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ARTICLE INFO ABSTRACT

Article history:

Assembling artificial collagenous tissues with structural, functional, and mechanical properties which
mimic natural tissues is of vital importance for many tissue engineering applications. While the elec-
tro-mechanical properties of collagen are thought to play a role in, for example, bone formation and
remodeling, this functional property has not been adequately addressed in engineered tissues. Here
the electro-mechanical properties of rat tail tendon are compared with those of dried isoelectrically
focused collagen hydrogels using piezoresponse force microscopy under ambient conditions. In both
the natural tissue and the engineered hydrogel D-periodic type I collagen fibrils are observed, which exhi-
bit shear piezoelectricity. While both tissues also exhibit fibrils with parallel orientations, Fourier trans-
form analysis has revealed that the degree of parallel alignment of the fibrils in the tendon is three times
that of the dried hydrogel. The results obtained demonstrate that isoelectrically focused collagen has sim-
ilar structural and electro-mechanical properties to that of tendon, which is relevant for tissue engineer-
ing applications.
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1. Introduction

Collagenous tissues comprise a major constituent of the extra-
cellular matrix, providing structural support for cells, and perform-
ing important developmental and physiological functions [1]. The
tissue-specific orientations of collagen fibrils give rise to different
functional and mechanical properties [2]. Piezoelectricity is a func-
tional property of collagen, and thus collagen will generate charge
under strain (direct piezoelectric effect), and, conversely, undergo
deformation in an applied electric field. The direct effect has been
linked with the ability of bone to grow and remodel in response to
directionally dependent applied stress [3]. Studies of macroscopic
electro-mechanical coupling have shown that collagenous tissues
such as bone, tendon, dentin, and skin [3-6] all exhibit piezoelec-
tricity. Fibril-forming collagens are composed of collagen mole-
cules, which are hydrogen bond stabilized triple-helical molecules
consisting of three polypeptide chains [7]. Collagen molecules have
a polar orientation directed from the amino (N)-terminus towards
the carboxyl (C)-terminus. Type I collagen molecules self-assemble

* Corresponding author at: Conway Institute of Biomolecular and Biomedical
Research, University College Dublin, Belfield, Dublin 4, Ireland.
E-mail address: brian.rodriguez@ucd.ie (B.]. Rodriguez).

under appropriate conditions to form fibrils, which maintain the
unipolar (N to C) orientation of the monomers at the fibril ends
[2]. The staggered stacking of collagen molecules in a fibril gives rise
to the characteristic 67 nm D-periodicity, which corresponds to the
gap and overlap regions of the molecules, while the cross-sectional
hexagonal packing of collagen molecules has been suggested to be
the origin of collagen piezoelectricity [5].

Previous studies have demonstrated the potential of
collagenous scaffolds [8] and hydrogels [9] for tissue engineering
applications [10]. The ability to assemble collagenous scaffolds
in vitro with the same structure and properties as natural collage-
nous tissues would be of significance for studying cell-matrix
interactions, as well as for developing compatible engineered
tissues. In addition, comparing the electro-mechanical properties
between natural collagenous tissues and engineered collagenous
constructs could help understand the biological significance of
piezoelectricity in collagen. Numerous approaches to assemble
fibrillar collagen structures have been implemented, including
hydrodynamic flow in the presence of potassium [11,12], magnetic
field alignment [13], dip-pen lithography [14], chemical nanopat-
terning [15], microfluidics [16], and atomic force microscopy
(AFM) manipulation [17]. Recent attempts to align collagen by
electrochemical processes have demonstrated successful
alignment of anisotropically oriented collagen molecules [9,18].
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In addition to advantages such as increased mechanical stability
[19], aligned collagenous tissues have been shown to influence cell
alignment and growth [20].

There are several well-established methods for structural imag-
ing of collagen fibrils and connective tissues, including scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) [21,22], however, these techniques require dehydrated spec-
imens and TEM can only provide information on polar order via
staining whilst revealing no information on electro-mechanical
coupling. AFM allows measurements to be performed in air and li-
quid, and under physiologically relevant conditions, and recent ad-
vances in AFM have contributed to understanding biofunctionality
at the nanoscale [23], including nanomechanical mapping of elas-
ticity in mineralized and non-mineralized collagen fibrils [24-26].
Piezoresponse force microscopy (PFM), a technique developed ini-
tially to image domains in ferroelectric materials by measuring
bias-induced surface deformations [27], has recently been em-
ployed to study electro-mechanical coupling in biological systems
[28]. PFM is capable of investigating the in-plane and out-of-plane
piezoelectric response of biosystems on the nanoscale, including
collagen [29-33]. Minary-Jolandan and Yu have observed shear
piezoelectricity in single collagen type I fibrils using PFM [31,32].
With PFM not only can fibril alignment be investigated through
normal AFM surface topography and deflection images, but the
amplitude of the piezoelectric signal and the polarity of the fibrils
can be imaged.

Cells have been shown to co-align with aligned collagen fibrils,
suggesting that ordered fibrils influence cell polarization [34]. It
has also been shown that cells align in the direction of mechanical
loading in hydrogels [35], which has been attributed to the trigger-
ing of cell surface stretch receptors by mechanical signals. It seems
plausible to suggest that such mechanical signals could transform
into electrical signals as a result of collagen piezoelectricity. Previ-
ous studies have also shown that electrical signals of various
strengths and pulses lead to a significant increase in bone cell pro-
liferation [36].

Successfully assembling collagen-rich tissues with similar
alignments, orientations, and piezoelectric properties as natural
tissues will provide a framework to further our understanding of
the role collagen structure and function has on intercellular and
cell-matrix communication. The ability to study the piezoelectric-
ity of collagen on the nanoscale will provide a pathway towards
understanding mechano-transduction mechanisms and the role
electro-mechanics plays in bone remodeling and tissue growth.
There may be unidentified benefits of replicating both the func-
tional and structural properties of collagenous tissues. By replicat-
ing the phenomenon of electro-mechanical coupling in assembled
tissues, the applications of engineered collagen structures can be
expanded. Notably, electro-mechanical coupling is a phenomenon
exhibited by many biopolymers [3], including chitin, cellulose,
poly-L-lysine, which are currently used for biomedical applications
[37]. Piezoelectric polymers have also been shown to promote neu-
rite alignment [38]. It is envisioned that not just the structural and
chemical properties of such biomaterials should be tailored, but so
should the electro-mechanical properties, in order to elicit the de-
sired outcomes for targeted applications.

Here, a comparison of the electro-mechanical properties of
isoelectrically focused collagen with rat tail tendon is presented.
Rat tail tendon is an excellent tissue for studying collagen as it
consists primarily of type I collagen, with only a small volume
of proteoglycan, in which the fibrils have a high degree of align-
ment along the tendon axis [39]. Similarly, isoelectric focusing
has been shown to induce the conformational alignment of col-
lagen molecules, which then assemble into hierarchical struc-
tures (nano- and microfibrils) that co-align along the axis of
the hydrogels [9].

2. Materials and methods
2.1. Preparation of rat tail tendon

Tendon harvested from a rat tail was deposited on gold-coated
mica, fixed via carbon tape, and allowed to dry. The tendon fiber
used for the study was 440+20 um in diameter and 4.2+
0.02 mm in length, measured using a micrometer. The tendon
was bleached in a 4% sodium hypochlorite solution for 20 s in order
to partially remove non-collagenous proteins, and thereby expose
the fibrils.

2.2. Preparation of isoelectrically focused collagen

Self-assembled, isoelectrically focused collagen hydrogels have
been prepared via a method described previously by Abu-Rub
et al. [9]. Briefly, a solution of dialyzed type I collagen molecules
in 20 nM acetic acid solution was subjected to a d.c. voltage of
3 Vatacurrent of 25 pA in an electro-chemical cell for 60 min. This
generates a pH gradient between the electrodes, which causes the
collagen molecules to migrate towards their isoelectric point (pH
8). The molecules concentrate and subsequently assemble along
this region to form a dense fiber bundle, which is then removed
and incubated in polyethylene glycol (PEG)-containing buffer at
37 °C prior to incubation in phosphate-buffered saline (PBS) over-
night. The collagen hydrogel is then placed on highly ordered pyro-
lytic graphite (HOPG) and allowed to dry in air prior to PFM
measurements. The dried collagen hydrogel used in the study
was 500 + 20 pm in diameter and 6.50 + 0.02 mm in length.

2.3. Atomic force microscopy and piezoresponse force microscopy
experiments

PFM imaging was performed with an Asylum Research MFP-3D
atomic force microscope equipped with a Zurich Instruments
HF2LI lock-in amplifier and using conductive MikroMasch DPE18
Pt-coated cantilevers with nominal resonant frequencies and
spring constants of 75 kHz and 3.5 N m™!, respectively. The cantile-
ver stiffness is expected to minimize any electrostatic contribution
to the measured signal [40]. Prior to imaging, the rat tail tendon
and isoelectrically focused collagen samples were placed on a
grounded copper plate. During imaging an a.c. signal, Agsin(wt)
(typically 30 Vs at 7 kHz), is applied to the tip, which is in contact
with the surface at a constant force (typically 90 nN). The resulting
local shear deformations are detected via photodetector signal
changes due to cantilever torsion. In this scenario the in-plane
polarization is measured, and the technique is typically referred
to as lateral PFM (LPFM) [41]. The shear sensitivity was calculated
based on the geometry of the cantilever, as described by Peter et al.
[42], using the equation, R = 4L/3h, where R is the ratio between
the in-plane and out-of-plane sensitivities, L is the length of the
cantilever (230 um), and h is the combined height of the tip and
cantilever thickness (18 pum). The out-of-plane sensitivity was
experimentally measured (53.6 nm V'), thus the in-plane sensitiv-
ity is 913 nm V..

The orientation of collagen fibrils exhibiting shear piezoelectric-
ity with respect to the cantilever axis can affect the magnitude of
the piezoelectric signal obtained. Thus the sensitivity of the piezor-
esponse due to the fibril-cantilever geometry must be considered.
The maximum detected shear piezoelectric deformation of a single
collagen fibril on a substrate due to an applied field occurs when
the cantilever axis is perpendicular to the fibril polarization [43].
This geometry also minimizes any contribution of cantilever buck-
ling to the measured lateral signal. High voltage PFM was imple-
mented using a custom built amplifier based on an APEX model
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PA85 operational amplifier with a gain of 10, which amplified the
a.c. excitation signal. The piezoelectric signal A;sin(wt + @) result-
ing from the converse piezoelectric effect and measured via the
torsion of the cantilever was demodulated into amplitude (A;)
and phase (®) signals using the lock-in amplifier. The acquired
PFM amplitude and phase response images indicate the amplitude
of the piezoelectric shear deformation and the N to C polarity of the
collagen, respectively.

Fibril widths were estimated from the AFM line profiles of 10 fi-
brils. AFM deflection images are used as individual fibrils are visi-
ble in both the dried hydrogel and tendon in these images. For each
fibril width reported three line profiles were taken along the length
of the fibril to account for any non-uniform fibrillar widths. Only
fibrils which were visibly isolated were chosen for analysis.

2.4. Fast Fourier transform analysis

Fast Fourier transform (FFT) analysis (WSxXM software [44]) has
been used to characterize the alignment of collagen fibrils from
both rat tail tendon and isoelectrically focused collagen. FFT
analysis of an image converts the information in the image into fre-
quency space. The subsequent FFT output image contains pixels
which are distributed in a shape which represents the degree of
alignment in the original image. In general, the more symmetrical
the shape, the higher the degree of alignment present in the image.
Direct comparison of the FFTs from rat tendon and the dried colla-

gen hydrogel is possible using a radial profile plug-in (Image]J). By
summing the pixel intensities along the radius of the circular pro-
jection between 0° and 360° in 1° increments the FFT distributions
can be visualized and analyzed quantitatively.

3. Results and discussion

3.1. AFM characterization of rat tail tendon and isoelectrically focused
collagen hydrogel

The surface properties of rat tail tendon were characterized by
AFM. An AFM deflection image of a 5 x 5 um? area of the tendon
is shown in Fig. 1a. A periodic banding of 67 + 3 nm is observed,
as shown in Fig. 1¢, which has been determined by measuring a line
profile from 10 fibrils in the image and calculating the average and
standard deviation. This periodicity is more readily apparent in the
deflection, as opposed to height, images. The fibrils appear to be
predominantly oriented along the long axis of the tendon. The aver-
age observed fibril width was determined to be 232 + 35 nm, again
calculated from an average of 10 fibrils in the image, which is with-
in the range reported for rat tail tendon (typical fibril diameters are
between 50 and 300 nm and vary with the age of the rat [39]).

Fig. 1b shows an AFM deflection image of the dried collagen
hydrogel. Several fibrils are aligned along the length of the hydro-
gel axis, but a considerable number of misaligned fibrils remain.
The line profile in Fig. 1d shows the periodic 67 + 2 nm banding
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Fig. 1. AFM images of rat tail tendon and the isoelectrically focused hydrogel. (a) AFM deflection image of a rat tail tendon. (b) AFM deflection image of isoelectrically focused
collagen. (c) Line profile measured from (a) displaying the periodicity of the collagen fibrils. (d) Line profile measured from (b) confirming collagen periodicity in

isoelectrically focused collagen fibrils. Scale bar for (a) and (b) 1 um.
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of collagen and a typical fibril width of 227 + 46 nm. These results
demonstrate the successful replication of fibrillar type I collagen
with similar fibril widths. However, from this image we can see
that this particular collagen hydrogel does not have the same de-
gree of fibrillar alignment as the rat tail tendon. Note that the
PEG buffer stimulates a volume reduction by dehydration, which
assists with the fibrillar alignment, thus the tendon and hydrogel
samples likely have different water contents and may deform dif-
ferently during sample preparation.

3.2. PFM characterization of rat tail tendon and isoelectrically focused
collagen hydrogel

As collagen is a shear piezoelectric biopolymer [5,29], LPFM has
been applied to investigate the in-plane piezoelectric response of
the tendon and dried hydrogel. A 20 x 20 um? area deflection im-
age of the rat tail tendon is shown in Fig. 2a. At this scan size there
is no periodic banding visible. Note that in some regions the ten-
don may not have been bleached sufficiently to reveal the fibrils.
PFM, however, probes a finite volume beneath the tip such that
the response of the fibrils underneath can still be visualized [45].
Fig. 2b is the corresponding LPFM amplitude image, which con-
firms piezoelectricity in the tendon. Each fibril appears to have a
constant piezoresponse value along the length of the fibril, and
the image illustrates a high degree of alignment of the fibrils.
The LPFM phase image (Fig. 2c) displays the N to C polarity, or
the polar order, of the collagen fibrils. Since it is non-trivial to iden-
tify the polarization direction, a fibril with bright phase contrast
(+90°) is assigned as having a N to C polarity pointing to the right
of the image, while a fibril with dark phase contrast (-90°) has a
polar order pointing to the left. In essence, the fibrils are deforming
out of phase with each other during application of the a.c. bias.
Note that there is clear evidence of antiparallel polar ordering of
the fibrils, whereby adjacent fibrils exhibit polarization in opposite

directions. Fig. 2d-f shows LPFM images obtained from a smaller
area (5 x 5 um? scan). Collagen fibrils are visible in the deflection
image (Fig. 2d), as confirmed by the presence of D-periodicity.
The LPFM amplitude image (Fig. 2e) displays a fibrillar level re-
sponse consistent with the shear piezoelectricity of type I collagen.
The average width of the fibrils in the LPFM amplitude image is
200 + 78 nm. This suggests that the response is due to the piezo-
electric activity of individual fibrils, as the average fibrillar widths
from the AFM deflection image have been measured to be
232 + 35 nm. From the LPFM phase image (Fig. 2f) there is further
evidence of antiparallel fibrillar ordering along the tendon axis.
Comparing the LPFM phase and amplitude images it can be ob-
served that fibrils which exhibit opposite polarization directions
undergo equal shear piezoelectric deformations, as expected.
Lateral PFM has been utilized to study electro-mechanical cou-
pling in dried isoelectrically focused collagen hydrogels to compare
the shear piezoelectricity of natural and engineered collagen. Fig. 3
shows the LPFM results for the isoelectric collagen. Fibrils are vis-
ible throughout the entire deflection image in Fig. 3a. The LPFM
amplitude image in Fig. 3b confirms piezoelectricity in the dried
hydrogel, suggesting successful replication of this functional prop-
erty. In the LPFM amplitude image, a higher piezoresponse is ob-
served from fibrils perpendicular to the cantilever and parallel to
the scanning direction, which is due to the in-plane shear response
of the fibrils and results from torsional twisting of the cantilever.
The cantilever-fibril geometry used for all PFM measurements is
illustrated in the insets in Figs. 2a and 3a. The long axis of the ten-
don and dried hydrogel sample is parallel to the scanning direction
in all cases. The signal dependence on the angle between the can-
tilever and fibril is highlighted in Fig. 3e. Fibril 1 has the optimal
orientation for measuring the shear response of the fibrils as it is
perpendicular to the cantilever and parallel to the scan direction.
Fibril 2 displays approximately half of the maximal response as it
has a 37° angle with respect to the scan direction. LPFM amplitude

Fig. 2. PFM images of rat tail tendon. (a) AFM deflection image of a rat tail tendon. The inset shows the cantilever orientation and scanning direction (double arrow). (b) LPFM
amplitude image measured in the same region as (a). (c) LPFM phase image displaying the polar orientation of the fibrils. Scale bar for (a—c) 5 pm. (d) Smaller scan size AFM
image measured from the location indicated by the square in (b), which shows the periodicity of the fibrils. (e) LPFM amplitude and (f) LPFM phase images of the same region
as (d). Arrows in (f) indicate the assigned collagen polarity from the N to C termini. Scale bar for (d-f) 1 um.
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Fig. 3. PFM images of the isoelectrically focused collagen hydrogel. (a) AFM deflection image of isoelectrically focused collagen. The inset shows the cantilever orientation and
scanning direction (double arrow). (b) LPFM amplitude image of the same area as (a) and a simultaneously recorded (c) LPFM phase image. Scale bar for (a-c) 5 um. (d)
Smaller scan size AFM deflection image of isoelectrically focused collagen measured from the location indicated by the square in (b). (e) LPFM amplitude and (f) LPFM phase
images. The regions circled in (e) show: (1) a fibril aligned with the scan direction; (2) a fibril oriented at an angle with respect to the scan direction. Arrows in (f) indicate the

assigned collagen polarity from the N to C termini. Scale bar for (d-f) 1 um.
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Fig. 4. FFT analysis of rat tail tendon and the isoelectrically focused hydrogel. (a) FFT of the rat tail tendon PFM amplitude image (Fig. 2b) displaying the fibrillar alignment of
natural tissue. (b) FFT of the isoelectrically focused collagen PFM amplitude image (Fig. 3b) displaying alignment of grown fibrils. (c) Radial average intensity plot of the rat

tail tendon FFT and isoelectrically focused FFT images.
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images for rat tail tendon and the dried collagen hydrogel have
been normalized to allow direct comparison of the two. The calcu-
lated average piezoresponse from the amplitude images measured
on both samples indicates that the collagen hydrogel has a 35%
higher signal than the tendon. There is also a higher response from
fibrils with the optimal orientation (perpendicular to the cantile-
ver) in the dried collagen hydrogel when compared with similar
fibrils in the rat tail tendon. This unexpected result may be attrib-
uted to incomplete bleaching (Fig. 1a) of the tendon sample or to a
change in the tip state, i.e. contamination or coating wear. How-
ever, it should also be noted that while the tendon collagen fibrils
are cross-linked, there is no specific cross-linking step in the
preparation of the hydrogel (non-covalent cross-links are probably
present in the hydrogel). This would likely result in a larger piezo-
electric signal due to a higher degree of freedom of the molecules,
but would require additional study. The LPFM phase image shown
in Fig. 3c displays the polar order of the fibrils where a +90° phase
is observed for 81% of the image, illustrating that the antiparallel
polar ordering observed in the tendon is not replicated in the dried
hydrogel.

3.3. Alignment studies of rat tail tendon and isoelectrically focused
collagen hydrogel via FFT analysis

Fig. 4 shows the degree of alignment of the fibrils in the tendon.
The fibrillar alignment in the tendon and isoelectrically focused
collagen has been determined using FFT analysis of the PFM ampli-
tude images and subsequent radial summation of pixel intensities.
PFM amplitude images were chosen for the FFT analysis (as
opposed to topography images) as the collagen fibrils were not
fully exposed in the rat tendon case. FFT and radial averaging anal-
ysis of the phase and reconstructed A;sin(wt + ®) images follow
the same trend demonstrated by the amplitude images. The FFT
of an image containing aligned fibrils will yield an elliptical distri-
bution. The degree of alignment is represented by the full width at
half maximum (FWHM) of the peaks obtained from summing the
pixel intensities of the FFT image for each degree between 0° and
360°. Fig. 4a shows the FFT of Fig. 2b, which has a narrow peak
illustrating alignment of the collagen fibrils in rat tail tendon. Ra-
dial summation of the intensity of the rat tail tendon FFT image
(Fig. 4c) revealed two peaks at 95° and 275°, indicating strong
alignment along the scan direction, and, hence, along the tendon
axis. The slight offset from 90° and 270° is due to a slight misalign-
ment of the scan direction with respect to the tendon axis. The
FWHM of the peaks were determined to be 34° and 42°, respec-
tively. The radially averaged intensity plots have been normalized
using a scaling factor of 3300 to allow direct comparison between
the tissues.

The alignment of collagen fibrils in the dried isoelectrically fo-
cused collagen hydrogel was also studied using FFT analysis
(Fig. 4b). From radial summation of the FFT image (Fig. 4c) there
were peaks at 85° and 275°, and the FWHM were measured to be
95° and 135°, respectively. Comparing the average FWHM value
for the tendon and dried hydrogel (38° and 115°, respectively), it
is apparent that the collagen fibrils in the tendon are three times
as well aligned as those in the hydrogel.

4. Conclusion

PFM measurements were performed on both collagen from rat
tail tendon and a dried collagen hydrogel formed by isoelectric
focusing to study the alignment of both tissues and to investigate
their electro-mechanical properties. In the tendon sample the col-
lagen fibrils displayed a high degree of alignment, which is always
observed along the length of the long axis of the tendon. LPFM

results confirmed fibrillar level shear piezoelectricity in the ten-
don, and strong evidence of antiparallel polar ordering of neighbor-
ing fibrils in rat tail tendon was observed in both large (20 pm) and
small (5 pm) scale PFM images. It was shown that the dried colla-
gen hydrogel successfully replicates the characteristic D-period of
natural type I fibrillar collagen in tendon. PFM images of the dried
collagen hydrogel verify the piezoelectricity of the engineered tis-
sue, demonstrating that isoelectrically focused collagen has similar
piezoelectric properties to natural collagen in tendon. The higher
piezoresponse signal observed in the dried hydrogel is thought to
result from a lack of covalent cross-links present in the engineered
tissue. More study is required on the role of covalent cross-links in
the piezoelectricity of biosystems. The work presented here has
implications for exploiting piezoelectric biopolymers in tissue
engineering applications, which may further our understanding
of the role of collagen structure and function on intercellular and
cell-matrix communication when mimicking, improving, and
replacing biological functions.
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Appendix A. Figures with essential colour discrimination

Figures in this article are difficult to interpret in black and
white. The full colour images can be found in the on-line version,
at http://dx.doi.org/10.1016/j.actbio.2012.04.017.
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