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We report the design, fabrication and application of a novel micro-electromechanical device coupled to a
confocal Raman microscope that enables in situ molecular investigations of micro-fibers under uniaxial
tensile load. This device allows for the mechanical study of micro-fibers with diameters in the range
between 10 and 100 um and lengths of several hundred micrometers. By exerting forces in the mN range,
the device enables an important force range to be accessed between that of atomic force microscopy and
macroscopic stress-strain measurement devices. The load is varied using a stiffness-calibrated glass
micro-needle driven by a piezo-translator during simultaneous Raman microscopy imaging. The method

Keywords: . . . .

Ra{nan Spectroscopy enables experiments probing the molecular response of micro-fibers to external stress. This set-up was
Collagen applied to biomimetic non-mineralized and mineralized collagen micro-fibers revealing that above
Apatite 30% mineralization the proline-related Raman band shows a pronounced response to stress, which is

not observed in non-mineralized collagen. This molecular response coincides with a strong increase in
the Young's modulus from 0.5 to 6 GPa for 0% and 70% mineralized collagen, respectively. Our results
are consistent with a progressive interlocking of the collagen triple-helices by apatite nanocrystals as
the degree of mineralization increases.

Biomineralization
Tensile stress

Statement of Significance

Collagen and apatite are the main constituents regulating the mechanical properties of bone. Hence, an
improved understanding of the impact of mineralization on these properties is of large interest for the
scientific community. This paper presents systematic studies of synthetic collagen microfibers with
increasing apatite content and their response to tensile stress by using a novel self-made electromechan-
ical device combined with a Raman spectrometer for molecular level studies. The impact of apatite on the
mechanical and molecular response of collagen is evaluated giving important insights into the interaction
between the mineral and organic phases. Therefore our findings expand the fundamental understanding
of the mechanics of the apatite/collagen system relevant for the design of bio-composites with similar
bio-mimicking properties for e.g. bone regrowth in medical applications.

© 2016 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Understanding the link between the mechanical and the molec-
ular properties of micro-fibrillar materials is of great importance
for the design of hard-soft matter composites such as collagen/
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apatite micro-fibers for biomedical applications, e.g. as growth
templates for bone formation [1,2]. This is crucial for the controlled
realization of composites with desired mechanical properties and
optimized fracture toughness and Young's modulus.

In this context combining Raman microscopy with in situ stress-
strain measurements is a powerful means to investigate the molec-
ular response of materials to external tensile stress. Currently
available commercial devices only allow for the study of bulk
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materials (dimensions of several hundred micrometers and above),
which - as in the case of bone or mineralized tendon - have a
complex three-dimensional microstructure where individual con-
stituents at various hierarchical levels can contribute to the bulk
mechanical properties [2-5]. This limitation prevents a direct
interpretation of the obtained data since stress relief occurs along
convoluted pathways due to the three-dimensional nature of the
sample. Alternatively, atomic force microscopy (AFM) can be
applied to study micro-fibers on the nanometer scale [6]. However,
AFM on its own does not provide information on the molecular
response to stress. These restrictions motivate our approach to
design a dedicated stage for Raman-microscopy enabling the
investigation of micro-fibers with bespoke glass micro-needles to
apply calibrated forces in the mN range required for material
systems such as mineralized collagen. This is motivated by the fact
that the Young’s modulus of collagen is of the order of hundreds of
MPa and hence micro-fibers with diameters of 100 pm and below
require external forces of the order of mN to obtain observable
extension upon loading. Our research is driven by the interest
in novel collagen/apatite composites as potential templates
for implant overgrowth by bone [7] motivating our focus on
collagen-based micro-fibers.

2. Collagen micro-fibers and Raman microscopy

Collagen is the most abundant fibrous protein found in the
human body and other vertebrates [8]. It is the main building block
of connective tissues such as skin and tendon as well as bone and
teeth and consists of amino acid sequences arranged in a
characteristic triplet (Gly-Pro-HyP), where glycine (Gly), proline
(Pro) and hydroxyl-proline (HyP) constitute almost 30% of the
polypeptide chain [8,9]. Type I collagen, as studied in our work,
is assembled in a hierarchical fashion by a twisted left-handed
helix, three of which can assemble into a right-handed super-
helix forming the collagen molecule known as tropo-collagen.
Single tropo-collagen molecules have a length of typically
300 nm and a diameter of 1.5 nm. The triple helices assemble in
a staggered manner to form collagen fibrils with diameters of
approximately 100 nm [10-12]. These fibrils tend to form
extended micro-fibers on which our work concentrates. Hard apa-
tite (Ap) deposited in conjunction with the soft collagen is a key
component of bone, which in turn is a three-dimensional hierar-
chical bio-composite giving rise to the remarkable combination
of fracture toughness and hardness in bone. Comprehending the
correlation between mechanical properties and molecular struc-
ture requires a deeper understanding of the way in which this
complex material responds to external forces and how it accom-
modates mechanical stress. Consequently, a wide range of
techniques has been employed in the past decades to investigate
the mechanical behavior of various biomaterials with particular
focus on the tensile properties of fibrous materials with character-
istic diameters ranging from the mm to the nm scale using
different devices for mechanical testing.

Raman spectroscopy is a powerful tool for the study of the
molecular structure of materials [13]. It is particularly useful for
the investigation of water-containing bio-composites, since it does
not suffer from the associated strong absorption observed in other
types of spectroscopy, e.g. in FTIR [13]. Furthermore, it does not
require large amounts of material or specific labelling of the
sample. This is particularly important when combined with
in situ stress-strain measurements as presented in this work.
Collagen is an extensively studied biomaterial regarding its
mechanical properties and various types of commercial or
custom-built devices have been used for mechanical measure-
ments [14,15]. Eppel et al. [16] studied the mechanical properties

of single collagen fibrils under tensile stress using a custom-built
micro-electromechanical device that allowed the use of immuno-
fluorescence microscopy to image the fibrils. This is useful when
measuring strain values and structural changes on the microscale,
while nano-indentation was applied on single fibrils using an AFM
tip [17]. Furthermore, AFM was used to exert tensile stress on col-
lagen fibrils extracted from red deer antler with different levels of
mineral content ranging from 30% to 60% for investigation of their
mechanical response [6]. Other commercially available devices
combined with Raman spectroscopy were also employed for
in situ molecular investigations of the mechanical properties of
pig-tail tendon [18] and human skin [19].

To the best of our knowledge, there has not been a systematic
in situ Raman spectroscopy investigation of collagen micro-fibers
as a function of calibrated mechanical loading for different degrees
of mineralization. Studying micro-fibers rather than bulk speci-
mens is important since hierarchical bio-composites such as bone
or tendon will anisotropically respond to stress. Hence, the strain
distribution strongly depends on the internal structure of the
sample. This renders a decomposition of the different contributions
to the stress-response (e.g. molecular stretching/bending and
relaxation via alignment) difficult, if not impossible. Micro-
fibrous samples can be uniaxially stretched reducing the possible
pathways for stress-relaxation to molecular stretching and bend-
ing as well as inter-fibrillar glide. Our technique enables mechan-
ical manipulation of micro-fibers on a length-scale between that
accessible using AFM (maximum extensions <10 pm) and standard
macroscale mechanical testing tools. Hence, this technique com-
bined with in situ Raman spectroscopy can provide key insight into
the correlation between the molecular structure of micro-fibers
and their mechanical properties.

2.1. Experimental details

Our custom-built electromechanical device was designed to be
compatible with a commercial Raman microscope for in situ
studies. The unique characteristics of this device can be summa-
rized as follows: i) it is possible to conduct Raman spectroscopy
on a micro-fiber while simultaneously applying tensile load for
in situ molecular investigations of structural changes accompany-
ing mechanical deformation, ii) the load can be repeatedly applied
and removed by displacing the calibrated micro-needle with a
piezo-translator (PZT) to follow elastic or plastic deformation, iii)
bespoke micro-needles with different fine tip lengths and/or
diameters can be produced to provide spring constants of an
appropriate magnitude for applying mechanical stress to micro-
fibers. This device combined with Raman microscopy allows for
the study of the molecular response of both mineralized and
non-mineralized collagen under tensile stress, and for the investi-
gation of how increases in collagen mineralization affect its
mechanical properties. Fig. 1a and b show a schematic and a pho-
tographic representation of the setup integrated into a stainless
steel case for mechanical stability and environmental control.
The central elements of the micromechanical manipulator are
two glass micro-needles with different stiffness values - a rigid
needle is fixed to one end of the micro-fiber while a flexible needle
attached to the opposite end of the micro-fiber acts as the cali-
brated force transducer. The flexible needle is mounted to a PZT
and is calibrated gravimetrically using a set of defined weights.
The flexible micro-needle can be uniaxially displaced by the PZT
over a range of up to 450 pum, resulting in a calibrated force being
applied reversibly to the micro-fiber. The static micro-needle
attached at the opposite end of the micro-fiber must not bend dur-
ing the micromanipulation experiment. This can be achieved by
using a static micro-needle with approximately half the length
and twice the diameter of the flexible micro-needle. Furthermore,
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Fig. 1. (a) Schematic view of the stress-strain device showing the key components. The calibrated flexible needle is attached to the piezo drive and the static glass tip is
mounted to a stable support. The calibrated needle is displaced using the piezo drive exerting uniaxial stress. (b) Image of the stress-strain testing device. The side length of

the casing is 11.5 cm.

it is a requirement that the flexible micro-needle acts elastically
upon deflection following Hooke’s law. The spring constant of the
flexible micro-needle is chosen such that the resulting force
applied to the micro-fiber is sufficient to observe a tensile response
in the mN range. In this set-up, the micro-fibers are attached to
both tips using crystal bond (SPI Supplies Inc.) and the displace-
ment of the PZT (PI MikroMove, PI 2.4.0) is computer-controlled.

Potential laser-induced chemical modification of the sample
during Raman microscopy was probed by acquiring spectra as a
function of time at a single spot on a static micro-fiber over a per-
iod of more than 3 h. By selecting low laser intensities optimized
for spectral acquisition (3-6 mW laser power at the sample), we
ensured that the observed Raman spectral shifts were due to
applied mechanical stress and not caused by thermally-induced
changes in the micro-fiber.

Borosilicate glass micropipettes (Corning®) with an outer diam-
eter of 1 mm and an inner diameter of 0.55 mm were used together
with a Narishige PP-830 pipette puller to create glass micro-
needles with fine tip diameters <100 um. For the Hooke’s law
based calibration, we employed an optical lens system to
determine the tip deflection of the flexible micro-needle. This
was accomplished by using LED illumination of the micro-needle
from the macroscopic end via an optical fiber and several lenses
to project a magnified image of the coupled light exiting from

(a)
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the fine tip of the micro-needle onto a computer-interfaced CCD
camera (902DM2S; Watec Co. Ltd., Tsuruoka, Japan). The tip
deflection was then measured with different tungsten weights sus-
pended from the micro-needle. The overall calibration process
included two steps: i) calibrating the tip deflection against the
measured deflection on the computer screen using a micrometer,
and ii) determining the tip deflection as a function of increasing
mass suspended from the micro-needle.

Fig. 2a and b show a schematic representation of the calibration
setup and a deflection/calibration curve used to obtain the spring
constant of the flexible glass micro-needle, respectively. Images
of the micro-needle tip were recorded before and after the flexible
tip was displaced by micrometer. For calibration of the magnifica-
tion optics, it was determined that 1 mm of actual displacement
corresponded to 206 pixels on the CCD camera for all experiments,
thus yielding a resolution of 4.85 x 10~> mm/pixel.

Tungsten wires with a diameter of 50 um and of varying
lengths, and thus varying masses, were used for the micro-needle
calibration by loading them at the end of the fine tip. The position
of the light spot exiting the illuminated micro-needle was deter-
mined before a weight was applied using the CCD camera and
compared to that resulting from the deflection caused by the
weight. The displacement in pixel units was determined by
calculating the vertical distance that the light spot moved on the

0.5
LED “(b)
l 0.4
E |
} oy E g
I =
k]
°
glass tip 2 02
a

0.1}

0 123 a s e 7 8

Force (mN)

Fig. 2. (a) Schematic representation of the optical set-up for calibration. The glass needle is equipped with a light source. The light is propagating through a pair of converging
lenses (L1, L2) for magnification. After a further magnification (L3, L4) the light spot image is projected onto a CCD camera and the resulting image computer processed. (b)
Force-deflection curve of a flexible tip for calibration using tungsten wires as weights. Linear regression (black line) allows for determination of the spring constant from the
calibration. The bar represents the full range of variation in the data for which the average deflection (four replicate measurements on one glass needle) was calculated.
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computer screen upon loading due to the gravitational force. We
defined the position of the micro-needle tip with and without
the weight added for calibration. Due to the circular cross-
section of the micro-needle tip, we assumed that the relative posi-
tion of the tip is equivalent to the center of the light spot. For this
purpose we performed line-scans across each image and plotted
the intensity profiles. Each profile followed a Gaussian distribution
and curve fitting was performed to determine the precise center of
the spot. The gravitational force acting on the micro-needle tip was
then calculated from F; = mg where m represents the mass of tung-
sten wire and g = 9.82 m/s? is the gravitational constant. Four tung-
sten weights with increasing masses were used for the calibration
and the resulting gravitational forces and mean displacements in
pixels are shown in Fig. 2b. The force exerted on the tip [20] is
given by Fr=-kAy, where k is the spring constant of the
micro-needle tip and 4y is the displacement of the tip caused by
gravity acting on the mass m. It is required that Fz = —F; and hence
k =mg/Ay and therefore the tip deflection is proportional to the
applied mass. Using the values for m and 4) shown in Fig. 2b,
we obtained k=17.9 £ 1.2 N/m. This value was used to determine
the forces applied to the micro-fibers by displacement of the PZT.

Raman spectra were recorded by a dispersive confocal Raman
spectrometer (Horiba XploRA). A green laser diode with a wave-
length of 532 nm, a nominal output power of up to 25 mW and a
spot size of approx. 1 pm was used as the excitation source. The
Raman signal was detected by a silicon CCD detector and 90 scans
were collected with an exposure time of 2 s. The spectral range
varied from 500 to 4000 cm~' with an instrumental spectral
resolution of 1-2 cm™!/pixel.

Replicate measurements (n) of glass needle deflection and
micro-fiber stress-strain were performed four and seven times,
respectively, and three replicate Raman shift measurements on
each micro-fiber investigated. For each experimental data point,
an average value was calculated for these replicates and plotted
together with the full range of variation in the data as indicated
in the respective figures.

The collagen/mineral micro-fibers were produced following a
mineralization approach allowing for the formation of a bio-
inspired nanostructure consisting of nano-apatite (Ap) crystals
uniformly distributed in the bio-polymeric collagen matrix. This
structure is endowed with chemical-physical features which are
similar to those found in newly formed bone tissues [21,22]. The
organic component, working as a matrix mediating the mineraliza-
tion process, was type I collagen extracted from equine tendon. The
mineral phase consisted of apatite nano-crystals doped with
magnesium ions (Mg?*) to obtain a ratio of Mg/Ca of approx. 5%
mol. The presence of magnesium ions was found to improve
apatite nucleation within the collagen fibrils [23]. This method
enables the manufacture of hybrid composites with a wide range
of compositions, i.e. 10 to 70 wt% of mineral phase relative to the
polymeric matrix used in our experiments. Thermogravimetric

(a) Equilibrium

Strained

analysis (TGA) was performed to determine the amount of mineral
content deposited in the collagen matrix [23] and transmission
electron microscopy (TEM) and X-ray diffractometry of mineral-
ized collagen have previously been performed to confirm the pres-
ence of apatite within the collagen fibrils [24]. To ensure the
presence of apatite in the samples studied using our method, a
detailed analysis of the mineralized micro-fibers was undertaken
by using a focused ion beam to prepare a thin lamella from a
50% mineralized micro-fiber which was subsequently character-
ized by TEM and selected area electron diffraction (see Supplemen-
tary Information, Fig. SI1). A structural comparison between the
micro-fibers and the human bone revealed that the mineral
phase was homogeneously incorporated within the micro-fibers.
However, the morphology of the nanocrystals is somewhat differ-
ent with regard to crystal diameter, elongation and orientation. We
also imaged the micro-fibers by scanning electron microscopy
(SEM) using a FEI-Sirion electron microscope (EM) and a 5kV
acceleration voltage. To compare the microstructure of the syn-
thetic collagen/apatite composite with the ultrastructure of bone,
we performed scanning TEM (STEM) using an aberration corrected
JEOL 2200FS EM and a 200 kV acceleration voltage.

2.2. Experimental results

The micro-fiber elongation due to the external stress was deter-
mined by measuring the length of the micro-fiber when relaxed
and strained as shown in Fig. 3. We applied equivalent stresses
with a strain rate of 0.6-0.9%/s where the stress is given by the
applied force divided by the cross-sectional area of the micro-
fiber. Assuming cylindrical geometry for the micro-fiber, the area
was determined from A =7nr? where r is the micro-fiber radius.
Since the diameter is not always homogeneous along the entire
length, it can be difficult to determine the equivalent stress values
for the whole micro-fiber. In such cases, the stress is calculated
only for a portion of the micro-fiber where the diameter is approx-
imately homogeneous during an elongation of several micrometers
and Raman spectra were recorded at these positions.

From the resulting stress-strain curves, we derived the Young’s
modulus E as a function of the degree of mineralization.
Fig.4a and b show a scanning electron micrograph of a single
50% mineralized fibril and the stress-strain curves of 0%, 50% and
70% mineralized collagen micro-fibers, respectively. We observed
that the addition of apatite crystals in the collagen matrix
significantly changes the mechanical response of the micro-
fibers. Due to the limitations of the PZT displacement range,
maximal strains of 6.4% could be realized for the non-
mineralized collagen micro-fibers. For the 50% mineralized
collagen, we observed rupture above approximately 6% strain.
The presence of apatite crystals was enhancing the stiffness of
the micro-fiber, but also reducing its elastic deformation range
and thus its fracture toughness. This behavior was even more

Rupture

o —

Fig. 3. Optical microscopy images of (a) relaxed, (b) strained and (c) ruptured collagen micro-fiber using the PZT device.
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Fig. 4. (a) SEM image of 50% mineralized collagen fibril. (b) Stress-strain curves of non-mineralized (black), 50% mineralized (blue) and 70% mineralized (red) collagen micro-
fibers with linear regression of the average stress values shown as dashed lines. Dashed vertical lines indicate maximal strain at micro-fiber rupture. crefers to the stress
(MPa), ¢ to the strain (%), and # to the amount of mineral content (wt%). The bar represents the full range of variation in the data for which the average stress (seven replicate
measurements done on one or two micro-fibers) was calculated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

pronounced in the case of 70% mineralization where all investi-
gated micro-fibers ruptured for strains above 1%.

Examples of Raman spectra for non-mineralized and mineral-
ized collagen with all collagen/apatite Raman bands assigned
(see Table 1) are displayed in Fig. 5. The spectra show all collagen
bands at similar relative intensities and signal-to-noise ratios
within the scanned spectral range and the phosphate-related band
in the mineralized micro-fiber at 958 cm~'. The good signal-to-
noise ratio enabled a detailed investigation of the response of
individual Raman bands to tensile stress.

Collagen micro-fibers with different mineral contents were sub-
jected to uniaxial tensile stress using our custom-built device.
Simultaneous Raman spectra were acquired to probe the molecular
response to the applied stress. The micro-fibers were strained
incremently and Raman spectra were repeatedly recorded at each
strain level. The fundamental difference between instrumental
spectral resolution and precision in Raman band position assign-
ment should be noted here. According to previously published
reports [25,26], the position of a Raman band determined via curve
fitting (assuming low-noise spectral data) can be assessed with
sub-pixel resolution, and provides wavelength precision which is
10-30 times higher than the instrumental spectral resolution. As
a result, Raman shifts of certain bands can be subsequently mea-
sured with a precision of approx. 0.05 cm™! allowing for a detailed
analysis of the response of characteristic Raman bands to stress.
Whereas the non-mineralized micro-fibers showed no detectable
shift of any of the collagen-related bands, we observed a clear shift
of the proline and hydroxyproline related Raman bands as a
function of strain, for example as shown in Fig. 6 for 0% and 50%

Table 1
Characteristic collagen/apatite Raman bands [27,28].

Peak position (cm™1) Assignment

420-460 v, phosphate bending mode
570-620 v4 phosphate bending mode
850-860 Proline [v(CC), 3(CCH)]

870-880 Hydroxyproline [v(CC), §(CCH)]
957-959 v; phosphate (apatite)
1243-1246 Amide III

1449-1453 V(CH,,CH3) amino acid side chains
1666-1670 Amide |

2939-2942 V(CH,,CH3) amino acid side chains
3220-3225 V(OH) in water

v - stretching mode, & - bending mode.
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Fig. 5. Raman spectra of unstrained non-mineralized collagen (black) and 70%
mineralized collagen (red) showing the characteristic Raman bands in accordance
with Table 1. The presence of the apatite mineral is indicated by the v; phosphorus-
oxygen stretching mode. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

mineralized collagen micro-fibers at different applied strain val-
ues. A detailed analysis of the Raman band shift was performed
for all micro-fibers as a function degree of mineralization. A more
detailed description of the Raman band evaluation procedure is
provided in the Supplementary Information (see Fig. SI2).

The proline/hydroxyproline Raman shift at increasing strain
values becomes more prominent at higher values for 7 as shown
in Fig. 7. For 5 = 0%, the proline band did not show significant vari-
ations for strains up to values of 4.5%, while for 50% mineralization,
a prominent Raman shift of —1.6 cm~! could be observed for sim-
ilar strain values. Previously, it has been reported that significant
Raman shifts in non-mineralized collagen could only be observed
for strain values of 17% and higher [18]. The Young’s modulus -
as determined from the stress-strain curves — shows a pronounced
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Fig. 6. Strain dependence of Raman shifts of the proline and hydroxyproline bands for (a) 0% and (b) 50% mineralized collagen. A comparison of the two respective Gaussian
fits (red lines) shows a 1.8 cm~' wavenumber shift for the strained mineralized collagen for both bands in this case. The blue and green lines represent the Raman spectra for
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Fig. 7. (a) Average Raman shift of the proline band as a function of strain for 0% (black), 30% (blue), 50% (green) and 70% (red) mineral content of the micro-fibers. Dashed
lines represent exponential fits to the data. (b) Average Young’s modulus E (red) as a function of the degree of mineralization #. Dashed line is included to guide the reader’s
eye. The bars represent the full range of variation in the data (four replicate measurements on one or two micro-fibers) for which the average Raman band shift (n = 3) and
Young’'s modulus (n =7) were calculated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

increase for mineral content above 30% reaching 6 GPa in the case
of 70% mineral content (see Fig. 7b).

2.3. Discussion

Our findings reveal a strong correlation between the molecular
and the mechanical properties of collagen, and the crucial role of
mineral crystals for load transfer into the collagen matrix. Accord-
ing to atomistic simulations performed by Nair et al. [29], the gap
regions between tropo-collagen helices are more deformable and
hence the overlap regions carry more stress in non-mineralized
collagen. When apatite crystals form within the fibrils, the overlap
regions become less deformable and the stress is transferred to the
collagen molecules. Our interpretation of the correlation between
mineralization and stress-strain response of the micro-fibers is
summarized in Fig. 8. The schematic models in Fig. 8a and b show
the staggered arrangement of the triple-helical collagen molecules
found in collagen fibrils in the absence (Fig. 8a) and presence of

mineral nano-crystals (Fig. 8b, indicated in yellow). The presence
of the mineral phase leads to an enhanced connectivity between
the tropo-collagen molecules and hence an increased interlocking
of fibrils. As a consequence, the presence of the mineral effectively
alters the load transfer mechanism and hence the mechanical
properties. In this context, the alignment of the apatite nanocrys-
tals with respect to the collagen fibril orientation is expected to
play an important role. The arrangement of the apatite nanocrys-
tals in the context of the collagen fibers in human femur bone
(Fig. 8c) can be observed in a STEM image of the apatite nanocrys-
tals and the collagen fibrils, which are identifiable due to their
characteristic D-banding. Note that the sample was not stained
for contrast enhancement. There is a clear indication of a general
alignment of the apatite nanocrystals with the long axes parallel
to the orientation of the collagen fibrils. Previous reports on the
stress-strain response of bone have highlighted the role of non-
collagenous organics in the dissipation of energy [30,31]. In partic-
ular the possibility of stress relaxation via the reversible disruption
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Fig. 8. Schematic illustrating the role of increased degree of mineralization in the enhanced stiffness of collagen. (a) Unloaded and loaded case of non-mineralized collagen
showing the gap region between the triple collagen helices expanding. (b) Unloaded and loaded case for mineralized collagen (mineral phase in yellow) showing the mineral
nanocrystals interlocking the triple helices. (c) Apatite crystals in the collagen matrix of human bone as observed by STEM. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

of a largely homogeneous glue-like matrix of organic polymers
such as polysaccharides has been suggested to explain the high
toughness observed in bone [29].

The Young’s modulus of bone has been reported to be approxi-
mately 20 GPa [32], which is about three times higher than our
value for 70% mineralized collagen. This difference might be
attributed to the absence of the non-collagenous component in
our samples as well as the cross-linking between the collagen
fibrils. However, a value of approximately 6 GPa, as found in our
studies, is remarkably close to that of bone and despite the
observed differences in the mineral microstructure, demonstrates
the ability of the synthesis technique employed here to generate
collagen/apatite composites with elastic properties similar to their
natural counterpart.

It has previously been noted that mineral/collagen interactions
may be a key factor in defining the characteristic hardness and
fracture toughness of bone [30]. In particular, the stress release
and energy dissipation pathways are determined by the nature of
the interfaces between the apatite mineral and the tropo-
collagen. The responsiveness of the proline/hydroxyproline bands
to tensile stress can therefore provide valuable information regard-
ing these interfaces.

The particular sensitivity of proline and hydroxyproline con-
taining polypeptide sequences to external stress in the mineralized
fibrils is important since both amino acids are known to stabilize
the helical collagen structure. Our findings highlight that this inter-
action affects the mechanical response in the presence of apatite
mineral and needs to be taken into account when preparing
improved mineralized collagen tissue for bone replacement. For
example, the collagen/apatite composite might be strengthened
by increasing the proline and hydroxyproline composition of the
polypeptide chains in the tissue. Current efforts focus on the use
of computational simulations to determine the specific mechanism
behind the molecular response to stress as revealed by the
observed Raman frequency shift.

3. Summary

A novel custom-built electromechanical device combined with
in situ Raman microscopy was used to study the molecular
response of collagen micro-fibers with different amounts of apatite
mineralization under tensile stress. We report that the presence of
apatite crystals in the collagen triple helical matrix results in the
enhancement of the elastic modulus of the micro-fibers, which is
accompanied by a wavenumber decrease for the proline and
hydroxyproline Raman bands with increasing strain. This is in con-
trast to non-mineralized collagen, where the elastic modulus is
considerably lower and no significant dependence of the proline

Raman band on the applied stress could be detected. At levels of
mineralization similar to those found in bone, the mechanical
properties approach those of bone despite the absence of cross-
linking in the collagen matrix. The observed systematic correlation
between Young’s modulus and proline Raman band shift is
explained by a structural enhancement via molecular interlocking
mediated by the mineral phase, which leads to an enhanced stiff-
ness as well as sensitivity of the proline ring conformation to
applied mechanical stress. We propose that a similar interlocking
mechanism acts in natural bone and contributes significantly to
its overall mechanical properties.
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