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ABSTRACT

Electromechanical changes in type I collagen caused by diseases are pivotal for monitoring bone health and offering informative message of
constructing biobased smart devices. Here, we employ a mouse model of osteogenesis imperfecta (oim/oim), which is genetically modified
through mutating the α-2 chain to α-1 chain in the collagen fibrils of the wild-type model (+/+ or heterotrimer), resulting in three α-1
chains in the collagen fibrils (i.e., homotrimer). Piezoresponse force microscopy (PFM) is used to directly visualize the sub-micrometer
structures and piezoresponses of +/+ and oim/oim collagen fibers. Results show that the compact and highly ordered +/+ collagen fibers
possess larger in-plane piezoresponses than the loosely packed and randomly distributed oim/oim collagen fibers. The mean values of the
lateral PFM amplitude are 108.53 pm and 77.72 pm with interquartile ranges of 98.56–117.47 pm and 71.21–85.93 pm for +/+ and oim/oim
collagen fibers, respectively. Molecular simulations demonstrate that the structural stability and electrically induced activity of heterotrimer
are better than those of homotrimer, suggesting better biopiezoelectricity of comprising diverse polar residues (atomic charges) within the
oriented heterotrimeric collagen molecular structure. Our study provides a new insight into the functional changes of human osteogenesis
imperfecta.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016535

I. INTRODUCTION

Biopiezoresponse is a type of electromechanical coupling phe-
nomenon in bio-organic molecular nanostructures.1 Up to now,
the biopiezoelectricity has been explored in a large number of bio-
materials, including proteins, biopolymers, molecular systems,
polysaccharides, organelles, glands, and seashells.1–9 One of the
most studied biomaterials, bone, is mainly composed of strongly
aligned polar organic type I collagen molecules embedded in the
inorganic matrix of mineral.10 Many results have showed that the
piezoelectric effect can promote bone growth, repair, construction,
while even being suitable for bone tissue engineering.11–15 In par-
ticular, the fibril-forming type I collagen has a crucial role in main-
taining the structural integrity and functional properties of the

bones.16 The typical hierarchical structure of type I collagen can be
subdivided into six levels at nano- to sub-microscales (Fig. 1). At
level 1, individual amino acid residues form G-X-Y triplets,17

whereas the X and Y can be any amino acid residues and G is
glycine. Level 2 consists of thousands of amino acids that are
bonded together in the form of -[G-X-Y]n- to construct a long α
chain through peptide bonds (amide bonds).18 At level 3, the α
chains are produced in two forms, namely, α-1 and α-2,19 by dif-
ferent genes encoding. α-1 and α-2 chains have different composi-
tions of amino acids and sequences. The wild-type type I collagen
has a heterotrimeric form consisting of two α-1 chains and one α-2
chain, while certain type I collagen in fetal tissues, fibrosis, and
cancer in humans has a homotrimeric form which consists of three
α-1 chains,20 i.e., α-2 chain is replaced by α-1 chain in those
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diseased collagens. At level 4, three left-handed α chains join
together to form a right-handed triple helical tropocollagen.21 At
level 5, tropocollagens form larger collagen aggregates in a stagger
pattern so that the collagen fibril has a polar orientation directed
from the amine N-terminus (ACE) to the carboxyl C-terminus
(NME).22 At level 6, collagen fibrils embed in the mineral matrix to
form the mineralized collagen fibers.23

Biopiezoelectricity of bone was first discovered by Fukada and
Yasuda in 1957.24 They proposed that its piezoelectricity was
ascribed to the crystalline micelles of the collagen molecules.
Subsequently, a large amount of studies have been devoted to
unraveling the origin of piezoelectricity in bones10,25–29 and fibril-
forming collagens.30–34 In 1981, Hastings et al. reported the biofer-
roelectricity of dry cortical bone since its polarization vs electric
field (P–E) relationship was comparable to that of the weak ferro-
electric materials and it could be characterized by a hysteresis
loop.35 However, the results of bioferroelectricity on moist bone
were unreliable because of the leakage currents.36 Over the past
decade, the studies on piezoelectricity in bone and collagen fibrils
have come into the era of nanometer precision. This is due to the
development of atomic force microscopy (AFM) based techniques
making the probing of multi-properties in these complex materials

at nanoscale feasible. Piezoresponse force microscopy (PFM) has
been well developed to characterize the nanoscale piezoelectricity
of various materials, including semiconductors,37,38 organic poly-
mers,39,40 and biological samples.23,41–55 As for collagen, dozens of
papers have been devoted to using PFM to characterize its nano-
scale piezoelectricity. Harnagea et al. realized the 2D nanoscale
mapping of the electromechanical behavior of individual type I col-
lagen fibril and found that shear piezoelectric activity was associ-
ated with piezoelectric deformation along the long axis of the
fibril.56 Minary-Jolandan et al. also reported that single collagen
fibril could behave predominantly as shear piezoelectric materials
with a piezoelectric coefficient of 1 pm/V.57 Additionally, they pro-
posed that there existed an intrinsic piezoelectric heterogeneity
within a collagen fibril coinciding with the periodic variation of its
gap and overlap regions.58 Jiang et al. recently published a work to
resolve the complex heterogeneity and intrinsic fine electromechan-
ical structure of collagen by sequential excitation PFM which
excited the electromechanical response of collagen via a sequence
of distinct frequencies to minimize the crosstalk with topography.59

They found that the gap and overlap regions of collagen fibers
exhibited different electromechanical amplitudes. Except for the
continuously burgeoning PFM, molecular simulation stays always a
powerful tool for the detailed analysis of correlation between the
structural–mechanical/piezoelectric properties of protein or other
bio-inspired materials.60–64 However, the current literature is still
lacking a good simulation explanation of electric induced behaviors
of α chain and aggregates in the bone.65–67

Osteogenesis imperfecta (OI), also known as a brittle bone
disease, is one of the genetic disorders that has adverse effects on
the bone health and has no cure currently.68 The underlying mech-
anism is usually the problems of connective tissues due to a lack of
type I collagen.69 In more than 90% of such cases, mutations in the
α-1 or α-2 genes occurred.69,70 Osteogenesis imperfecta murine
(oim) is a mouse model with well-defined genetic mutation,71 and
it was widely used to study the OI mechanisms. It was believed that
the observations of abnormal mineral alignments with respect to
collagens in the oim model are consistent with those reported in
human OI.71 It was also found that the collagen in the oim bone
was easily kinked and rotated with larger angles than those in the
wild-type bone.20 In addition, for the wild-type bone, the collagen
fibrils have higher mechanical strength than those of the oim bone,
as well as the overall mechanical properties.20,72–75 Despite a
handful of theoretical and experimental works that have addressed
the morphological changes76 as well as mechanical strength differ-
ences between the wild-type and oim bones, it still remains unclear
that what are the differences in the electromechanical coupling
behaviors between the two as well as how this coupling contributes
toward the mechanisms and treatments of brittle bone disease.

In this work, mouse model (oim/oim) with alteration in type I
collagen, i.e., mutating the α-2 chain to α-1 chain in tropocollagen
molecule, was adopted to study the biopiezoelectricity of brittle
bone for the first time. The controlled (wild-type) group +/+ was
used as a reference and counterpart. The in-plane and out-of-plane
piezoelectric responses of collagen fibers from the two groups’
bone samples were mapped via lateral PFM (LPFM) and vertical
PFM (VPFM), respectively. Furthermore, molecular dynamics sim-
ulations were performed to compare the in-plane and out-of-plane

FIG. 1. Schematics of the hierarchical structures of collagen fibers in +/+ heter-
otrimer and oim/oim homotrimer, showing the detailed sequences of the six
levels. At level 1, individual amino acid residues form G-X-Y triplets, whereas X
and Y can be any amino acid residues and G is glycine. At level 2, thousands
of amino acids bond in the form of -[G-X-Y]n- to form a long α chain through
peptide bonds. At level 3, three α chains are produced in a collagen molecule.
The wild-type type I collagen molecule has a heterotrimeric form consisting of
two α-1 chains and one α-2 chain. Type I collagen molecules in fetal tissues,
fibrosis, and cancer in humans have homotrimeric forms, which consist of
three α-1 chains. At level 4, three left-handed α chains join together to form a
right-handed triple helical tropocollagen. At level 5, tropocollagens form larger
collagen aggregates in a stagger pattern so that the collagen fibril has a polar
orientation directed from the amine N-terminus (ACE) to the carboxyl
C-terminus (NME). At level 6, collagen fibrils embed in the mineral matrix to
form the mineralized collagen fibers.
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responses of the two collagen models under specific electric fields.
A homotrimeric isoform simulation model consisting of three α-1
chains was used to mock the type I collagen in the oim/oim bone,
and a heterotrimeric model consisting of two α-1 chains and one
α-2 chain was used to mimic the type I collagen in the +/+ bone.
The field emission scanning electron microscopy (FESEM) and
energy dispersive x-ray spectroscopy (EDS) experiments were
adopted to reveal the morphology and chemistry changes between
+/+ and oim/oim collagen fibers. Through the experimental and
simulation works, we have found that the α-2 chain can improve the
piezoresponse of collagen fibrils. Specifically, the stronger piezoelec-
tricity can be achieved by forming heterotrimeric peptide chains
comprising versatile polar residues with versatile atomic charges in
the oriented structure of the collagen biomacromolecules.

II. MATERIALS AND METHODS

A. Mouse model and sample preparation

The mouse model is a type of B6C3Fe-a/aCol1a2oim/oim
strain (oim/oim) that replicates the moderate to severe condition of
human OI.75 Humeri of the 8 weeks old female mouse bones (for
both oim/oim and +/+ groups) were cleaned up and subsequently
dried in air for an hour. The dried bone samples were then embed-
ded in epoxy resin (EPOTHIN, Buehler, Lake Bluff, USA) and
polymerized at room temperature. After polymerization, the resin-
cast bone samples were cut into cubes using a diamond saw
(Isomet, Buehler GmbH, Germany). Afterward, the bone samples
were polished using carbide papers (from P800 to P4000) and
alumina powders (0.3 μm and 0.05 μm) to achieve the mirror-like
surfaces for PFM studies. The PFM experiments were conducted
under ambient air condition with a relative humidity of 50%–60%
and room temperature (∼25 °C).

B. Piezoresponse measured by PFM

PFM imaging was conducted on a commercial Scanning Probe
Microscope (MFP-3D, Asylum Research, Oxford Instruments,
Santa Barbara, USA). The conductive probes (PPP-CONTSCPt,
Nanosensors, Switzerland and PPP-CONTPt-50, Nanosensors,
Switzerland) (Tables S1 and S2 in the supplementary material) were
used in the PFM experiments for both +/+ and oim/oim collagen
fibers. LPFM calibration was undertaken according to the geometry
of the cantilever using the equation R = 2L/3 h, where L is the length
of the cantilever, h is the combined height of the tip and cantilever
thickness, and R is the ratio between the out-of-plane sensitivity and
the in-plane sensitivity. VPFM calibration was undertaken using
Sader and thermal noise methods before all imaging. The scan angle
of 90° is adopted for all the PFM experiments. An AC bias of
3 Vpeak was supplied via the conductive probe that was in contact
with the sample to induce the sample oscillation according to the
inverse piezoelectricity. Because of the weak piezoresponse of the
biomaterials, resonance enhancement technique was applied. Both
amplitude and phase images were acquired near the contact reso-
nance, which revealed the information of bias-induced deformation
and polarization orientation, respectively. To acquire the in-plane
and out-of-plane piezoresponses, LPFM and VPFM were used, by
which the shear and normal strain of the collagen fibers were

recorded, respectively, upon an application of a vertical electric bias.
The LPFM and VPFM experiments were conducted on multiple +/+
and oim/oim samples and multiple locations at each sample. For
each probe, the samples from the two models were alternately
scanned. Amplitude values of thirty (30) collagen fibers from 10 to
15 LPFM images of the +/+ and oim/oim fibers were used for statis-
tical analysis respectively.

C. Molecular dynamics (MD) simulation

To exclude the functions of mineral and compare the chain
substitution induced changes of the electromechanical property of
+/+ and oim/oim collagen fibrils, we simulated the electric induced
displacements of chains in mineral-free heterotrimer and homo-
trimer models. We selected a segment of real sequences20 (from
residue Nos. 331 to 366) of type I α-1 and α-2 chains of Mus
musculus (wild-type mouse) to generate our heterotrimeric model
(heterotrimer: five-strand collagen microfibrils, each microfibril has
two α-1 chains and one α-2 chain) [Fig. 2(a)] and homotrimer
model (homotrimer: five-strand collagen microfibrils,77,78 each
microfibril has three α-1 chains) [Fig. 2(b)]. Both the α-1 and α-2
chains in the hetero- and homotrimer consisted of 36 amino acid
residues with G-X-Y triplets. The two termini of each chain were
capped by assigning the first residue to the acetylated N-terminus
(ACE), and the last residue to the N-methylamide C-terminus
(CT3). The selected residue sequences of α-1 and α-2 chains in the
models for this study were (The detailed information of amino acid
residue names and their charge information were given in Tables
S3 and S4 in the supplementary material.) as follows:

α-1:NGARGPSGPQGPSGPPGPKGNSGEPGAPGNKGDTGAKC;
α-2:NGPRGIPGPAGAAGATGARGLVGEPGPAGSKGESGNKC.

The α-1 and α-2 chains were adapted from the NCBI protein
database (http://www.ncbi.nlm.nih.gov/protein): AAH50014.1 for
α-1 chain and NP_031769.2 for α-2 chain.79 The hetero- and
homotrimer were created by imitating Smith’s five-strand collagen
microfibrils model (PDB ID: 4CLG78). Mutation was done using
software UCSF Chimera 1.11.2.80 The Smith’s model 4CLG com-
prises 5 identical collagen microfibrils [Fig. 2(e)], and each microfi-
bril included 3 identical α-helices with 12 periodic G-P-P triplets
as well as C-terminus and N-terminus. In our work, the hetero-
and homotrimer comprised 6770 and 6750 atoms, respectively. The
three chains of hetero-/homotrimer had the same polar direction.
The atomistic simulations were performed using GROMACS81

(version 4.5.x) package and AMBER99SB-ILDN force field.82 The
hetero- and homotrimer were solvated in a TIP3P (three-site trans-
ferrable intermolecular potential) water box83 with dimensions of
14 × 30 × 14 nm3 with periodic boundary condition applied. Before
the actual simulation, energy minimization was first conducted (see
Fig. S1 in the supplementary material). After energy minimization,
the hetero- and homotrimer were equilibrated to 300 K [NVT
equilibration, 500 ps, V-rescale (the velocity rescale method)] with
backbones restrained. Afterward, the backbones were released, but
one end of the hetero- and homotrimer was restrained. The pres-
sure was equilibrated to 1 bar (NPT equilibration, 90 ns,
Parrinello-Rahman algorithm). The cutoff and PME were set to 1.0
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and 4, respectively. The lengths of the heterotrimer and homo-
trimer models after NPT equilibrations were ∼106 Å. Afterward,
water molecules were removed (vacuum) from the heterotrimer
and homotrimer to exclude the electric perturbance from polar
water molecules. We simulated the responses of pure collagen
microfibrils (ideal models) under the electric field. To compare the
in-plane and out-of-plane piezoresponses of the hetero- and homo-
trimer, we applied a uniform electric field (3 V/nm) in the x direc-
tion, which is perpendicular to the long axis of the fibril, as shown
in Fig. 2. This simulation setup is to fit the PFM experiments. The
N-terminus of each chain in the two models was fixed while the
other residues were free to mimic the experimental setup (or to
prevent the collagen bundle from drifting inside the simulation
box). The hetero- and homotrimer were simulated through 5 ns in
vacuum under the applied electric field. The cutoffs were set to 0.
The software VMD84 was used to visualize the in-plane and
out-of-plane electric responses of the hetero- and homotrimer
under the applied electric field. All the polypeptide chains in the
two models have showed displacements along both the x and y
directions (perpendicular and parallel to the long axis of the fibril)
[Figs. 2(c) and 2(d)].

III. RESULTS AND DISCUSSION

A. Biopiezoelectricity of +/+ and oim/oim collagen
fibers

Collagen fibers exhibit a stronger shear (in-plane) piezores-
ponse compared to the normal (out-of-plane) piezoresponse upon
application of an electric field perpendicular to the long axis of the
fiber because of the C6 symmetry of collagen.56,85 The representative
VPFM and LPFM images of both +/+ and oim/oim collagen fibers
are presented in Fig. 3. The conductive probe (PPP-CONTSCPt,

Nanosensors, Switzerland) is used for PFM experiments. In the
experiments, the oim/oim sample is scanned first, followed by the
+/+ sample. In all of the height images shown in Fig. 3, the periodic
D-space structure of type I collagen can be clearly observed, suggest-
ing that the plane with the fibrils is parallel to the cantilever axis.
The double arrows in Figs. 3(c) and 3(d) indicate the direction
normal to the long axis of the fibers, which is defined as fibrillar ori-
entations.86 The cantilever orientation and scan direction are also
marked besides Fig. 3(d). For the given fibrillar orientations here,
high in-plane and low out-of-plane piezoresponses would be
expected due to the stronger shear piezoelectricity of the C6 symme-
try of the collagen. As expected, the piezoresponse of either +/+ or
oim/oim collagen fibers [Figs. 3(e) and 3(f)] is quite low with intrin-
sic VPFM amplitude (after SHO fitting) ranges of 0.33–0.54 pm and
0.35–6.65 pm, respectively, while the relative strong phase contrast
[Fig. 3(i)] may be due to the cantilever buckling effect.87 By using
LPFM image, high resolution fine structures in each fiber can be
revealed in height [Figs. 3(c) and 3(d)] and amplitude images
[Figs. 3(g) and 3(h)]. The +/+ collagen fibers show overall stronger
piezoresponse than that of the oim/oim fibers, and the morphology
of the fiber in the valley regions exhibits an even stronger piezores-
ponse and forms regular patterns as shown in the amplitude image
[Fig. 3(g)]. For the oim/oim fibers, in addition to the generally low
piezoresponse, they show highly nonuniform amplitude contrast
along the long axis of the fiber [Fig. 3(h)], and nearly no piezores-
ponse at some random regions [the darkest purple contrast in
Fig. 3(h)]. The valley regions also have no stronger amplitude
response in the oim/oim fibers, which indicates that the regular pie-
zoresponse patterns observed in +/+ fibers valleys are intrinsic prop-
erties and not due to the crosstalk with the topographic information.
In addition, the disappearance of regular patterns in the amplitude
image [Fig. 3(h)] for the oim/oim fibers should not due to the duller

FIG. 2. The five-strand models of (a) heterotrimer and (b) homotrimer. The changes of (c) heterotrimer and (d) homotrimer models under the 3 V/nm electric field along
the x direction. (e) The cross section of the five-strand Smith’s collagen model.
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tip since the oim/oim is scanned first. Furthermore, the relative weak
phase contrast is observed for both +/+ and oim/oim collagen fibers
in the LPFM phase images [Figs. 3(k) and 3(l)], which suggests that
the variation of the tip–sample contact stiffness or the electrostatic
effect can be excluded and the in-plane sectors of the polar vectors
of collagen fibrils have a similar direction with each other. The +/+
collagen fibers are composed of well-developed molecules during
mineralization, showing regular and periodic morphology and pie-
zoresponse distribution, while oim/oim collagen fibers have intrinsi-
cally molecular structural defects. Although the oim/oim fibers still
show periodic morphology, the intrinsic defects may cause a weak
response to electric stimulation, i.e., weaker piezoresponse, and the
irregular piezoresponse along the fiber.

Figure 4 shows another set of LPFM results on +/+ and oim/
oim collagen fibers in different scanning sizes using different types
of conductive probes (PPP-CONTPt, Nanosensors, Switzerland).
Again, the oim/oim sample is scanned first, followed by the +/+
sample. From the height images [Figs. 4(a) and 4(i), scanning size:
1 × 1 μm2], it can be seen that the +/+ collagen fiber possesses a
much larger diameter than that of the oim/oim collagen fiber. The

different fiber diameter may be due to different fibril numbers in
the bundle of each +/+ and oim/oim fiber. To inspect the sub-fibril
level structure, we also show LPFM results on +/+ and oim/oim
collagen fibers with a scanning size of 350 × 350 nm2. From the
height images [Figs. 4(e) and 4(m)], the +/+ collagen fibers show
the highly organized and compact structure while the oim/oim col-
lagen fibers show the ordered but loosely packed structure. From
the LPFM amplitude images [Figs. 4(b), 4(f), 4( j), and 4(n)], the
oim/oim fibers show generally low piezoresponse and highly non-
uniform amplitude contrast along the long axis of the fiber. In con-
trast, the +/+ fibers show overall stronger piezoresponse than that
of the oim/oim fibers. In addition, the valley regions always exhibit
a stronger piezoresponse and form regular patterns in +/+ collagen
fibers. The gap and overlap regions of the +/+ collagen fibers
exhibit different electromechanical amplitude values [Fig. 4(f)],
which is consistent with the observation by Jiang et al.59 The dra-
matically high amplitude along the sidewalls (dark red color) of the
fibers may be due to the slippery of the tip–fiber contact. It is
worthy of noting that the fibers marked by red lines in Figs. 4(e)
and 4(m) almost have the same fibrillar orientation. These two

FIG. 3. Representative VPFM (1st and 2nd columns) and LPFM images (3rd and 4th columns) of the +/+ collagen fibers (1st and 3rd columns) and oim/oim collagen
fibers (2nd and 4th columns). (a)–(d) Height images, [(e)–(h)] PFM amplitude images, and [(i)–(l)] PFM phase images. Please note that the scanned areas of the +/+ and
oim/oim samples are the same in VPFM and LPFM experiments, respectively, and the amplitude images in VPFM are intrinsic amplitude images. The double arrow in
(c) and (d) indicates the fibrillar orientation, which is normal to the long axis of the fiber. The cantilever orientation and scanning direction are marked besides (d).
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fibers are perfect examples to compare the piezoresponse between
the +/+ and oim/oim fibers. The phase values in LPFM phase
images [Figs. 4(g) and 4(o)] are close, indicating that the fibrillar
orientation of the two fibers is similar. From Figs. 4(f ) and 4(n), it
is clear that the +/+ collagen fibers show a highly organized struc-
ture with regular patterned electromechanical responses while the
oim/oim collagen fibers show nonuniform amplitude contrast.
From the phase images [Figs. 4(c), 4(g), 4(k), and 4(o)], weak
phase contrast is still observed for both +/+ and oim/oim collagen
fibers, also suggesting the similar orientation of the in-plane sector
of the polar vector. In addition, the smaller contrast in contact

resonance frequency images [Figs. 4(d), 4(h), 4(l), and 4(p)] for
both +/+ and oim/oim collagen fibers suggests that the scanned
areas have a homogeneous elastic property.

Figure 5 shows the height and LPFM amplitude data profiles
along the lines in the corresponding height [see Figs. 4(e)
and 4(m)] and amplitude images [see Figs. 4(f ) and 4(n)] of +/+
and oim/oim collagen fibers. The dramatically high piezoelectric
amplitude along the sidewalls of fibers may be due to the slippery
of the tip–fiber contact, and thus we analyze the data from the
central region along the long axis of the fiber. Figure 5 demon-
strates that the amplitude maxima are at the height valley regions

FIG. 4. Representative LPFM images of +/+ collagen fibers (1st and 2nd rows) and oim/oim collagen fibers (3rd and 4th rows). [(a), (e), (i), (m)] Height images, [(b), (f ),
( j), (n)] amplitude images, [(c), (g), (k), (o)] phase images, and [(d), (h), (l), (p)] contact resonance frequency images. The scanned areas are 1 × 1 μm2 (1st and 3rd
rows) and 350 × 350 nm2 (2nd and 4th rows).
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in the +/+ collagen fiber [Fig. 5(a)]. The amplitude fluctuates in the
gap and overlap zones inside a periodic unit (1, 2, 3, 4, 5). In com-
parison, there is no obvious correspondence between the amplitude
and height in the oim/oim fiber [Fig. 5(b)]. The amplitude
fluctuation in the gap and overlap zones inside each periodic unit
(1, 2, 3, 4) is also observed in the oim/oim fiber. The variations in
the amplitude profiles of the gap and overlap zones may indicate the
compositional differences of amino acid residues inside the +/+ and
oim/oim collagen fibrils. The well-organized sub-fibril structure and
the periodic amplitude variation along the +/+ collagen fibers

indicate that better molecular assembly and functionalization of the
collagen are controlled by the heterotrimer model. Moreover, the
average values of amplitude profiles along the lines are 96.4 pm and
77 pm with standard deviations of 11.5 pm and 16.4 pm for +/+ and
oim/oim fibers, respectively. The +/+ fiber shows a larger in-plane
piezoresponse than that of the oim/oim fiber.

We collect amplitude data from 10 to 15 LPFM images con-
taining 30 collagen fibers to plot the box charts with the statistical
values of amplitude for +/+ and oim/oim collagen fibers, respec-
tively [Fig. 6(g)]. The LPFM images for this statistical analysis are

FIG. 5. Height and LPFM amplitude data profiles along the lines in the corresponding height and amplitude images of (a) +/+ collagen fiber and (b) oim/oim collagen fiber
in Fig. 4.

FIG. 6. More representative LPFM images of [(a), (c), (e)] +/+ collagen fibers and [(b), (d), (f )] oim/oim collagen fibers. [(a) and (b)] Height images, [(c) and (d)] amplitude
images, and [(e) and (f )] contact resonance frequency images. Thirty (30) collagen fibers are chosen to plot the statistical amplitude box charts for +/+ and oim/oim colla-
gen fibers, respectively, in (g) with 2–3 collagen fibers selected in each LPFM amplitude image. The box data for +/+ and oim/oim are collected from the central region
along the long axis of the fiber as illustrated in (c) and (d).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 235111 (2020); doi: 10.1063/5.0016535 128, 235111-7

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


acquired under the same experimental parameters as those adopted
in the measurement of Fig. 4. In each image, amplitude data are
collected from the central region along the long axis of the fiber in
2–3 fibers, as illustrated in Figs. 6(c) and 6(d). From Fig. 6(g), the
mean values of LPFM amplitude are 108.53 pm and 77.72 pm
with interquartile ranges (IQRs) of 98.56–117.47 pm and
71.21–85.93 pm for +/+ and oim/oim fibers, respectively. The IQR
is essentially the range of the middle 50% of the data, which mea-
sures where the bulk of the values lie. From the IQR, it is observed
that the 50% of the amplitude values of the +/+ fibers are larger
than those of the oim/oim fibers as the lower boundary of the IQR
of +/+ fibers is larger than the upper boundary of IQR of oim/oim.
The ranges within 1.5 times of IQR (1.5IQR: covering more
than 99% of the collected data) are 70.46–145.83 pm and
49.16–107.86 pm for +/+ and oim/oim collagen fibers, respectively.
Most of the outliers for oim/oim are located below the lower range
of its 1.5IQR, while most the outliers for +/+ are located over the
upper range of the 1.5IQR of +/+ data. Based on those statistical
analysis, the +/+ collagen fibers are demonstrated to show generally
larger in-plane piezoresponses than that of the oim/oim collagen
fibers. It is worthy of noting that error propagation should be care-
fully evaluated because the quality factor, the inverse optical lever
sensitivity, and the height and length of cantilevers in the measure-
ments are statistically different. The probes (PPP-CONTPt,
Nanosensors, Switzerland) were randomly selected to replicate
force curves on a silicon wafer 40 times to obtain the statistical
value of the inverse optical lever sensitivity. The cantilever’s
nominal height is 12.5 μm with the range varied from 10 μm to
15 μm while the cantilever’s nominal length is 450 μm with the
range varied from 440 μm to 460 μm (manufacturer’s data). 40 data
points of the PFM amplitude and quality factor were measured on
the +/+ and oim/oim collagen fibers, respectively. The detailed
error propagation calculation procedure and typical force curve can
be found in Fig. S2 of the supplementary material. The resulting
lateral piezoresponse amplitude values are measured with ±18.2%
and ±19.1% error for +/+ and oim/oim fibers, respectively.

By using PFM, we present the evident discrepancies of the
sub-fibril level structure and electromechanical responses between
the +/+ and oim/oim collagen fibers. From the PFM results and
statistical analysis, larger in-plane piezoelectric responses of +/+
collagen fibers are revealed. The α-2 chain has been found to
produce a significant positive effect on self-assembly and electro-
mechanical property of type I collagen. Therefore, in addition to
the previously reported mechanical and morphological changes,
the differences of the in-plane structure and electromechanical
property between the +/+ and oim/oim fibers could be an addi-
tional sign of osteogenesis imperfacta or brittle bone disease.

B. Chemistry changes of +/+ and oim/oim collagen
fibers

Surface morphology of +/+ and oim/oim collagen fibers and
atomic content of carbon (C), oxygen (O), calcium (Ca), nitrogen
(N), potassium (K), and phosphorus (P) are scanned and analyzed
by using the Field-emission Scanning Electron Microscope
(FESEM, Sigma 300 ZEISS, Germany) equipped with an
Energy-Dispersive X-ray Spectrometer (EDS, Ultimax 65, Oxford

Instruments, Britain). The FESEM surface morphology images and
EDS results are shown in Fig. 7. The dispersed oim/oim collagen
fibers show short and bend shape compared to the straight long-
stranded +/+ collagen fiber bundles [Figs. 7(a) and 7(b)]. From the
EDS mappings of the elements, i.e., C, O, Ca, N, K, and P for +/+
and oim/oim collagen fibers, it can be seen that Ca and P are com-
monly existed in the mineral matrix [hydroxyapatite:
Ca5(PO4)3(OH)], while C, O, N, and K are usually found in the
collagen. The quantitative atomic occupation analysis of each
element in EDS mappings [Fig. 7(c)] reveals that the sum of atomic
content of C, O, N, and K in the +/+ collagen fiber (sum: 89.62%;
C: 45.45%, O: 25.89%, N: 18.14%, K: 0.14%) is larger than those of
the oim/oim collagen fiber (sum: 77.91%; C: 45.63%, O: 17.89%, N:
14.39%, K: 0). While the sum of atomic content of Ca and P in the
+/+ collagen fiber (sum: 0.79%; Ca: 0.79%, P: 0) is smaller than
that of oim/oim collagen fiber (sum: 7.49%; Ca: 6.5%, P: 0.99%).
The organic phase occupies more than the inorganic phase for col-
lagen fibers. In addition, the mineral content in oim/oim fiber is
more than that in the +/+ fiber. The change of mineral content is
reasonable since bone mineral may act as a reservoir from which
the inorganic ions can be continually withdrawn for the usage or
deposition for storage, as dictated by homeostasis.88,89 Based on
these findings, the chain substitution is expected to influence both
the collagen fibrillar organization and mineralization.

C. Simulation of the piezoelectric behaviors of
hetero- and homotrimer

The density of the 90 ns NPT and the root mean square devia-
tion (RMSD) during the last 10 ns of the NPT simulation of the
two models are plotted in Figs. S3 and S4 in the supplementary
material. It is found that the fluctuation of density and RMSD of
the homotrimer model are larger than those of the heterotrimer
model, indicating a better structural stability of the heterotrimer
model. The better structural stability of heterotrimer can also be
demonstrated by its smaller interaction energy and a larger number
of hydrogen bonds (Figs. S5 and S6 in the supplementary material).
Hydrogen bond and interaction energy are two main parameters to
evaluate the structural stability of protein in MD. To analyze this in
more detail, we select three chains (chains A–C) from one microfi-
bril to plot the displacement vs time curves (Fig. 8) for both
models. It is found that the chains in the heterotrimer model gen-
erally have larger electric induced in-plane and out-of-plane dis-
placements than those in the homotrimer model. The induced
in-plane and out-of-plane displacements of chain C (α-2 chain) in
heterotrimer are approximately 0.2–1 nm larger than that in the
chain C (α-1 chain) of the homotrimer model [Figs. 8(e) and 8(f )].
Additionally, in a large proportion of the simulation time, the α-1
chains (chains A and B) in the heterotrimer model show larger dis-
placement than that of the α-1 chains (chains A and B) in the
homotrimer model [Figs. 8(a)–8(d)], respectively. It is worthy to
note that the α-1 chains (chains A and B) may exhibit different
electric responses in different structures, i.e., in heterotrimer or
homotrimer models. The distinct displacements of α-1 chains
(chain A and B) in hetero- and homotrimer models are probably
due to the different interchain hydrogen-bonding interactions90

because of the different chain C, i.e., α-2 chain in the heterotrimer
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model but α-1 chain in the homotrimer model. For cumulative
analysis, we further plotted the root mean square fluctuation
(RMSF) of all the 570 amino acid residues under the applied
3 V/nm electric field in both the hetero- and homotrimer models
(Fig. 9). The residues in the heterotrimer model show generally
larger fluctuations than those in the homotrimer model under the
same electric field, which reveals the more piezoelectric active
behavior of the heterotrimer model. Moreover, the residues in
either the heterotrimer or homotrimer model exhibit larger RMSF
under electric field than that without electric field. The RMSF of
both heterotrimer and homotrimer is approximately 0.02–0.05 nm
under zero electric field, which is much smaller than the RMSF
value (0.2–0.9 nm) under the 3 V/nm electric field. The increment
of the RMSF value is a convincible demonstration of the piezoelec-
tric active behavior of the amino acids, which are consistent with
the PFM measurements presented earlier.

Based on these findings, the α-2 chain is demonstrated as
pivotal in stabilizing collagen structure and improving the

piezoresponse of the collagen fibril. It should be noticed that the
integral charge distributions of the α-1 and α-2 chains can be
considered to be approximately identical (Table S4 in the
supplementary material), both with positive charges located at the
residue numbers (nos.) 3, 18, 30, and 36 and negative charges
located at the residue nos. 23 and 32, respectively. For α-1 chain,
the positively charged residues are Arg3 (no. 3)63,79 and Lys
(nos. 18, 30, and 36), while the negatively charged residues are Glu
(no. 23) and Asp (no. 32). For α-2 chain, the positively charged
residues are Arg3 (nos. 3 and 18) and Lys (nos. 30 and 36), and the
negatively charged residues are Glu (nos. 23 and 32). The differ-
ences of the positively charged residues between α-1 and α-2
chains are Lys (α-1 chains) and Arg3 (α-2 chains) located at the
residue no. 18 and negatively charged residues Asp (α-1 chains)
and Glu (α-2 chains) located at the residue no. 32. This possibly
indicates that increasing diversity of amino acids can improve the
piezoelectric behavior of tropocollagen structures. In addition, we
summarize the atomic charges of residues from α-1 and α-2 chains

FIG. 7. FESEM images of (a) +/+ and (b) oim/oim collagen fibers, and the EDS mappings of the elements: C, O, Ca, N, K, and P in +/+ and oim/oim collagen fibers in
(a) and (b), respectively. (c) The atomic occupation of each element in EDS mappings for +/+ and oim/oim collagen fibers.
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FIG. 8. The electric field induced in-plane (1st column) and out-of-plane (2nd column) displacements of [(a) and (b)] α-1 chain (chain A), [(c) and (d)] α-1 chain (chain B),
and [(e) and (f )] chain C in heterotrimer (α-2 chain) and homotrimer (α-1 chain) under the 3 V/nm electric field along the x direction (shown in Fig. 2).
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(excluding Gly) in the hetero- and homotrimer models (see
Table S5 in the supplementary material). It is found that even the
same atom can present distinct charges in different amino acids.
For instance, the atoms C, O, and N (atom named according to
AMBER99SB-ILDN force field) show four (4) different charges
among the selected individual residues (see Table S5 in the supple-
mentary material). The atoms HA, CA, and CB even show
completely different charges in each residue. Based on these find-
ings, it is expected that judicious increase of multiplicity of the
amino acids (atomic charges) tends to produce more local electric
dipoles between the adjacent chains in the oriented heterotrimeric
peptide structures and thus generating stronger biopiezoelectric
responses. The previously demonstrated a larger number of hydro-
gen bonds in heterotrimer may also be one reason for its optimized
piezoelectricity. But the root cause is the existence of α-2 chain for
introducing more amino acid category and atomic charges in the
collagen model. Our work systematically investigates the electrome-
chanical coupling phenomena of +/+ and oim/oim collagen fibers
for the first time and hopefully provides an additional perspective
for understanding the brittle bone disease. But there are still limita-
tions since the water molecules are absent in the simulations. The
effects of water molecules are ignored based on the considerations
that the influences of water molecules on the collagen model
depend on the water shell thickness around collagen and the resi-
dues we have chosen from the whole type I collagen model of mice.
Moreover, the water molecules have unstable polarizations under
the electric field,91 which may complicate the analysis of electrome-
chanical responses of the collagen. More future efforts are desired
to address the electromechanical property of hydrated collagen
under the electric field.

IV. CONCLUSION

In summary, by using PFM and molecular dynamic simula-
tion, this study has presented the evident discrepancies of the elec-
tromechanical structure and property between the +/+ and oim/
oim type I collagen fibers. The α-2 chain has been found to
enhance the structural stability and electromechanical property of
type I collagen. Compelling both experimental and simulation

works, we thereby describe the stronger electromechanical effect by
judiciously increasing the multiplicity of amino acids within the
oriented heterotrimeric structure of collagen biomacromolecules.
This work has provided new information about type I collagen
fibers in osteogenesis imperfecta and wild-type mice bone and
hopefully offer some instructions on diagnoses and treatments of
human brittle bone diseases.

SUPPLEMENTARY MATERIAL

See the supplementary material (Figs. S1–S5 and Tables
S1–S5) for additional results of MD simulation, including energy
minimization, structural fluctuation, interaction energy, and hydro-
gen bond of heterotrimer and homotrimer models. Furthermore,
we show the specifications of probes used in PFM experiments as
well as the name, sequence, and charge of amino acids used in the
MD simulation.
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