The piezoelectric tensor of collagen fibrils determined at the nanoscale
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Abstract

Piezoelectric properties of rat tail tendons, sectioned at angles of 0°, 59°, and 90° relative to the

plane orthogonal to the major axis, were measured using piezoresponse force microscopy. The

piezoelectric tensor at the length scale of an individual fibril was determined from angle-

dependent in-plane and out-of-plane piezoelectric measurements. The longitudinal piezoelectric

coefficient for individual fibrils at the nanoscale was found to be roughly an order of magnitude

greater than that reported for macroscopic measurements of tendon, the low response of which

stems from the presence of oppositely oriented fibrils, as confirmed here.
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The use of external electrical stimulation of bone to promote fracture healing dates from
1841 and continues to be used in clinical settings'~ despite the underlying mechanism remaining
elusive. Similarly, mechanical stimulation has been shown to have a pronounced effect on the
rate of bone formation.*> Named after Julius Wolff and widely accepted by clinicians, Wolff’s
Law describes the response of bone to mechanical loads via mechanotransduction® and implies
that bone remodeling can be influenced by both electrical and mechanical stimuli.
Electromechanical coupling in bone was first reported by Fukada and Yasuda’ who demonstrated
that bone behaves as a macroscopic piezoelectric material with a piezoelectric tensor comprising
only a dy, coefficient (dJs = — d?,). Thereafter, the direct piezoelectric effect in bone was linked
with the ability of bone to remodel.® Fukada and Yasuda also reported that like bone, tendon,
which comprises highly aligned collagen fibrils having a charge dipole corresponding to the
amine (N) to carboxyl (C) termini of the constituent collagen molecules, is piezoelectric with a
hexagonal Cs class symmetry,” suggesting that the piezoelectricity of bone is likely due to the
presence of collagen. Subsequent studies confirmed that the principal contributor to
piezoelectricity in bone is collagen.!® Recent experiments, where hydroxyapatite (the mineral
phase of bone) deposition occurred on cyclically deformed cortical bone collagen (the organic
matrix of bone), suggest that piezoelectric generation of electric charge may be a primary
mechanism of bone remodeling.!!

The complex response of bone to a wide variety of forces (compressive, shear, tensile,
etc.) is currently poorly understood. Studies have shown that the microstructure of collagen and
Haversian systems are suited to resist these forces.!? The high degree of structural organization
of collagen in bone and the tensorial nature of collagen piezoelectricity imply that the sign and

magnitude of piezoelectrically-induced charge will depend on the location within the bone and



the nature of the mechanical load. Thus, collagen piezoelectricity is uniquely suited as a
biological cue enabling cells to locally differentiate between mechanical loads of varying
magnitude and direction. Large variations in the magnitude of the charge exhibited across the
surface of bone have been observed when a stress is applied!® — in this regard, piezoelectricity
may be a promising explanation for this phenomenon. However, the full piezoelectric tensors of
tendon and bone have only been determined on the macroscale and while the crystal structure of
collagen is known,'* the tensor of collagen has only been inferred from macroscale
measurements.”!®> By their very nature, macroscopic piezoelectric measurements represent an
ensemble of nanoscale responses making the identification of piezoelectric coefficients for
individual collagen fibrils challenging. Recent nanoscale measurements of a tendon cross section
revealed that while collagen fibrils were highly aligned, they were organized into domains of
opposite polarity.!® This fibrillar polar organization may cause the piezoelectric response of
adjacent fibrils to cancel out in macroscopic measurements.

Since cellular response to electrical signals occurs at a local scale,!” determining an
accurate piezoelectric tensor for collagen will have significant implications for investigating and
exploiting any associated biofunctionality. With the advent of piezoresponse force microscopy
(PFM), it is now possible to probe piezoelectricity in biosystems, including collagen,'®2! with
nanoscale resolution. The longitudinal piezoelectric response of adult humerus and tibia bone
under both dry and wet conditions was reported to be nonzero for transverse cuts and zero for
longitudinal cuts, perpendicular and parallel to the diaphysial axis, respectively.??
Macroscopically, however, a negligible longitudinal piezoelectric response was reported for
transverse cuts of bone,’ illustrating a disparity between local and macroscopic measurements.

Similarly, limited longitudinal response (d;3= 0.0866 pm/V) was measured macroscopically in



1.1 Nanoscale shear

tendon,”!> yet local measurements again suggest a higher longitudinal signa
piezoelectric measurements on collagen, however, were of the same order of magnitude as those

seen macroscopically in tendon.!” These studies highlight the gap in our knowledge between the

macro- and nanoscale piezoelectric properties of collagen.

Sample (tendon) coordinate system

Tendon axis

Figure 1. Schematic showing the sample coordinate system and tendon cross sections used in
this study.

Here, the piezoelectric tensor of collagen at the individual fibril level is determined using
PFM? in an attempt to bridge the knowledge gap between the macro- and nanoscale. Due to the
hierarchical structure of bone and the mineralization of the collagen contained within, individual
collagen fibrils are difficult to isolate. To avoid these difficulties, tendon, which often serves as a
model for mineralization studies,>* is used for this study. Both the in-plane (lateral PFM
(LPFM)) and out-of-plane (vertical PFM (VPFM)) piezoresponse signals were measured for

tendon sectioned at three different angles (0°, 59° and 90°) relative to the plane orthogonal to the



major axis (Figure 1). Measurements were recorded in the laboratory coordinate system and then
related to the sample coordinate system in order to calculate piezoelectric coefficients.

Tendon was harvested directly from the tail of a 4 week old rat?® and then fixed in 4%
paraformaldehyde for 1 hour prior to embedding in epoxy (Epon 812, Sigma Aldrich). The
epoxy resin was cured for 36 hours at 45 °C (lower than the thermal denaturation temperature of
rat tail tendon (64 °C)*°). Three embedded tendons were trimmed and polished using 280 and
1000 grit silicon carbide grinding paper at 200 — 400 rpm. 10 pm-thick sections were then cut
using a microtome (EM UC6, Leica). Two of the cut angles were determined to be 7° and 59°
from optical images. The third could not be measured from the optical images and was assumed
to be the target angle of 90°. For the piezoelectric tensor analysis, a value of 10° of uncertainty in
cut angle was used for error propagation. Standard error propagation techniques were used
throughout.?’

PFM was performed using an atomic force microscope (AFM) system (MFP-3D, Asylum
Research) equipped with an external lock-in amplifier (HF2LI, Zurich Instruments) and a high
voltage amplifier (F10A, FLC Electronics). Conductive cantilevers (PPP-EFM, Nanosensors)
having a nominal spring constant and resonant frequency of 2.8 N/m and 75 kHz, respectively,
were used. Typically, a 30 V ac signal was applied to the tip at 5-7 kHz (LPFM) or 20-25 kHz
(VPFM) whilst in contact with the surface (typical imaging force ~ 100 nN). The modulation
frequency was chosen to be much lower than the contact resonance to avoid resonant
enhancement of the measured signal and to facilitate quantification. The bias-induced surface
deformations were demodulated into X and Y Cartesian signals (X = R-cos® and Y = R-sin®)
where R is the amplitude of piezoelectric deformation and @ is the phase difference between the

excitation and the measured signal and contains information on polar ordering, which relates to



the previously described N to C polarity in collagen.!® PFM images were obtained in contact
mode and are presented as the X Cartesian signal. Hence, the images presented contain both the
amplitude of piezoelectric deformation and the local polar orientation of the collagen fibrils. In
order to determine the characteristic size of regions of uniform polarity, a 2 dimensional (2D)
autocorrelation analysis®® was undertaken. 2D autocorrelation analysis was also used to
determine the angle, 1), between the major axis of the cantilever (laboratory x axis) and tendon

axis in the x—y plane from the directionality of the PFM phase data (see Table 1).

Table 1 — Experimental parameters for 0 and 1, domain sizes obtained from correlation
analysis, and number of locations investigated for each PFM type.

Nominal 0 (°) | Measured 6 (°) | 6 Error (°) Minor axis (nm) Major axis (nm) | Locations | PFM type Y (°)
0 7 10 160.8 +2.4 158.1 £2.8 4 VPFM -
5 VPFM -
85.0+7.0
45 59 10 198.3+6.2 615.7+24.2 91.8+10.2
4 LPEM 91.6+13.3
953 +13.3
70.5+6.5
90 90* 10 162.7+4.4 5370 +30 3 LPFM 63.5+5.3
71.7+4.1

* Assumed angle

For the determination of the piezoelectric tensor, we assume that the 6 = 0° and 6 = 90°
cuts are accurate and use the measured value of 6 = 59° for the third cut. We use the measured
values of 0 and ¥ along with their uncertainties for error propagation (Table 1). Single point
measurements were conducted to determine the relevant piezoelectric coefficients, whereby the
tip was placed in contact with the surface at 4 locations on average per sample with the
amplitude (piezoelectric deformation) measured as a function of applied ac voltage. The
piezoelectric coefficient (in pm/V) was then determined from the slope of the resulting graph.

The wvertical inverse optical lever sensitivity (InvOLS) was obtained from the constant



compliance region of contact mode force curves measured on hard surface.”’ A geometrical
conversion was used to obtain the lateral InvOLS,?° based on geometrical dimensions determined
via scanning electron microscopy (SEM) of the cantilevers used in this study and taking into
account the gain ratio between the deflection and lateral signals (measured to be 4.0 for the AFM
used). The vertical InvOLS for the probes used was typically in the range of 68 — 81 nm/V and
the calculated lateral InvOLS was typically in the range of 2.7x10° — 3.1x10°* nm/V. With the
same type of AFM and a similar probe, Choi et al.>! measured a lateral InvOLS of 8.24x10°
nm/V on a barium titanate single crystal using a friction loop approach, finding good agreement
between their measured piezoelectric coefficient and literature values and lending confidence to
our calculated lateral InvOLS value. The difference in lateral InvOLS values obtained may relate
to differences in the nature of the geometric calculation versus the friction-based method utilized
by Choi et al. Lateral InvOLS calibration remains a challenging topic in PFM>? where not only
the beam properties but also the nature of the tip-sample contact’’ must be taken into
consideration. For a comprehensive discussion of lateral InvOLS calibration, see these
reviews.*>7 Furthermore, it is important to point out that convergence of local PFM and
macroscopic piezoelectric measurements is unlikely due to the highly inhomogeneous electric
field at the tip and corresponding locally confined deformation, which might be affected by
sample-induced clamping. Thus, the measured response is sensitive not only to piezoelectric, but
also elastic moduli, and dielectric constants.>®

To determine each piezoelectric coefficient for collagen, the relationship between the
measured (laboratory) and sample coordinate system must be considered. For a known sample

orientation, the laboratory coordinate system (d;;) can be related to the sample coordinate system



(d3;).* For tendon, with C¢ hexagonal symmetry, d3, = d3,, d?, = — d2;, and dJ5 = d2, and the

piezoelectric tensor is:

[0 0 0 A, dYs 0
dij = a% —df, 0 (1)
dg1 dg1 dg3 0 0 0

The hexagonal symmetry simplifies the number of coefficients that must be determined in order
to reconstruct the entire piezoelectric tensor at the local scale via a combination of VPFM and
LPFM measurements on the three sections of tendon. In PFM, the piezoelectric tensor for

collagen in laboratory coordinates*’ can then be determined using the following equations:

d33 = cos 8 (d3; cos? 8 + (ds+d2,) sin? 9) ()
ds, = sin @ (2(d9; — d3; — d¥s) cos? 0 cosp — d?, cos 6 siny + ds cos ) 3)
dss = sin 8 (2(d3; — d2; — d¥5) cos? O siny + d?, cos B cosy + ds sin) 4)

where 0 is the angle between the major axis of the tendon (sample z axis) and the direction of
applied electric field (laboratory z axis), and 1 is the angle between the major axis of the
cantilever (laboratory x axis) and tendon axis in the x—y plane.

For the 0° tendon section, the applied electric field is in the same direction as the major
axis of the tendon. This is independent of ¥ and allows for the direct measurement of the d2;
piezoelectric coefficient (d3; = d33 when 8 = 0°), thus only VPFM of this section is required.

Additionally, when the tendon axis is perpendicular to the applied field and to the major axis of



the cantilever (90° section), the dJs piezoelectric coefficient can be directly measured from dz,
(dds = d3, when 8 =1 = 90°), i.e., LPFM of this section.

To determine the remaining piezoelectric coefficients, VPFM and LPFM were measured
from a third section of tendon (6 = 59°). For the general case, equation (2) can be solved to

obtain:

dd; = —csc? 0 (dYs + (—dls + d33) cos? 6 — ds5 secH) (5)

Since both d2; and ds were directly measured using VPFM and LPFM on the 0° and 90°
sections, respectively, it is possible to determine d9; from equation (5) and VPFM for this cross

section. For the special case, 8 = 45°, d3; = 2v/2d33 — dJs — d3; (see Supporting Information).

Similarly, for a shear signal (LPFM) detected from this section (8 = 59°; Y nominally 90°),

equation (3) becomes:

dY, = secO[ds, cscOsect) + (d3; — d3; + (dds + d§; — dI3) cos 20) tan ] (6)

Thus, once the d3;, dYs, and d2; coefficients have been determined, it is possible to calculate the
d?, coefficient and reconstruct the entire piezoelectric tensor of collagen (assuming it has Cg

symmetry, as reported). For the special case, 8 = 45° and 1 = 90°, d?, can be directly measured

as dz, = — % d?, (see Supporting Information).



A 3D AFM height image from the 0° section with a mixed VPFM piezoresponse image
overlaid, which contains both amplitude and phase information (d33 coefficient map), is shown
in Figure 2a. Regular circular features are visible throughout the image from the height data,
each of which may correspond to individual fibril cross sectioned ends. Bright (yellow) and dark
(purple) regions represent domains (i.e., regions of uniform phase response) of opposite
polarization. Round features present in the AFM height data were measured via line profiles and
found to have an average diameter of 184 &= 39 nm (n = 15). In consideration of the slight miscut
of 7°, this value is in good agreement with the average diameter of tendon in 4 week old rat
(~170 nm), as measured by electron microscopy.*! A gap in the surface is evident on the left of
Figure 2a where no domains are visible, perhaps signifying a boundary between fascicles.

A 3D AFM height image of the 90° section (tendon axis is orthogonal to major axis of
the cantilever and nominal values 8 = Y = 90°) with the mixed d;5 coefficient image (LPFM)
overlaid is shown in Figure 2b. From the height data, parallel collagen fibrils can be seen, which
exhibit the well-known 67 nm D-periodicity associated with type I collagen. The periodicity was
measured to be 66 = 1 nm by subtracting any long-range background topography from a
representative line profile and fitting a sine function. A boundary between two fascicles might
explain the topographic feature parallel to the fibrils that is present in the image. The LPFM
overlay confirms the expected shear piezoelectricity along the collagen fibril axis. An
antiparallel polar orientation of fibrils is observed down to the individual fibril level, similar to

that seen previously for rat tendon,?! fascia,?’ and eye tissues. '
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0° section

2 pmiV

1 pm -2 pm/V

(b) 90° section

Figure 2. PFM maps of 0°, 59°, and 90° sections of rat tail tendon. (a) Mixed VPFM image (d3;
= d3; coefficient map) of 0° section, comprising fibril cross sections. (b) Mixed LPFM image
(ds4 = d¥s coefficient map) of 90° section, comprising fibrils parallel to the surface. (c) Mixed
VPFM image (d3, piezoresponse map) of intermediate 59° section.
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A 3D height image of the 59° section with a ds4 piezoresponse map (VPFM) overlaid is
shown in Figure 2c. By combining measurements of VPFM and LPFM on the 59° section, it is
possible to determine both d3; and d?, coefficients from equations (5) and (6), respectively, and
thus reconstruct the collagen piezoelectric tensor at the individual fibril scale. It is important that
P = 90° when measuring VPFM of this section; any deviation can lead to buckling deflections
due to in-plane shear deformations, influencing the determination of d3; and d?,. As ¥ was
determined to roughly equal 90° (Table 1), the effect of buckling is minimized.

A 2D autocorrelation function was obtained using the mixed PFM images for each
section and the characteristic domain size was calculated in x and y directions. It was determined
that the domain size in the x direction (fibril diameter; minor axis in Table 1) for the 0°, 59°, and
90° sections was 160.8 £ 2.4 nm, 198.3 = 6.2 nm, and 162.7 &+ 4.4 nm, respectively. These values
are in good agreement under the assumption that each domain is composed of a single collagen
fibril. The domain size in the y direction (fibril length; major axis in Table 1) for the 0°, 59°, and
90° sections was 158.1 £ 2.8 nm, 615.7 £ 24.2 nm, and 5.37 + 0.03 um, illustrating the
elongation of the domain sizes along the axis corresponding to the fibril length with increasing
sectioning angle. For the 0° section, the domain is circular, having a diameter similar to those
measured from topographical features and reported in the literature.*! This agreement suggests
that the typical piezoelectric domain in the 0° cross section of tendon corresponds to an
individual cross sectioned fibril end. However, assuming a fibril diameter of 158.1 nm, the
domain size in y for the 59° section is roughly twice the expected value of 307 nm, suggesting
that perhaps the average diameter of the fibril or number of fibrils comprising a domain, i.e.,

having the same polar orientation, along the length of the tendon can vary.
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Figure 3. Point measurement graphs displaying piezoelectric responses in the three sections. (a)
VPFM response (0) measured on 0° section as a function of applied ac voltage (d33 = d35). (b)
LPFM response (0) measured on 90° section as a function of applied ac voltage (dz4 = d¥5). (c)

LPFM response (¢) and VPFM response (A) measured on 59° section as a function of applied ac
voltage, allowing for the deduction of remaining piezoelectric coefficients.

A typical VPFM response as a function of applied ac voltage obtained for the 0° section
is shown in Figure 3a. Such nanoscale point measurements are limited by the size of the tip
radius and give local values independent of domain size. As described by equation (2) for this
case, the slope of this graph yields the dJ; piezoelectric coefficient. The average slope for all

measurements from this cut was 0.89 + 0.08 pm/V. This value is lower than that reported for
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local measurements on transverse cuts of bone?? and might indicate differences in calibration.
Figure 3b is a representative LPFM response versus applied ac voltage acquired on the 90°
section. In this case, equation (4) simplifies to ds, = d)s and the slope of Figure 3b is a direct
measurement of the d¥; piezoelectric coefficient. The average slope for all measurements from
this cut was 6.21 = 2.93 pm/V. This calibration-dependent value is the same order of magnitude
(~2.6 pm/V) as determined through simulation** and greater than the experimental values (< ~1)
reported elsewhere.!®?** This discrepancy may be due to the fact that the fibrils in those studies
were mounted on a substrate or at the surface of partially demineralized bone and suggests the
sample fixation utilized in this work did not significantly alter the electromechanical properties,
although that is an avenue of future investigation. Furthermore, there may be a source-dependent
variation; Fukada and Yasuda reported that d?: for bovine Achilles tendon was ~2.6 times that
of equine Achilles tendon.” The high uncertainty for d?< stems from the uncertainty in lateral
calibration and the uncertainty in 1. Representative d;3 and d5, piezoresponse amplitude signals
as a function of applied ac voltage are shown in Figure 3c. Using equations (5) and (6), it was
possible to determine both the d2; and d?, coefficients (—4.84 + 2.96 pm/V and —12.00 + 2.60
pm/V, respectively), thus successfully reconstructing the entire piezoelectric tensor for collagen
at the individual fibril level for the first time (equation (7)). The high uncertainty for d?:

dominates the derived uncertainty in d3; and d?,.

0 0 0 —-12.00+2.60 6.21+293 0
dy = 0 0 0 6.21+293 1200+260 0
—4.84+296 —484+296 0.89+0.08 0 0 0

(7)
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These results show an apparent discrepancy between electromechanical measurements recorded
at the nanoscale and the macroscale. The tensor previously calculated at the macroscale for
tendon’'3 (d9; = 0.0866 pm/V; d3; = 0.066 pm/V; d?, = -2.66 pm/V; dJs = 1.4 pm/V) appears
to greatly underestimate most coefficients (notably d2; and d2;) when compared to the
nanoscale coefficients reported here (d3; = 0.89 pm/V; d9; = —4.84 pm/V; d?, = —12 pm/V; di
= 6.21 pm/V). The average piezoresponse (which includes polar orientation information) of dJ,
images (n = 10, typically 8 x 8 um) was calculated to be —0.13 + 0.19 pm/V, highlighting that
macroscopic measurements yield lower values due to the averaging of opposing polar
orientations. Such observations have been made for polycrystalline piezoelectric films
comprising grains of mixed orientations. Histogram analysis of the VPFM phase images of
tendon (d3;) yields an average difference between the number of domains pointing up versus
down (comprising opposite N to C polarities of the fibrils) of 17%. Thus, despite measuring local
response on the order of ~ 1 pm/V, the measured averaged response at the microscale (as
measured via averaging multiple images) is lower, in line with macroscopic measurements and
suggesting a similar mechanism. It remains to be seen if the difference between local and
macroscopic responses of hierarchically structured bone is biofunctionally significant, e.g., local
piezoelectrically-induced charge may be relevant for calcification, and should be the subject of
further investigations. The difference between nanoscale and macroscale measurements affects
the determination of d9; as well. Notably, the coefficient becomes negative, in part because
dd; > d?; (equation 5) and can be influenced by buckling deflections due to in-plane shear
deformations. Interestingly, the ratio of |d?,|: |dJs| is ~1.9:1 for both tendon and fibril. Further
work could explore whether the sign and value of d3; depends on the location along the tendon

from which the cross section is prepared.
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In summary, a general approach has been implemented for determining the piezoelectric
tensor of a piezoelectric object of known symmetry and demonstrated on collagen fibrils. The
technique can be applied to other biomaterials including collagen fibres*** for tissue
engineering applications and diphenylalanine structures*®*’ for biosensing applications. The
approach can be further refined by (i) more accurately achieving cross sectioning at desired
angles that might simplify the piezoelectric coefficient tensor equations and reduce uncertainties,
and (ii) establishing a robust procedure for measuring and verifying the sample-dependent?!
lateral InvOLS, which is an ongoing problem in the quantification of LPFM.*? Recently, Vasilev
et al. reported that the full piezoelectric tensor of unipolar diphenylalanine microtubes having
hexagonal symmetry could be determined by PFM, highlighting the suitability of the approach.*®
The results reported here on tendon are particularly relevant for piezoelectric measurements
performed at the macroscopic scale where a sample contains domains of oppositely oriented
polarizations. In these cases, piezoelectric coefficient values can be greatly underestimated or
even negated. The piezoelectric tensor of collagen at the individual fibril level determined in this
study will be important for future investigations of biofunctionality of piezoelectricity in
collagenous materials, as the cellular responses to stress and electrical stimuli occur, and are
sensed, at the local scale. Importantly, the d3; of an individual collagen fibril is ~ 10 times
greater than previously reported for tendon macroscopically, suggesting applications based on
longitudinal, in addition to shear piezoelectricity, are viable, including biomaterials-based energy

harvesting applications.* !
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Equations (2) — (4) can also be written as:

dss = 0.5cos 6 (dfs + dS + d% — (d% + d; — d%) ) cos 26 (S1)
dss = sin @ (—(d3; — di; + (dYs + d3; — d33) cos 26 cos ) — d?, cos O sin) (S2)

dss = sin @ (d?, cos O cosp — (d9; — d3; + (dfs + d2; — d33) cos 20) siny) (S3)

Equations (2) — (4) can be solved for the piezoelectric tensor coefficients:

dd; =dis +d3; — (d)s + d§;) sec? 0 + d33sec® 6 (S4)
dd = [2(—d3; + d33) cos? 0 + d), cos 8 coty — d34 csc O cscip] sec 26 (S5)
dd; = —csc? 0 (dYs + (—dls + d33) cos? 8 — ds5 secH) (S6)

dY, = secO[ds,cscOsec) + (d3; — d3; + (dYs + d3; — d33) cos20) tanyp]  (S7)

When the cross sections are cut to the specified angles 0°, 45°, and 90°, the piezoelectric tensor

coefficient equations simplify as follows:
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For 6 = 0°, equation (2) becomes:

ds3 = dg3 (S8)

For 8 =1 = 90°, equation (3) becomes:

d3s = d?s (S9)

For 8 = 45° (and ¥ = 90° to minimize cantilever buckling), equation (2) becomes:

\/_
ds; = T (dfs + d9; + dS) (S10)

Solving for d3;:

d391 = 2ﬁd33 - d?s - dgs (S11)

For 8 = 45° and ¥ = 90°, equation (3) becomes:

1
dss = —Ed(1)4 (S12)

Solving for d?,:

d:(l)4:_2d34 (813)

Therefore, it is possible to directly measure dY,, d%, and d2;. d3; can be determined from

VPFM measured from the 8 = 45° cut when d?< and d2; are known.
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