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Fibril Size-Dependent Control of Polar Ordering in Type | Collagen Membranes
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University College Dublin,
Belfield, Dublin 4, Ireland

Steven Sawamura and Michael V. Paukshto
Fibralign Corporation
32930 Alvarado-Niles Rd., Suite 350
Union City, California 94587, United States

The most abundant protein in the human body, collagen, is widely used in tissue culture and engineering
applications, spanning from substrate functionalization to fibrillar architectures and three-dimensional
constructs. Collagen piezoelectricity provides an opportunity to exploit electromechanical coupling in these
applications, wherein an applied mechanical stress generates charge, which might influence ion screening,
protein absorption, and cell response. In type | collagen, the polarization direction follows the fibril
orientation. Thus, control of fibril orientation and size in a collagen film or membrane may provide control
of the polarization, enabling the creation of regions of uniform polarization direction. Here, aligned
substrate-supported type | collagen membranes having fibril sizes from ~100-500 nm are deposited using
different osmotic concentrations (90, 190, and 290 mOsm/kg, from low to high ionic strength) to investigate
the correlation between fibril size and piezoelectric properties. Lateral piezoresponse force microscopy is
used to show that regions of uniform polarization orientation, as determined through 2D correlation
analysis, decrease with increasing fibril size.

Keywords: piezoelectric films, piezoelectricity, polarization, biomedical materials

1 INTRODUCTION

In the past few decades, piezoelectricity has been investigated in type | collagenous materials such as
teeth, bone, tendon, cornea, and fish scales [1-5] building on the pioneering work of Fukada and co-authors
in the preceding decades [6, 7]. Piezoelectricity has also been found on other organic materials such as
diphenylalanine peptide-based structures [8, 9]. Compared to inorganic piezoelectric materials such as lead
zirconate titanate, commonly used in sensing and actuating applications, organic piezoelectrics are more
environmentally-friendly [10]. Moreover, organic piezoelectrics can be used in a range of biomedical
applications [11], e.g., in tissue culture and engineering, as well as in energy harvesting applications, as
demonstrated using viruses (M13 bacteriophages), collagen, and peptide nanotubes (PNTs) [1, 12-14]. For
example, Ghosh and Mandal reported a collagen-based fish scale nanogenerator with a power output density
of 1.14 pW/cm? under a compressive stress of 0.17 MPa [1]. Recently, Lee et al reported that the polarization
direction distribution of the PNTs (along the long axis of the PNT) has a critical effect on the energy harvesting;
polarization-aligned structures yielded ~10 times the voltage output of randomly-oriented structures [14].

Similar to PNTs, the polarization direction of a collagen fibril, defined by the amine to carboxyl dipole of the
collagen molecule building blocks of the fibril, is also along its long axis [8, 15], and attempts to control and align
the polarization direction of collagen fibrils may prove beneficial in energy harvesting and tissue engineering
applications. For example, cell motion, proliferation, and differentiation have been reported to be sensitive to
an applied external electric field [16], and cell function has been reported to be affected by local flexoelectrically-



generated fields in bone [17]. A piezoelectric collagen surface with tailored polarization domain size may be able
to affect cell behavior through the generation of mechanically-induced charge.

Prior work reported that the polarization directions of collagen fibrils, as determined by piezoresponse force
microscopy (PFM) or second harmonic generation, within native and engineered tissues tend to be arranged
randomly, even for tissues containing highly ordered, aligned fibrils (often in an antiparallel configuration) [4,
15, 18-20]. As a result, within a cross sectional area of a tendon with aligned collagen fibrils, the net polarization
would be ~zero [3]. While no prior work has shown uniform polarity in a collagenous tissue, a previous study
reported that regions of uniform PFM phase larger than the topographic features were observed in type |
collagen films [2], and aligned collagen membranes have been prepared from a type | collagen nematic liquid
crystal phase on glass slides under shear flow [21] with regions of ~20 fibrils having the same polar direction
[19]. Here, we investigate the effect of osmolality (concentration expressed as total number of solutes per kg
of water) on the fibril width and uniform-polarity domain size in aligned type | collagen membranes. We
prepared membranes having fibril sizes in the range from ~100-500 nm and use lateral PFM (LPFM) to
characterize the piezoelectric properties of membranes, finding that as the fibril size decreases, the area of
uniform polarity increases.

2 EXPERIMENTAL
2.1 SAMPLE PREPARATION

The aligned collagen membranes (Fibralign) were produced from medical grade monomeric porcine type
| atelocollagen in a nematic liquid crystal state (¥60 mg/ml) with different osmolalities (90, 190, and 290
mOsm/kg, from low to high ionic strength) under controlled shear flow on glass slides (0.8 cm x 1.5 cm),
with fibrils forming during evaporation of the liquid crystal [21]. One 90 mOsm/kg sample, later referred to
as having ultra-small fibrils, was prepared at a lower than ambient relative humidity (<30%).

2.2 SAMPLE CHARACTERIZATION

Topography and piezoelectric properties of the collagen membranes were measured using atomic force
microscopy (AFM; Cypher, Asylum Research). The nominal spring constant and resonant frequency of the
conductive cantilevers (PPP-EFM, Nanosensors) used in all measurements were 2.5 N/m and 75 kHz,
respectively. All samples were imaged with the long axis of the cantilever orthogonal to the overall
alignment direction of the collagen. Contact-mode topography images were recorded simultaneously with
lateral LPFM (also known as in-plane PFM) using a 30 nN loading force. A 15 kHz alternating current (AC)
voltage of 60 V (peak-to-peak) applied to the conducting probe to excite surface deformations via the
converse piezoelectric effect and monitor cantilever torsion. A voltage amplifier (F10A, FLC Electronics AB)
was used to amplify the AC voltage from the lock-in amplifier (HF2LI, Zurich Instruments), which was also
used to demodulate the LPFM amplitude (depends on piezoelectric response) and phase (depends on polar
orientation) signals. Piezoelectric data were also recorded at specific locations while sweeping the AC
voltage from 0 to 60V, wherein the slope provides a measure of the effective shear piezoelectric coefficient,
dis. Calibration of the LPFM signal required determination of the lateral inverse optical lever sensitivity,
which was calculated by multiplying the measured vertical inverse optical lever sensitivity (~50 pm/V with
less than 1% variation before and after measurements) by the in-plane to out-of-plane amplification ratio,
R, given by R = 2L/3h [22] using typical values for L, the length of the cantilever, and h, the combined tip
length and cantilever thickness.

2.3 AUTOCORRELATION ANALYSIS
LPFM images were assessed using 2D autocorrelation analysis. Firstly, autocorrelation images, C(ri, r2),
were obtained from LPFM phase images via Equation (1):
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where D(x, y) is the value of the LPFM phase signal. Secondly, the autocorrelation function was averaged
over all in-plane directions of the autocorrelated images and approximated by Equation (2):

<C(r) >=oc%exp[—(r/< & >)?P] (2)

In Equation (2), r is the distance from the central peak in the autocorrelation images, <> is the average
correlation radius, and the exponent p (0 < p < 1) is a measure of the roughness of the so-called polarization
interface.

3 RESULTS AND DISCUSSION

Topographic images (30 um x 30 um) of the prepared collagen membranes are shown in Figures 1a—1d,
corresponding to membranes prepared with 290, 190, and 90 mOsm/kg at ambient relative humidity, and
90 mOsm/kg at <30% relative humidity. The white arrow in Figure 1a indicates the predominant fibril
alignment direction for all samples and all figures. The fibrils in the membranes have a woven appearance,
with local deviations from the alignment direction, while maintaining an overall predominant alignment.
The osmolality appears to control the fibril size, or at least the topographical features. The woven
appearance of the fibrils evolves with reducing fibril size, leading to a ramen-like structure in Figure 1c and
notable horizontal features in Figure 1d, reminiscent of tendon-like crimp features as noted previously by
Denning et al [19]. The average size of the fibrils (or fibril bundles) was determined by analyzing orthogonal
line profile cross sections of 20 apparent fibrils from each membrane shown in Figures 1a-1d to be 476 +
115 nm, 308 £ 108 nm, 276 + 86 nm, 123 + 17 nm, respectively (determined using 10 um x 10 um and 5 um
x 5 um images). For convenience, we will refer to the membranes as having large, medium, small, and ultra-
small fibrils (Table 1). The standard deviation increases with fibril size, reflecting a larger size distribution
for membranes with larger fibrils, consistent with the appearance (Figures la—1d) and roughness
(determined from 30 pum x 30 um images) of the membranes (Table 1). The root-mean-square roughness
was determined to be 120, 113, 38, and 9 nm in Figures 1a—-1d, respectively, highlighting the role of
osmolality in controlling topographical features. Perhaps as expected, the results show that thinner fibrils
are more likely to form a smoother membrane surface. The role of ionic strength and pH on collagen fibril
formation in solution or on a substrate has been highlighted before; previously, Morozova et al reported
that thinner collagen fibrils formed in collagen solutions of lower ionic strengths [23]. Interestingly, a similar
trend is observed for collagen membranes formed from a nematic liquid crystal state.

Table 1. Osmolality, fibril size, roughness, and correlation radius.

Sample Osmolality | Fibril size Roughness Correlation
(mOsm/kg) (nm) (nm) radius (nm)
Large 290 476 £ 116 120 75+16
Medium 190 308 + 108 113 340+ 12
Small 90 276 + 86 38 384 +£17
Ultra-small 90 123 +17 9 474 £7
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Figure 1. Topography and lateral plezoresponse force mlcroscopy (LPFM) phase |mages (a d) Topography (30 pum x 30 um) and corresponding
(e-h) LPFM phase images of collagen membranes with (a, e) large, (b, f) medium, (c, g) small, and (d, h) ultra-small fibrils. (i-I) LPFM phase
images from the central 10 um x 10 um area of (e-h). The white dashed line in (h) shows the largest domain width in these LPFM figures. The
white arrow in (a) indicates the predominant fibril alignment direction, which is perpendicular to the cantilever (white). The black arrow in (a)

indicates the scan direction of all images.

(2)

Figure 2. Topography and LPFM phase and amplitude images. (a-d) Topography and correspondlng LPFM (e-h) phase and (i-1) amplitude images
of collagen membranes with (a, e, i) large, (b, f, j) medium, (c, g, k) small (d, h, I), and ultra-small fibrils. The white solid arrows in each image
point to two opposite polarization directions. The white dashed arrows in (c, g, k) show an example of fibrils that are not perpendicular to the
cantilever. The dashed lines in (d, I) show a region where the LPFM amplitude reaches a maximum as the fibrils align perpendicular to the
cantilever. Apparent fibril size was determined in (d) from regions where fibrils were visible, such as between the dashed lines. Scale bar in (a)

applies to all images.



The LPFM phase images corresponding to the topography images in Figures 1a—1d are provided in Figures
le—1h and show the polar orientation of the fibrils within each collagen membrane. There appears to be an
influence of osmolality and thereby fibril size on the resultant domain pattern. Notably, the LPFM phase
response appears to become more structured with decreasing osmolality. Since the polar direction is
defined by the fibril and the fibrils are predominantly ordered orthogonal to the (horizontal) scan direction,
the horizontal width of regions of uniform polarity is a good measure of the region of uniform polarity or
domain size. It is worth mentioning that the maximum uniform polarity width in the membrane with ultra-
small fibrils is 5.1 um (shown as white dashed line in Figure 1h), which is more than 40 times the average
fibril size. Unlike reports on other collagenous tissues where the polarity domain size tends to correspond
to the fibril size, the LPFM phase image for the membrane with large fibrils (Figure 1le) appears to have
domains smaller than the fibril size reported that do not correspond exactly with the apparent fibril
alignment. To investigate this discrepancy, LPFM phase images of 10 um x 10 um and 5 um x 5 um regions
were recorded (Figures 1i—1l and Figures 2a—2d, respectively). The average width of regions of uniform
polarity (domains) was determined from 10 horizontal line profile cross sections of Figures 1i—1l to be 289
+194 nm, 476 £ 419 nm, 642 £ 497 nm, and 830 + 764 nm, respectively. Figures 2a—2d show 5 um x 5 um
topography images for the four membranes. Figure 2a reveals that the surface comprises fibril bundles and
branching fibrils with a more complex topography than previously considered. Such a surface with
intertwined fibrils could give rise to the LPFM phase images shown in Figures 1e, 1i, and 2e, resulting in
domain sizes smaller than the apparent fibril size. Varying levels of topographic complexity persists in
membranes with medium (Figure 2b) and small (Figure 2c) fibril sizes as well; however, with decreasing
osmolality, the overlapping fibrils appear more likely to have the same polarization direction (Figures 2f and
2g), resulting in domains of uniform polarity that are larger than the fibril size. For the membrane with the
ultra-small fibrils (Figure 2d), the fibrils form a more uniform layer and large polarity domains (Figure 2h).
The topography and LPFM results are reproducible in different locations on each sample.

Even though the fibril and domain sizes are different for each collagen membrane, there are still
similarities in their piezoresponse. For example, the fibrils which are perpendicular to the tip long axis have
stronger piezoresponse than those at other angles. The dashed arrows in Figures 2c, 2g, and 2k show the
apparent polarization direction of that area, which are not parallel to the alignment direction or orthogonal
to the cantilever axis. Correspondingly, the LPFM amplitude in this region is lower, as expected and as
previously reported by Denning et al [18]. Figure 2l also shows this behavior between the dashed lines,
where the amplitude reaches a maximum as the fibril orientations become orthogonal to the long axis of
the cantilever. Moreover, adjacent domains have opposite polarization directions (white arrows in Figures
2e—2h), having similar amplitude response and being separated by a minimum in the amplitude response.

To better evaluate the polarity domain size of the membranes, autocorrelation analysis was performed
Figure 3). Such analysis has been previously used to investigate nanopolar structures in relaxor
ferroelectrics [24]. Autocorrelation images (Figures 3a, 3b, 3d, and 3e) were obtained from LPFM phase
images (Figures 1e—1h). The shape of the autocorrelation image provides information on the symmetry and
regularity of the polarization distribution. In addition, the width of the central spot in the autocorrelation
images shows the polarization correlation radius. The inset images in Figures 3a, 3b, 3d, and 3e show the
center peak of the correlation images (2 um x 2 um area). Since the polarization direction coincides with
the alignment direction, most domain sizes are larger in the vertical direction compared to the horizontal
direction. This behavior is apparent in the autocorrelation images as well (oval shape of the center spot in
Figures 3a, 3b, 3d, and 3e). The center spot becomes more symmetric for the membrane with the ultra-
small fibril membrane because of the relatively larger domain width. The inset images also show that the
center spot increases in size from Figure 3a to Figure 3b, which means the domain radius is increasing. The
autocorrelation images are averaged over all in-plane directions and plotted in Figure 3c. After fitting each
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curve in Figure 3c using Equation (2), the obtained autocorrelation radii were plotted in Figure 3f. We
observed that the increased fibril size results in a decrease in the correlation radius from 474 to 75 nm
(Table 1), a trend consistent with the analyzed averaged domain width.
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Figure 3. (3, b, d, e) Auto correlation images (60 um x 60 um) of LPFM phase images from Figures 1e—h. The insets show the center of each
image (2 um x 2 um). (c) Distance dependence of the autocorrelation function, C(ry, r,), averaged over all in-plane directions from the central

maximum. (d) Fibril size dependence of the mean correlation radius of each collagen membrane (see Table 1).
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The effective dis coefficient of the membranes, determined from the slopes of the linear fits of the LPFM
amplitude response versus applied AC voltage in the 6 to 30 V range, was 6.0 + 1.0 pm/V. The dis value
reported here is similar to previous reports for type | collagen (6.21 + 2.93 pm/V) [3] and higher than
reported previously for type | collagen membranes [19]; however, those membranes were prepared with a
different formulation and manufacturing process and the calibration procedure neglected to take into
account the instrument-dependent vertical and lateral signal electronic gains [25]. Measurements
performed using the same experimental set-up revealed an effective dis of 8.2 + 0.8 for type | collagen
fibrils from murine tail tendon. These values give an indication of the relative shear piezoelectricity of the
samples, noting that the calibration procedure used provides an estimate of the lateral inverse optical lever
sensitivity rather than a direct measurement of it. As collagen has been demonstrated in energy harvesting
applications [1], the collagen membranes reported here, that can be deposited on different substrates [21]
with, to an extent, tunable fibril and polar domain size, may be suitable energy harvesting materials.

4 CONCLUSIONS

Aligned type | collagen membranes, prepared with average fibril sizes of 123 + 17 nm, 276 + 86 nm, 308 +
108 nm, and 476 + 116 nm were found by lateral piezoresponse force microscopy and 2D correlation
analysis to have distinct characteristic domain sizes of uniform polarization that increased with decreasing
fibril size. The ability to control the size of the regions with uniform polarization may have implications for
tissue engineering and energy harvesting applications.
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