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Due to its abundance in vertebrates, including humans, collagen is deemed to be a highly attractive bioderived

material which bears large potential for cutting-edge applications in a variety of biomedical fields, including

scaffolds, implantology, artificial organs, regenerative medicine and mechanobiology. Depending on structure,
including hierarchical fibril alignment and crosslinking, in vivo collagen assemblies are characterized by Young's
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moduli ranging from some kPa to GPa. When heading for biomimicry of scaffolds and implants based
on reconstituted collagen, control of mechanical response by fibril alignment and biomimetic crosslinking
constitute central challenges. Within this work we demonstrate, that energetic electrons are a promising tool

to permanently imprint prestrain-induced alignment of collagen fibrils within macroscopic collagen fibers by

rsc.li/materials-advances

1 Introduction

Collagen is a versatile biomaterial that has tremendous poten-
tial in scientific, applied, and biomedical fields. It is biocom-
patible and biodegradable showing a high suitability for appli-
cations in areas of bio-engineering and regenerative medicine"
as tissue replacement and in cell culture.>® Collagen is a
structural protein that is found in vertebrates, including con-
nective tissues of mammals and humans, in the form of
fibers.”® Up to date, 29 types of collagen have been identified,
of which type I, II, III, IV, and IX are the most common in
humans.”" Collagen type I is the most abundant protein in the
human body and plays a critical role in providing structural
support and strength to tissues such as skin, bone, cartilage,
and tendons.”'"™ In living organisms, collagen fibers are
typically organized in different orientations depending on the
tissue type, which plays an important role in the mechanical,
physiological and biochemical functions.® Collagen networks
display highly nonlinear mechanics and stiffen significantly
due to an internal and external strain increase.'® ™ In addition,
they are also viscoelastic: they partially store elastic energy and
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introduction of biomimetic crosslinks, resulting in elastic properties bridging orders of magnitude.

partially relax internal stress through dissipative processes.'®
All of these properties are delicately influenced by the structure
of the networks, by the molecular interactions between mono-
mers, and by the addition of covalent cross-links."*

As it is relatively easy to isolate from a variety of tissue
sources, such as bovine,"” fish'® and rodent," and can be pro-
duced as a recombinant human protein,*® researchers are
exploring the use of reconstituted collagen for a range of
applications, including drug delivery*' and wound healing.'®**
Collagen-based drug delivery systems can protect drugs from
degradation and the use of different cross-linking agents can also
affect the release rate of drugs. Collagen-based dressings have
been shown to promote wound healing by providing a moist
wound environment and promoting the growth of new tissue.
Collagen has been also extensively studied as a scaffold material
for tissue engineering, with many examples of collagen-based
biomaterials emerging in recent years.>>** One major challenge
is the development of biomaterials that can support the growth
and function of cells. Collagen-based scaffolds have been shown to
promote cell attachment, proliferation, and differentiation. Col-
lagen fibers can be modified to improve their mechanical proper-
ties, stability and biological performance by adding cross-links.”>>°
Chemical cross-linking using glutaraldehyde is common and
widely used to tailor thermal and mechanical properties of a
variety of biomaterials including collagen.””*° However, it is often
associated with cytotoxicity which interfere drastically with bio-
compatibility.>*>*' Treatment with energetic electrons, in contrast,
is a reagent-free, biomimetic approach eliminating particularly
the potential toxicity of chemical cross-linkers® and allows for
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spatially resolved insertion of crosslinks.*® Previous studies have
already demonstrated that electron treated hydrogels**~** have
been proven to have an influence on cellular morphology while
also being non-cytotoxic which makes them even more suitable in
the fields of mechanobiology and regenerative medicine."

While there are numerous methods available for forming
collagen scaffolds from isolated collagen, it can be difficult to
control collagen fibril alignment. While various forms of physical
manipulation including fluid shear’®?® and electromagnetic
fields***” have been explored to improve collagen fibril alignment,
exposure to strain***° before cross-linking is used in this work to
produce reconstituted collagen type I fibers and increase fibril
alignment. The collagen fibers are stretched using a tensile testing
machine prior to being crosslinked with high energy electron
irradiation at different doses in order to tailor and imprint their
structural alignment and mechanical properties. This allows the
mechanical properties to be simultaneously adjusted on two
parameters, which means that a higher degree of accuracy in the
mechanical response and mechanical anisotropy can be expected
for custom-made scaffolds.

To establish structure-property relationships between fiber
alignment and mechanics, polarized light microscopy (PLM)*°
was found to be useful in analyzing changes in polymer
structures parallel to mechanical tests. In this paper we use
classical cross-polarized light microscopy to image the struc-
ture of prestrained and electron treated collagen fibers.

We present approaches to synthesize and cross-link pre-
strained collagen fibers extracted from rat tail tendons. We show
that modification of the mechanical response can be achieved not
only by using high-energy electrons, but also by aligning the
internal fibril structure by prestraining and fixing it in the afore-
mentioned electron beam treatment. The obtained elastic, visco-
elastic and plastic properties of prepared non-prestrained collagen
fibers are compared with those of irradiated fibers with respect to
the electron irradiation dose as well as the degree of mechanical
prestrain before application of energetic electrons. Afterwards,
fibers were imaged using cross-polarized light microscopy to reveal
and compare their modified structure.

2 Materials and methods
2.1 Collagen sample preparation

Collagen fiber samples were produced according to the work of
Y. Kato et al."® using chemicals listed in Table 1. Firstly, fiber

Table 1 Table of chemicals
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formation buffer (FFB) is prepared before collagen fiber syn-
thesis consisting of: distilled water (400 ml), 135 mM sodium
chloride (2.75 g), 30 mM TES (3.16 g), 30 mM sodium phos-
phate dibasic (1.7 g).

Using a hypodermic needle, collagen type I extracted from
rat tail (5 ml) is slowly loaded into a syringe after centrifuging at
1000 rpm to extract air bubbles of collagen. The polytetrafluoro-
ethylene (PTFE) connector tube is attached to this collagen-
filled syringe and the syringe is loaded onto a syringe pump.
The end of the connector tube has to be entirely submerged in
the fiber formation buffer (FFB), outlined above. This FFB is
poured into a large petri dish and placed onto a hot plate with a
magnetic stirrer and heated to approximately 36 °C (see Fig. S1,
ESIT). The pump infusion rate of the syringe pump is set to
0.2 ml min~" and fibers start forming as soon as syringe pump
is turned on and collagen is extruded into the FFB. This
extruded collagen needs to be cut with clean sharp scissors
every 20 seconds in order to obtain individual fibers of length
of approximately 10 cm.

The fibers should remain in the FFB for at least 45 minutes
in order to facilitate the polymerisation process. They are then
washed in a series of 4 baths at room temperature, each bath
lasting 60 minutes. Each subsequent bath decreases concen-
tration of isopropyl alcohol, starting with 100% isopropyl
alcohol and ending with 100% dH,O. After the last bath in
distilled water, the fibers are hung to dry overnight at room
temperature. The samples are stored dry at room temperature
until use.

Collagen fibers are stretched in the Zwick-Roell tensile
testing machine before irradiation with 0%, 25% or 60% of
their original length. This process is referred to as “prestrain-
ing” throughout this paper. The fibers are glued onto a sample
holder which is a frame of transparency paper and has a fixed
gauge length (initial length of specimen), 3-4 dried fibers are
glued at both ends by cyanoacrylate adhesive to a sample
holder. The samples are then submerged in a bath with dH,0
to swell for at least 30 minutes. The wet fibers attached to the
sample holder are then clamped in the tensile testing machine
and the sides of the sample are cut to allow the fibers to be
stretched. The upper clamp then moves upwards at a steady speed
until the samples reach the desired extension. When the clamp
stops moving, without removing the sample holder from the
clamp, a piece of Styrofoam is glued to either side of the sample
holder in order to fix this new fiber length. These samples are then
stored dry at room temperature until irradiation.

Chemical name

Concentration/lab code

Collagen
Buffer

Collagen Type I, Rat Tail, Cat. No.: 50205, pH 2-3 (ibidi GmbH, Germany)
Sodium chloride NaCl, M = 58.44 g mol ', $7653 (Sigma-Aldrich, Germany)

TES CeH;5NO6S, M = 229.25 g mol ', T1375 (Sigma-Aldrich, Germany)
Sodium phosphate dibasic Na,HPO,, M = 141.96 g mol ", $3264 (Sigma-Aldrich, Germany)

Distilled water
Isopropyl alcohol
Sodium hydroxide

4808 | Mater. Adv, 2024, 5, 4807-4817

dH,0, M = 18.02 g mol "
CsHO, M = 60.10 g mol ', 278475 (Sigma-Aldrich, Germany)
NaOH, M = 40.00 g mol ", 72 068 (Sigma-Aldrich, Germany)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Electron irradiation

A 10 MeV linear accelerator (MB10-30MP; Mevex, Ontario,
Canada) was used to irradiate collagen fibers. The precise
device used is located in the Leibniz-Institute for Surface
Modification e.V. Leipzig. The moving stage moves with a 180 HZ
frequency rate, electron pulse of 8 ps long was used and the
scanning horn scans the electron beam with a frequency of 3 Hz,
similarly to Riedel et al.* Trradiation is done in steps of 5 kGy in
accordance to Wisotzki et al,** regardless of the final desired
irradiation dose, with a rest period of 2-3 minutes between each
step to prevent overheating and damaging of the samples. As a
result, the total time to irradiate the samples takes approximately
an hour, depending on the final irradiation dose. The irradiation
doses are measured using graphite dosimeter having an uncer-
tainty of 10%. The samples were irradiated up to 50 kGy in an inert
plastic sample holder filled with distilled water.

2.3 Tensile testing

A zwickiLine tensile testing machine (type Z0.5 TS, art. no.
058992, ZwickRoell GmbH & Co. KG, Germany) was used for
prestraining and tensile testing of the collagen fibers. The built-
in force sensor (type Xforce HP, art. no. 063924, ZwickRoell
GmbH & Co. KG, Germany) is calibrated to 0.4% of the nominal
force (i.e. max 0.02 N). The computer software testXpert III sets
the parameters and collects the force data for the stress—strain
curves at a sampling rate of 200 Hz. All tensile tests were
performed strain controlled in fully hydrated conditions. Stress
is obtained from the measured force acting in the direction
parallel to the fiber (¢ = F/A, where A, = nr,” and r is the initial
radius) with a uniform loading rate of 1.5 mm min .

For tensile testing, sample holders are prepared consisting
of a frame of transparency paper which is cut with a fixed gauge
length of 2 mm. This allowed a strain to be determined based
on the standardized original sample length and the displace-
ment measured with the calibrated ZwickRoell (type Z0.5 TS,
art. no. 058992, ZwickRoell GmbH & Co. KG, Germany) force
testing system. The fibers are glued with cyanoacrylate adhesive
to a sample holder. The samples swell in a water bath for at
least 2 hours before tensile testing. The sample is then clamped
vertically inside a water bath in the tensile testing machine
(shown in Fig. S2 and S3, ESIt). Each side of the sample holder
is then cut to allow the collagen fiber to be stretched. The
bottom clamp is stationary fixing the sample in place while the
upper one moves, stretching the sample vertically. The light
microscope set up behind the water bath allows real-time
recording of the sample being measured.

2.4 Polarization microscopy

Polarized light microscopy was used to image the collagen fiber
structure. The microscope Leica DM2700M (LeicaMicrosystems
GmbH, Wetzlar, Germany) was configured to polarisation mode
in accordance with the manual.*' The polariser and analyzer
are initially set at 0° with respect to each other to obtain
unpolarized images of the samples. Analyzer is then rotated
90° with respect to the polarizer, in this cross-orientation of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polarizers, the birefrigent sample appears bright on a dark
background. The samples are imaged in a fully hydrated state
by letting them swell in a water bath of dH,O for approximately
2 hours and more water being applied to the fiber during the
measurement if needed. The light source used in the micro-
scope is a white light high-power LED. Different objectives with
increasing magnification are used to image the samples in
greater detail (5x, 10x, 20x, 40X, 63X).

2.5 Image and data analysis

The light microscope used during the tensile measurement
is DinoLite AM7915MZT (AnMo Electronics Corporation,
Taipei, Taiwan) with the DinoCapture 2.0 software. The images
obtained from the polarization microscope were scaled to size
using image] (version v1.53t) software. The data obtained from
the tensile testing machine was analyzed using Python 3.6.15
code, analysis and fitting were done using the libraries NumPy,
SciPy and Pandas, while the plotting is done using MatPlotLib.

3 Results

3.1 Uniaxial mechanical characterization

Tensile tests were performed to determine viscoelastic beha-
viour of fully hydrated unirradiated non-prestrained (see
Fig. S4, ESIt) and irradiated prestrained collagen fibers, respec-
tively. In Fig. 1 for each electron dose D (5, 10, 25, 50 kGy,
respectively) four stress-strain curves are shown, as-extruded,
irradiated non-prestrained, irradiated prestrained 25% and
irradiated prestrained 60%, respectively, employing the engi-
neering stress and strain definitions. Regarding the qualitative
shape of the curves, first it is interesting to note that by
introduction of covalent crosslinks, energetic electron treat-
ment prevents occurrence of ductile necking behavior, which is
prevalent only in as-extruded samples. With both, higher dose
and prestrain, fracture strain decreases while ultimate tensile
strength (UTS) increases. The higher the dose, the stiffer the
fiber becomes, thus the fracture strain decreases with each
higher dose (see Table S1, ESIt). For as-extruded and samples
exposed to doses of 10 kGy and higher, increases of UTS from
0.16 MPa to 0.77 MPa and higher, respectively can be observed.
If prestrains &y = 25% and &, = 60% are applied, UTS at
50 kGy are 1.47 MPa and 3.50 MPa, respectively.

The mechanical properties of cross-linked collagen fibers
were determined by cyclically loading in loops of 10 cycles each,
resulting in four loops with increasing maximum strains of
0.02, 0.04, 0.08, and 0.16, respectively. Cyclic stress-strain tests
were mainly performed in the low-strain region, revealing a
nonlinear elastic response indicating a central role of induced
crosslinks for mechanical stability. For each loop the distribution
of the differential Young’s moduli K = do/de** was investigated at
constant loading rate of 1.5 mm min ' at frequencies of f5, =
0.313 Hz, fio, = 0.157 Hz, fyo, = 0.078 Hz, figo, = 0.039 Hz, fine, =
0.020 Hz, respectively, as determined by the maximum deforma-
tion strains due to constant deformation rates (see Table S1, ESIT).
The resulting stress-strain curves were smoothed with a spline fit
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Fig. 1 Exemplary tensile tests with 0%, 25%, 60% prestrain for increasing irradiation doses of 5, 10, 25 and 50 kGy from left to right, compared to

unirradiated samples.

in python,® whereby K was defined as the stress gradient ¢ divided
by the strain gradient ¢. The differential moduli were calculated
solely for extension, not for compressions in the respective loops.
Depending on the prestrain, i.e. 0%, 25%, 60%, results are shown
in Fig. 2 for the respective irradiation doses; they basically not only
show an increasing Young’s modulus with prestrain and dose, but
also non-linearity, as reflected in the broadening of the distribu-
tion (see also Fig. S5-S7, ESIY).

Since the cyclic force tests show a hysteretic response,
energy dissipation is analyzed via

where t, is the start time and ¢, the end time of the stress—strain
measurement. The total distance traversed by the moving head
of the force measurement system at the corresponding time is
the displacement s(¢). A higher irradiation dose does not have a
particularly large effect on dissipation (also Fig. S8, ESIT). For a
prestrain, however, it can be observed that the energy dissipa-
tion decreases dramatically. In fact, in Fig. 3, for cycles 20 and
above, the energy dissipation is at least an order of magnitude
higher for as-extruded samples when compared with pre-
strained samples. A distinction must be made between low-
strain regions (up to cycle 20) in which almost no energy

y -
W = JZ F(5(1)) - Qd[ (1) dissipation appears, and regions above this where the first
1 d relaxation effects can already be observed (cf. Fig. 3).
1200
D = 0 kGy D = 5 kGy D =5 kGy
. =0% Epre = 25% Epre = 60%
1000 |- D=5kGy | D=10kGy | D = 10 kGy
Epre = 0% Epre = 25% Epre = 60%
800 L D=10kGy | D=25kGy | D = 25 kGy
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0 | — 'k
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Fig. 2 Distribution of differential moduli in the loop up to 4% peak strain for increasing prestrains in cyclic stress—strain curves.
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Fig. 3 Energy dissipation during cyclic measurements with a peak strains
of 0.02, 0.04, 0.08 for the cycle 1 to 10, 11 to 20, 21 to 30, respectively, for
increasing prestrains.

The relaxation behaviour of glassy complex systems can be
modeled by introducing an additional stretch parameter** to an
exponentially decaying function. The stretched exponential is
defined as

ok(t) = ¢ - exp [— (é)q (2)

referred as the Kohlrausch-Williams-Watts (KWW) function, in
this case with o(¢) as time dependent stress, o, as initial value
of the stress and 0 < f < 1 as stretch parameter. The stress
in relaxation curves was transformed from the measured
forces, the time scale remained identical. Relaxation covering
stretched exponential fits were performed with the curve_fit
function from the python®® scipy library. The KWW function (2)
was slightly adapted for the fit. An additional offset ¢, was
added to capture relaxation effects occuring before starting the
measurements. In order to cover the stress range of the
measurement, an offset oo¢ is added; thus the prefactor gy,
originally initial stress value, must be adjusted.

0, (1) = g - exp {— <HTZO>ﬂ} + Gofr (3)

To reduce fit parameters and to include the offset g,¢ on the
stress axis, o is written as

oo = (00 — aoff)eXp[(%O)ﬁ] (4)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with

oy = 0},(1 = 0). (5)

The fit parameters 7, f§, oo, to have been determined using
as well eqn (3) as eqn (4) and constraints resulting from
the data.

For the fitting procedure, the measurement data in the 4th
loop from the cyclic stress-strain tests were averaged. The
stretched exponential fit described above was then applied to
the maximum mean values of the respective cycles. The values
for the stretching exponent is in our study in the range of 0.2 <
f < 1, whereby f decreases with increasing dose, viz. cross-
linking density (see Fig. 4 0 kGy and 5 kGy). The results of the
stretched exponential fits in the relaxation tests are approxi-
mately consistent with other studies.*

3.2 Characterization of fiber alignment using polarized light
microscopy

The samples were imaged under cross-polarized light and were
rotated on the rotating plate 10° at a time (starting at 0° with
sample being parallel to x-axis) in order to investigate further
the inner alignment of the fibers. Brightness of the microsco-
pe’s light source was lowered significantly for imaging as in the
section above the samples were imaged at extinction (0°), as is
clear from the images below. The same brightness as used in
the imaging above results in samples being too bright when
imaged at 45°. Only images at 0° and 45° are shown here
because they provide the extinction and brightest position of
the fibers, respectively.

All samples in the images below appear brightest at 45° and
dimmest at 0° and 90°. The non-prestrained and unirradiated
sample is the brightest out of all samples at 45°, appearing
mostly white. At 0° the sample appears blue and is still clearly
visible. When unirradiated sample is stretched a portion of the
light appears to be absorbed leaving the sample at extinction to
appear orange on the outer edges at 0° and entirely at 45°.

When irradiated but still non-prestrained, the sample looks
similar to the unirradiated non-prestrained sample, but
dimmer at all angles. This is similar to what is seen for the
unirradiated and irradiated non-prestrained samples shown in
Fig. 5. When stretched, similar to the unirradiated sample, it
appears orange but now at 45° while being completely extinct
at 0°. Prestrained irradiated samples show similar colours to
Fig. 5 at 45° and are completely extinct at 0°.

The image data from the polarization microscopy were
evaluated via the intensity histograms (see Fig. S14, ESIf) of
the individual red, green and blue channels (RGB) in order to
assign potential effects of irradiation or induced stresses. Polar
plots in Fig. 6 show intensity dependence for 0° < « < 180°.

4 Discussion

In the following, we aim to discuss the relation of collagen
network properties and mechanical response. We start by first
noting that our extruded collagen fibers largely consist of

Mater. Adv, 2024, 5, 4807-4817 | 4811
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Fig. 4 Averaged relaxation curves (Av. rl. data) with fitted data using an adapted KWW function (Ad. KWW fit) for prestrained crosslinked samples and

unmodified reference samples.

isotropic network structure, as confirmed by our present polar-
ized light microscopy measurements (as-extruded fibers in
absence of prestrain largely reveal zero transmittance when
rotated between two crossed linear polarizers), as well as
previous ESEM (environmental scanning electron microscopy)
measurements.*® Energetic electron treatment of such isotropic
networks results in dramatically increasing elastic moduli
as e.g. reflected by the maximum Young’s modulus, which
increases e.g. by 1.5 orders of magnitude from 0.1 to 5 MPa
upon exposure to an electron dose of 50 kGy. This is accom-
panied by a change of fracture mode from ductile to brittle;
accordingly UTS and fracture strain increase (0.18 — 1.2 MPa)
and decrease (2.4 — 0.5) by an order of magnitude and more,
respectively. While our presently recorded uniaxial stress-strain
curve until fracture thus constitute a comprehensive mechanical
characterization, the finding on dramatically increasing Young’s
moduli are in accord with strongly increasing shear moduli
determined in our previous shear rheology measurements on
electron beam treated collagens of different source.>® Clearly
energetic electron assisted introduction of covalent crosslinks

D = 0 kGy D = 0 kGy
€, = 0% €. = 0%
Not tensile tested Tensile tested

D = 50 kGy
€.=0%

o=45°

Not tensile tested Tensile tested

. % : '\"'

constitutes the unerlying mechanism. The latter is accom-
plished by a hydrolysis-based mechanism, i.e. secondary elec-
trons generated by the primary 10 MeV primary electrons,
primarily split water (H,O0 — H' + OH") (beyond chain scission
to some minor extends). The resulting H" and OH™ radicals
successively attack collagen side groups, resulting - as demon-
strated by us for porcine/rat-tail collagen blends - primarily in
biomimetic crosslinking via tropocollagen lysine side groups,
while the backbone chains are kept intact.*

Clearly it is reasonable to assume, that the same energetic
electron induced processes prevail also in presence of a pres-
tress, i.e. crosslinks are expected to be introduced into the
prestressed sample. However, the loci of the introduced cross-
links certainly will depend on the local network configuration,
viz. local distances and displacement fields, which are related
to global strains in a non-affine manner. Even though this
relation certainly is expected to be complex, introduced covalent
crosslinks certainly imprint (or, program) the local network
configuration related to a global strain state - and then prevails
even in absence of global stresses. Thus energetic electron

D = 50 kGy
€. = 0%

D = 50 kGy D = 50 kGy
e = 60% L 60%
Not tensile tested Tensile tested

500 pm

Fig. 5 Crossed polarized light microscopy measurements for samples with prestrains of eye = 0% and g = 60% with regard to radiation treatment
before and after tensile tests. The angle of the rotating plate in the polarization microscope is «. The microscopy images in higher resolution are shown in
the Fig. S9-S13 (ESIT).
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(b) D = 0 kGy, non-prestrained, TT
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(d) D = 50 kGy, non-prestrained, TT
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(f) D = 50 kGy, prestrained 60%, TT
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Fig. 6 Polar plots resulting from weighted mean intensities of the single red (R), green (G), blue (B) channels from individual pixel analysis of polarisation
microscopy images. To obtain comparability at all rotation angles, the maximum circular area in the polarization microscopy images was considered.
All areas outside the circle were set zero (R = 0, G = 0, B = 0). The lowest 5 intensities in the image matrix were weighted 0 in order to represent black
(i.e. sample-free regions in the image, usually only the water) as little as possible in the polar plot. Shown are beside the mean R, G, B (weighted mean)
intensities of the measurements also the summed intensities for all three channels together. Scaled are the means to the maximum possible intensity,
both for RGB individually and for the sum of all RGB means. TT: tensile tested, NT: not tensile tested.

treatment at increasing strains is expected to result in increasingly
unisotropic, covalently crosslinked collagen networks with fibers
increasingly aligned along the prestraining direction.

This picture is, in fact, confirmed by our polarized light
microscopy measurements (Fig. 5), that demonstrate an
increased degree of axial fiber alignment for increasing pre-
strains and electron doses. Selective absorption or transmis-
sion of different wavelengths or polarizations of light at
different orientations of the sample suggests the presence of
optical phenomena called dichroism (Fig. 6). In parallel, these
measurements indicate Mie and Rayleigh scattering due to the
small-scale structures in collagen.””™*° Several effects are to be
expected that cause a change in the area under the curve due to
a higher prestrain. Firstly, the geometric properties of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

sample are changed by the prestrain. Secondly, the morphology
of the samples changes as a result of the prestrain. By increas-
ing the anisotropy with an alignment of the internal collagen
fibrils measured with polarization microscopy, a change in
intensity can be observed. Polarization microscopy shows in
particular the angle dependence of the intensity, which means
that certain wavelengths are less intense depending on the
angle. All colors must be considered when analyzing the align-
ment, as on the one hand a white light source with a non-
monochromatic spectrum was used, and on the other hand
scattering effects can occur in the material, which means that a
certain wavelength does not locally characterize the material
property at a certain point. The analysis here is qualitative, with
a laser setup spatial heterogeneity of the material could be
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analyzed even more precisely. Nevertheless, a higher angular
dependence, ie. a defined intensity maximum at a certain angle
with a minimum curve width, can be used to interpret the
measurements as a higher alignment of the collagen fibrils in
the collagen fiber.

In a study by Cheung et al,*® radioactively labeled tissue
treated by glutaraldehyde and a diamine crosslinking process
was subcutaneously implanted in rats, whereby the amount of
radioactivity remaining in the tissue, indicative of resistance to
biodegradation, was monitored over a period of one year. The
breakdown of a biomaterial in vivo is caused by either a
chemical degradation or a mechanical wear-and-tear induced
or enhanced by host immune response, calcification, specific
cellular or enzymatic degradative processes.’® In the case of a
collagenous matrix, chemical degradation, namely proteolysis
is the major cause of breakdown.’® Although native helical
collagen molecules and fibers are very resistant to proteases
(except collagenases), any damage on any of the polypeptide
chains within a molecule will cause the whole molecule to
unwind and degrade quickly.’® Mechanical stress or strain on
the biopolymer in vivo may influence unwinding processes.’®
Crosslinks stabilize collagen as well as other macromolecules
by allowing the partially cleaved peptides to remain folded in
their native state.® Conversely, for long-term stability, the
unwinding process of the collagen molecule, which in particu-
lar is (a) chemically or (b) mechanically induced, must be
inhibited.

Concerning (a), native collagen generally has an isoelectric
point near neutral pH, which means that it has poor water
solubility under physiological conditions.’ The pH and ionic
strength of the suspending medium clearly affect the collagen
solubility and also affect the relaxation of isometric forces
caused by heating.’” However, in collagenase solution the degree
of enzymatic degradation of collagen hydrogels after immersion
depends strongly on the crosslink density.>® The resistance to
collagenase of the cross-linked collagen hydrogels is greater than
that of the native hydrogel.>® This could be explained by the
structural changes induced by cross-linking bonds.>*”* Brodsky
et al>>> reported that the degradation was initiated by the
cleavage of peptide bond at the site between residues 775 and
776 (Gly-Leu) in collagen triple helical domain due to collage-
nase. The fibrillar structure of collagen hydrogel became more
compact via cross-linking and this steric hindrance decelerated
the enzymatic degradation due to the inhibition of diffusion of
collagenase to the cleavage sites.”*>**” As demonstrated by us,*
at moderate doses crosslinks introduced into collagen due to
application of energetic electrons are very much similar
to crosslinks introduced biochemically under physiological
conditions. Due to this biomimicry, we expect live expectancy
of our crosslinks to be comparable to those introduced in vivo
if not exposed to solubilizing enzymes or acidic conditions as
mentionend above.

Regarding (b), a mechanically induced degradation of high-
energy electron beam cross-linked collagen fibers, we refer to
the relaxation analyses of the cyclic tests. Extrapolation of the
fitted relaxation curves on more than 30 days using the

0
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optimised parameters from the adapted KWW function leads
to stresses above 0.04 MPa and 0.22 MPa for 5 kGy without
prestrain and for 5 kGy with 60% prestrain, respectively, being
in the same order of magnitude and close to the stress of the
first cycle in the respective loop of the measurement. Thus, the
extrapolated data of the stretched exponential fit do not contradict
long-term stability under repetitive load in an aqueous solution.
However, the above-mentioned chemical effects can influence the
morphology of the collagen fibres under permanent load in parallel
to the mechanical degradation. Further experimental investigations
under varying physiologically relevant conditions are required on
the collagen system investigated here to monitor phenomena
affecting the cross-link structure.

In terms of mechanics, it is noteworthy that our as-extruded
collagen networks are largely isotropic subisostatic networks,
whose mechanical response is established to be largely domi-
nated by network topology and flexural moduli of fibers com-
posing the network. With increased axial fiber alignment,
uniaxial mechanical response is expected to be increasingly
governed by axial Young’s moduli of individual collagen fibers.
In our mechanical measurement this scenario is, in fact,
observed e.g. by an increase of the maximum Young’s modulus
by more than one order of magnitude when applying prestrain
during exposure to an electron dose of 25 or 50 kGy (Fig. 1).
Transition from a subisostatic random network to aligned fibers is
also reflected by hysteresis, viz. energy dissipation. While it is
established that subistostatic random networks (as the one
obtained by our initial extrusion process) contain a large amount
of floppy modes that dissipate energy during cycling, the latter are
increasingly removed due to prestrain and electron induced cross-
linking, viz. degeneracy regarding floppy modes is successively
reduced. Within our cyclic mechanical tests this is reflected by a
reduction of energy dissipation upon measuring cyclically, or,
reduced broadness of hysteresis, or, equivalently, reduced imagin-
ary part of the complex Young’s modulus (Fig. 3).

Long-term swelling tests with collagen fibers were not
carried out, although based on our previous work we expect a
Flory-Rehner type of swelling behavior, in which osmotic
pressure is balanced by network stresses, which, however, are
genererated largely not entropically as in the original work, but
by the more complex mechanical response of our electron
beam crosslinked semiflexible collagen network, leading to
reduced swelling with increasing mechanical stiffness. The
collagen fibres were crosslinked in the fully hydraded state,
whereby no instabilities were observed. Furthermore, the
mechanical measurements of crosslinked fibers were also
performed in the fully hydrated state after a swelling in distilled
water, whereby no signs of disintegration were observed.
However, studies have shown that collagen can denature in
water at temperatures of around 80 °C, regardless of possible
crosslinking techniques.>® Our experiments were carried out at
room temperature; the temperature was only exceeded during
synthesis in a buffer at 36 °C and during irradiation, where
local temperature peaks can occur. It is known that high
temperatures in particular can have an influence on the dena-
turation of collagen.®® 1t is therefore to be expected that at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperatures higher than body temperature and high hydra-
tion states, the material properties may change, which could be
investigated in detail in further long-term studies.

Regarding cell tests, our research group has carried out
comprehensive studies on collagen scaffolds crosslinked with
high-energy electrons. High cell viability and exceptional bio-
compatibility were observed even after modification with elec-
tron beams.>> Compared to chemical crosslinking methods, no
cytotoxic by-products are to be expected and thus an improve-
ment in cell concerning properties. Further studies might
provide a deeper understanding of collagen-cell interactions
and thus future experiments need to be conducted.

Above, we have established a picture on how energetic
electrons efficiently crosslink collagen and how this can be utilized
to fixate fiber alignment with the help of prestrains. Despite
preferential crosslinking sites via lysine side groups, energetic
electron induced crosslinking remains a largely stochastic process
regarding spatial distribution of the resulting crosslinks. These
inherent spatial fluctuations in crosslink distributions will cer-
tainly lead to fluctuations in the energetics of activated processes,
viz. increase temporal heterogeneity in thermally activated pro-
cesses due to spatial heterogeneities. Generally, increasing
presence of heterogeneities is reflected by increasing streched
exponential relaxation behavior, ie. increasing deviation of the
Kohlrausch exponent f < 1 from f = 1 (eqn (2)). In fact, upon
increasing electron dose, decreasing Kohlrausch exponents f; are
observed, consistent with this interpretation (Fig. 4).

In short term, applications as suture in medical surgeries
seem in reach. In the long term, the synthesis of artificial
tendons or ligaments clearly is a vision. However, as the
mechanical response in tendons and ligaments is governed
by the complex hierarchical collagen structure, further struc-
tural tuning employing several steps in synthesis and radiation
gradients will be key aspects to come closer to mimic biological
response.

5 Conclusion

Within the present work we have demonstrated how applica-
tion of mechanical strains during energetic electron assisted
crosslinking of collagen can be employed to design anisotropic
fibers with variable degree of axial network fiber alignment.
While we have verified that programming of fiber alignment is
feasible with this approach using polarized light microscopy, it
allows for the design of highly customized collagen fibers with
tailorable anisotropy and mechanical properties. Our presently
reported finding thus paves the way for synthesizing advanced
biomimetic scaffolds of highly variable anisotropy and mechan-
ical response, potentially suitable for a broad range of applica-
tions in biomedicine.

6 List of abbreviations

PLM
FFB

Polarized light microscopy
Fiber formation buffer
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PTFE Polytetrafluoroethylene
LED Light-emitting diode
UTS Ultimate tensile strength
LED Light-emitting diode
KWW Kohlrausch-Williams-Watt function
RGB RGB color model
ESEM Environmental scanning electron microscope
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