinvOLS 3
2pm

mv

(6)

Figure 7. Calibration procedure: (a) a force−displacement curve of a
cantilever measured on a sapphire sample to obtain VinvOLS. (b)
Contact resonance curve was fitted to eq 2 to obtain the quality factor
(Q) for each measurement. (c) Chart summarizing the calibration
procedure.
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The bar on each termmeans its average value. The error propagation
equation was demonstrated by eq 7ikjjjjj y{zzzzz ikjjjjj y{zzzzzikjjjjj y{zzzzz ikjjjjj y{zzzzz
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where δApm, δAmv, δVinvOLS, δh, and δL denote the standard deviation
of each value, respectively. Finally, δApm can be described as

ikjjjjj y{zzzzz ikjjj y{zzz ikjjj y{zzz ikjjj y{zzz
δ

δ δ δ δ

= | |·

+ + ̅ +
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mv
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2 2 2 2

(8)

Consequently, the resulting piezoresponse amplitude quantified in
this study is accurate with ±21% error.
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