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Abstract The purpose of this study was to inves-
tigate whether 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) combined with n-hydroxysuc-
cinimide (NHS) can repair tendon damage caused
by peracetic acid—ethanol and gamma irradiation
sterilization. The semitendinosus tendons of 15
New Zealand white rabbits were selected as experi-
mental materials, and the tendons were sterilized in
a solution containing 1% (v/w) peracetic acid and
24% (v/w) ethanol. After 15 kGy gamma irradiation
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sterilization, the tendons were randomly divided into
three groups (n=10). The tendons were repaired
with EDCs of 0, 2.5 and 5 mM combined with 5 mM
NHS for 6 h, the tendons were temporarily stored
at—80+°C. The arrangement and spatial structure
of collagen fibers were observed by light microscopy
and scanning electron microscopy, the collagen type
and collagen crimp period were observed under a
polarizing microscope, and the collagen fibril diam-
eter and its distribution were measured by transmis-
sion electron microscopy, from which the collagen
fibril index and mass average diameter were calcu-
lated. The resistance of collagen to enzymolysis was
detected by the free hydroxyproline test, and tensile
fracture and cyclic loading tests of each group of ten-
dons were carried out, from which the elastic modu-
lus, maximum stress, maximum strain, strain energy
density and cyclic creep strain were calculated. The
obtained results showed that the gap between loose
collagen fibers in the 0 mM control group was wider,
the parallel arrangement of tendons in the 2.5 and
5 mM groups was more uniform and regular and
the fiber space decreased, the crimp period in the
5 mM group was lower than that in the 0 mM group
(P <0.05), and the concentration of hydroxyproline in
the 5 mM group (711.64 +77.95 pg/g) was better than
that in the control group (1150.57+158.75 pg/g).
The elastic modulus of the 5 mM group
(424.73+150.96 MPa) was better than that of the
0 mM group (179.09 +37.14 MPa). Our results show
that EDC combined with NHS can repair damaged
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tendons after peracetic acid—ethanol and gamma
radiation treatment, and 5 mM EDC has better mor-
phological performance, anti-enzymolysis ability and
biomechanical properties than 2.5 mM EDC.

Keywords Allografts - Tendon - Collagen
cross-linking - Peracetic acid - 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide

Introduction

Allograft tendons have been widely used in ligament
reconstruction and tendon repair, but there is a risk
of virus transmission during transplantation (Suarez
et al. 2007; Eastlund 2006). To ensure the safety of
tendon transplantation, peracetic acid—ethanol com-
bined with low-dose 15 kGy gamma irradiation has
been proven to be a common method for inactivat-
ing potentially harmful microorganisms (Zhou et al.
2014). Farago showed that if the biological load
is lower than 1.5 cfu/item, 15-kGy dose can disin-
fect the tendon (Farago et al. 2021), and low-dose
15 kGy irradiation can effectively kill most micro-
bial pathogens without affecting the material and
structural properties of the tendon (Yang et al. 2019).
However, after the tendon was treated with peracetic
acid—ethanol solution (PES), the intramolecular and
intermolecular cross-linking of collagen was dam-
aged to some extent. Zhou et al. found that collagen
fibers denatured after 1% PES treatment for 4 h (Zhou
et al. 2014). After PES treatment of the tendon for
240 min, collagen fibers shrank, ruptured, and disor-
derly arranged, fiber space increased, and mechanical
properties decreased (Xu et al. 2021). Therefore, how
to reduce or repair this injury and improve the mor-
phological characteristics of the tendon is a problem
to be solved while sterilizing.

Chemical cross-linking is a stable solution that
can promote the formation of covalent or ionic bonds
between functional groups, reduce the gap between
collagen fibers and increase the intermolecular force
(Hu et al. 2019). Common chemical cross-linking
agents include glutaraldehyde, genipin, and glucose.
Glutaraldehyde is widely used to strengthen colla-
gen biomaterials, which can significantly enhance
the tensile strength of tendon bundles (Hansen et al.
2009), but it has strong cytotoxicity and even leads to
tissue necrosis around the implanted area (Verissimo
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et al. 2010). The cytotoxicity of genipin is only
0.01% of that of glutaraldehyde, and its biological
safety in vivo has been widely demonstrated (Song
et al.2019), but genipin produces a dark blue color
through a discoloration reaction during cross-linking,
which will reduce its acceptance in clinical applica-
tion (Wang et al. 2020). Glucose-derived cross-link-
ing also occurs during radiation, which may protect
bacteria or viruses in tissue from radiation (Seto et al.
2008); therefore, we did not use these reagents. The
combination of the zero-length cross-linker 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) and
n-hydroxysuccinimide (NHS) has been proven to
be an effective collagen fiber cross-linking pathway
(Kew et al. 2012; Enea et al. 2013; Shepherd et al.
2013).

EDC is a water-soluble, noncytotoxic and bio-
compatible coupling agent that provides a safe, effec-
tive and efficient amino bond cross-linking method
(Ulubayram et al. 2002; Olde Damink et al. 1996a,
b; Zeeman et al. 1999). NHS is also a nontoxic and
biocompatible reagent that can enhance the stability
of EDC cross-linking products (Ahn et al. 2013). To
reconstruct the anterior cruciate ligament with poly-
ethylene terephthalate, Cai et al. modified the liga-
ment with EDC/NHS-cross-linked silk fibroin. The
obtained results showed that the silk fibroin coating
significantly improved the adhesion, proliferation and
extracellular matrix secretion of fibroblasts, promoted
new tissue regeneration, and enhanced the biocom-
patibility and remodeling process of artificial liga-
ments (Cai et al. 2019). Caruso et al. cross-linked the
fibers with 10 and 25 mM EDCs. The obtained results
showed that the mechanical properties of the cross-
linked fiber group were significantly higher than those
of the uncross-linked group (Caruso et al. 2004). To
repair the annulus fibrosus of the intervertebral disc,
Wang et al. prepared collagen gel with EDC and NHS
as cross-linking agents, which showed that EDC/NHS
could repair the annulus fibrosus defect and main-
tain nucleus pulposus integrity (Wang et al. 2017).
Goodarzi et al. also used EDC/NHS -cross-linked
gelatin to prepare hydrogels and found that the hydro-
gel is suitable for corneal tissue engineering and is
expected to be used as a substitute for artificial cor-
neas (Goodarzi et al. 2019). For the selection of EDC
concentration, 0.5 mol/L EDC used for collagen did
not reduce cell viability, as confirmed by Scheftel
et al. (2015). Powell et al. showed that the ultimate
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tensile strength increased by more than 50% when the
concentration of EDC was 10 mM, but when the con-
centration was higher than 10 mM, the ultimate ten-
sile strength decreased to 70% of the average value of
the control (Powell et al. 2006). Ahmad et al. treated
collagen fibers with three EDC concentrations,
25 mM, 2.5 mM and 0.25 mM, and inoculated human
semitendinosus tendon cells. It was found that lower
cross-linking concentrations had potentially more
optimized degradability and cell reactivity, cell adhe-
sion and proliferation close to noncross-linked mate-
rials (Ahmad et al. 2015). Based on this, the EDC
concentrations of 2.5 and 5 mM that we used can be
considered to be noncytotoxic in biomaterials.

We studied the morphological, biochemical and
biomechanical similarities and differences of ten-
dons treated with EDC/NHS cross-linked PES and
explored whether EDC/NHS can improve the destruc-
tion of tendons caused by sterilization to provide a
theoretical basis for the preparation of clinical alloge-
neic tendons.

Materials and methods
Tendon acquisition and grouping

Eighteen New Zealand white rabbits aged 6 months
were selected, and their body weights of 2.5~3.5 kg
were in good condition (provided by the Experimen-
tal Animal Laboratory of Tianjin Orthopedic Insti-
tute, Animal Ethics No.: 2021 Medical Review 089).
A 20% (w/w) Uratan solution was prepared with nor-
mal saline, which was used for animal anesthesia,
and euthanasia was performed after intravenous air
embolism. A total of 36 semitendinosus tendons were
cut off under aseptic operation, and the para-tendon
tissue on the surface was removed. After sealing,
the samples were frozen at — 80+3 °C. According
to the concentration of EDC, they were divided into
three groups: the experimental group (2.5 mM group,
5 mM group) and blank control group (0 mM group).

Tendon treatment process

The tendons sealed in aseptic sample bags were fro-
zen at — 80+2 °C for 30 to 90 days. The tissue was
rewarmed at room temperature and rinsed with ster-
ile saline 3 times for 20 min each time, and the loose

connective tissue near the tendon and the muscle tissue
of the muscle and tendon junction were removed. One-
time pulse cleaning was performed, and the tendon
blood and fat components were thoroughly removed
until there was no blood or fat. The tendon was placed
in a tabletop constant temperature shaker (constant
temperature of 25 °C) with 95% pure ethanol for con-
tinuous degreasing for 96 h, replaced once every 12 h,
and rinsed repeatedly with deionized water 3 times
for 10 min each time. The PE, anhydrous ethanol and
distilled water at the volume ratio of 1:24:75 were pre-
pared into a mixed solution containing 1% (w/w) PE
and 24% (v/v) anhydrous ethanol; the tendons were
immersed in the mixed solution, and kept at room tem-
perature for 120 min, irradiated with 15 kGy gamma
radiation using a ®*Co radiation source under dry ice.
The inactivated tendon was placed in an aseptic cen-
trifuge tube, PBS buffer was added at a mass volume
ratio of 1:50, the tube was washed at room temperature
for 1 h in a shaker, and the fluid was changed every
20 min. Repeat shock cleaning until the PBS buffer
pH after cleaning is in the range of 6.5 to 7.5. The ten-
dons and EDC (Hefei BASF Biotechnology Company,
TO200-5G) were prepared at a mass ratio of 1:2, and
the tendons were soaked in 50 mmol/L. MES buffer for
24 h. For 0 mM group, since no cross-linking is used,
we use aseptic normal saline to immerse at room tem-
perature for 6 h to ensure dummy incubations. For the
2.5 mM group, the tendons were treated with an EDC
cross-linking solution containing 50 mmol/L. MES,
2.5 mmol/L EDC, and 5 mmol/L. NHS (Nanjing Dulai
Company 6066-82-6), and tendons were cross-linked at
room temperature for 6 h with 40% ethanol (pH=35.5).
For 5 mM group, the tendons were treated with an EDC
cross-linking solution containing 50 mmol/L. MES,
5 mmol/L EDC, and 5 mmol/L NHS, and tendons were
cross-linked at room temperature for 6 h with 40% etha-
nol (pH=>5.5). Then rinsed twice with 95% ethanol and
20~30 min/wash. Use PBS rinse twice, 12 h/wash. The
HEPES buffer was rinsed 4 times, 15~20 min/wash.
The tendons were prefrozen to —80 °C, and then stored
at —80+3 °C.

Morphological observation
Light microscopy

In each group, 3 samples were selected and longitudi-
nally cut into 1~3 mm? sections. The specimens were
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fixed in 10% formalin solution for 24 h and embed-
ded in paraffin. Longitudinal sections with a thickness
of 4 um were cut from the paraffin sections and col-
lected on glass slides for staining. Then, the samples
were stained with hematoxylin—eosin (HE) and Mas-
son staining (Yeh et al. 2007).

Polarizing microscopy

The section specimens were fixed in 10% neutral for-
malin solution for 2448 h, gradually dehydrated with
gradient alcohol, and then dehydrated and cleared in
xylene solution until the tendons were transparent.
Routine paraffin sections were obtained with a thick-
ness of approximately 5 um. Paraffin was removed
from the sections of xylene and stained with Sirius
red. Rinse with running water for 1 h and then pour
into distilled water for a while. Then, the samples
were soaked in Sirius red picric acid solution and
dyed for 15-30 min. After dehydration and sealing,
the cells were observed by polarizing microscopy.

Scanning electron microscopy

The sliced specimens were immersed in PBS, and the
cell surface was rinsed with 3% glutaraldehyde pre-
cooled at 4 °C and fixed at 4 °C for 2 h or overnight.
The fixed agent was washed twice with PBS every
10 min, fixed with 1% osmium acid precooled at
4 °C for 1 h, and then washed twice with PBS every
10 min. Then, the samples were dehydrated with isoa-
myl acetate for 30 min, dehydrated with alcohol, and
then immersed in 100% acetonitrile. After vacuum
drying, the samples were removed and observed
under an electron microscope.

Transmission electron microscopy

The sliced specimens were fixed in 1% osmium
tetroxide solution (0.1 M phosphate buffer, pH 7.4)
for 2 h and then washed with phosphate buffer 3
times. The samples were continuously dehydrated in
an alcohol gradient and embedded in Epon812 (SPI).
The samples were transversely cut into ultrathin sec-
tions by an ultramicro cutting machine (Leica UC7)
and observed under TEM (Xu et al. 2021). At least
5 parts were randomly selected to shoot the images
with magnifications of X10000 and X20000, and
the images of X20000 were analyzed by Imagel/Fiji
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software (Schindelin et al. 2012). Based on the clas-
sification results of Trainable Weka Segmentation,
the tendon density, collagen fiber index and mass
mean diameter were calculated (Suzuki et al. 2015;
Jones1991).

Enzymatic degradation experiment

Three tendons in each group were washed with deion-
ized water for 5 min, cut into small 5 mm> pieces,
cut and dehydrated at room temperature for 24 h, and
weighed. A Tris—HCI buffer solution (pH 7.8) con-
taining 50 mM CaCl, and 0.1% a-chymotrypsin was
prepared. The tendon block was placed into a 1.5 ml
centrifuge tube. The 1.5 ml Tris—HCI buffer solution
was added to the centrifuge tube and gently shaken in
a constant temperature shaker at 37 °C for 24 h. After
incubation for 24 h, the digested sample was centri-
fuged at a rotational speed of 14000r for 10 min, and
the supernatant was fixed to 1.5 ml with distilled
water. A hyp detection kit (Solarbio, Beijing, China)
was used to measure the concentration of hyp in the
supernatant. The standard solution of hydroxyproline
and the blank solution without hydroxyproline were
equally divided and detected by the kit. The OD value
was recorded, the standard calibration curve was
established, and the content of hydroxyproline in tis-
sue was calculated.

Biomechanical tests
Cross-sectional area

The cross-sectional area of tendons in each group
was measured and recorded by the alginate molding
technique (Fig. 1). Vaseline was applied to lubricate
the surface of the tendon; one end of the tendon was
fixed, and a constant tension of 10 N was placed hori-
zontally on the other end; sufficient alginate powder
was mixed with deionized water to form a sticky ten-
don, and the tendon tissue was completely embedded
at room temperature for solidification. The tendon
embedded in alginate was extracted, and the solidified
alginate was cut vertically into thin slices at intervals
of 1 cm. Image] software was used to calculate the
fissure area in each alginate section and its average
value, which was the cross-sectional area of the ten-
don (Ge et al. 2020, 2021).
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Fig. 1 The cross-sectional
area of the tendon was
measured by the alginate
molding technique. The
lower end of the cotton rope
is connected with a weight
of 10 N. The cotton rope,
tendon and binder clip are
clamped on the same line
horizontally on the table
with rubber clay. The ten-
don is clamped by a binder
clip through the central hole
of the acrylic baffles, fixed
and stabilized, and then
viscous alginate hydrate is
added

Cyclic loading test

After the biomechanical fixture was cold-treated with
liquid nitrogen, the two ends of the tendon were fixed
on the fixture of the BOSE-ELF3230 biomechanical
machine (BOSE Company, USA), the tendon was
straightened, and the working distance between the
two ends of the fixture was set to 1 cm. First, the load
force is adjusted to 2 N for 30 s to eliminate creep.
The distance between the two clamps was L1, then
the tendon was cyclically loaded at a frequency of
0.2 Hz for 50 cycles under a load force of 2-10 N,
and the load-elongation curve was made according to
the output results. At the same time, the length of the
tendon was measured to be L10 after 50 cyclic load-
ings, and the creep value was calculated to be (L50-
L1)/L1 (Yanke et al. 2013).

Tensile fracture test

The tendon was given a fixed tension of 10 N for 3 min
to remove creep, the load of the biomechanical machine
was adjusted to 0, and then the tendon was loaded to
the tendon fracture at a displacement speed of 10 mm/
min. The type of tendon fracture (middle segment
fracture or clamp fracture) was recorded. The stress—
strain curve of each tendon was drawn by Origin2021

(OriginLab Corporation, Northampton, MA, USA),
and the mechanical properties of the tendon were calcu-
lated. It includes stiffness, maximum force, maximum
elongation, elastic modulus, maximum stress, maxi-
mum strain and strain energy density.

Statistical analysis

SPSS 21.0 (SPSS Company, USA) statistical soft-
ware was used for statistical analysis. The measure-
ment data are expressed as X+SD. Count data are
expressed as percentages. Continuous variables that
had a normal distribution and homogeneity of vari-
ance were compared by one-way ANOVA between
groups, and data that did not have a normal distribu-
tion or homogeneity of variance were compared by
the Kruskal—Wallis test. The LSD method was used
for the post hoc test. The a value of the test level is
0.05 on both sides.

Results
Morphological observation

The obtained results of HE staining showed that in the
0 mM group, collagen fibers were wavy and arranged
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in parallel bundles, tendon cells were scattered, the
fiber gap was wide, and the connection between ten-
don bundles was loose. In the 2.5 mM group, the
tendons were arranged in parallel, the fiber space
decreased and became denser, and the distribution
of tendon cells was more compact and roughly par-
allel to the longitudinal axis of the tendon; while in
the 5 mM group, the tendon was arranged in parallel,
the tendon bundle space was small and uniform, and
the fiber arrangement was the most compact (Fig. 2).
Masson staining showed that the collagen of the ten-
don in the 0, 2.5 and 5 mM groups was arranged in
parallel, and the staining results of each group were
significantly different. The proportion of red in the
0 mM group was large, the proportion of blue in the
2.5 mM group was the second highest, and the pro-
portion of blue in the 5 mM group was the highest.

Fig. 2 HE staining results
of tendons treated with
different concentrations of
EDC. The tendon cells were
scattered, and the fibers
were loosely arranged in the
0 mM group (A, B0 mM
group); the fiber gap was
significantly reduced, and
the structure was tighter

in the 2.5 mM group (C,

D 2.5 mM group); the col-
lagen gap was the narrow-
est in the 5 mM group (E,

F 5 mM group). A, C,E

(x 100) and B, D, F (x400)

0 mM group

2.5 mM group 7

5 mM group
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The normal collagen was blue, and the denatured col-
lagen was red in Masson’s trichrome staining (Fig. 3).
SEM showed that the tendon muscle showed a similar
shape, which was composed of parallel collagen fib-
ers with a steep waveform, and the tendon was com-
posed of tightly packed collagen bundles wrapped
in loose connective tissue. These bundles are further
subdivided into smaller bundles by the sheath. When
the magnification is up to 5000 X, the smooth surface
of dense collagen fibers can be seen. The collagen fib-
ers in the 0 mM group are disordered and irregular,
the fibers are entangled together, the waveform is dis-
ordered, and the arrangement is loose and disorderly.
In the 2.5 mM group, the collagen was arranged regu-
larly, and the interstitial space was denser between the
0 mM group and the 5 mM group. In the 5 mM group,
the collagen arrangement was the most uniform and
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Fig. 3 Masson staining
results with different con-
centrations of EDC. In the

0 mM group, most of them
were red, and the proportion
of blue was very small (A,
B 0 mM group). The pro-
portion of the blue 2.5 mM
group (C, D 2.5 mM group)
was higher than that in the
control group, and most of
the collagen fibers returned
to blue in the 5 mM group
(E, F 5 mM group). A, C, E
(x100) and B, D, F (x400)

OmM group

2.5mM group

5mM group

regular, the tendon fibers were cross-linked, and the
space was the tightest (Fig. 4).

The structure of the collagen network can be
clearly observed with polarized light; it is observed
that type I collagen fibers are thick and bright yel-
low with a relatively large proportion, while type III
collagen fibers are thin green with a relatively small
proportion. The collagen structure was clearly shown
in the three groups, and the fiber density was smaller
and the gap was loose in the control group; the den-
sity increased in the 2.5 mM group, while it was
clear that the fiber gap of the 5 mM group was the
smallest and the density was the highest. The colla-
gen crimp periods of the 0 mM group, 2.5 mM group
and 5 mM group were 71.87+6.02, 37.91+3.31 and
32.89+0.81 pum, respectively, and the difference was
statistically significant (P <0.01); however, there was

no significant difference between the 2.5 and 5 mM
groups (P<0.01). The crimp period increases with
increasing cross-linking concentration, and denser
folds can be seen in the 5 mM group (Figs. 5 and 6).

Fibril diameter and distribution

TEM evaluation showed that the average diameters
of the 0, 2.5 and 5 mM groups were 91.33 +19.70,
136.67+3.44 and 157.33+10.03 nm, respectively;
the 5 mM group showed the largest average diam-
eter, and the difference was statistically significant
(F=40.96, P<0.01); the densities of 0, 2.5 and
5 mM groups were 89.36+26.41, 67.11+5.09 and
57.90+7.59 N/um?, respectively, and the difference
was statistically significant (F=6.03, P=0.012).
The CFI values were 62.77 +1.50%, 75.34+1.76%,
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Fig. 4 SEM results.

The collagen fibers were
arranged in a disorderly and
intertwined manner in the
0 mM group (A, B0 mM
group). The degree of col-
lagen disorder decreased
in the 2.5 mM group (C,
D 2.5 mM group). The
arrangement of collagen
was the most uniform and
regular, and the collagen
was arranged in a wave
shape in parallel in the

5 mM group (E, F 5 mM
group). A, C, E (x1000)
and B, D, F (x5000)

OmM group

2.5mM group

5mM group

SUB010 3.0kV 10.4mm x1.00k SE(UL) 50.0um 5U8010 3.0kV 0k SE(UL)

and 80.52+0.48%, respectively, and the differences
were statistically significant (F=268.29, P<0.01).
The MAD results showed that the 0 mM group was
223.06+5.25 nm, and the 2.5 and 5 mM groups were
227.35+21.85 and 258.86+17.58 nm, respectively.
The obtained results in the 0 mM group were the
smallest, and the difference was statistically signifi-
cant (F=8.45, P=0.003) (Fig. 7, Table 1).

The distribution of 0, 2.5 and 5 mM groups showed
a double peak similar to normal distribution; the peak
values of the 0 mM group were at 60 and 160 nm, and
the distribution was asymptotic before and after the
two peaks; in the 2.5 mM group, the peaks were at 80
and 220 nm, and the distribution on the left and right
sides of the peak was asymptotic; in the 5 mM group,
the peaks were at 120 and 180 nm, and there was an
asymptotic change on both sides of the peak (Fig. 8).

Resistance to collagen degradation
The hydroxyproline concentrations of the O,

2.5 and 5 mM groups were 1150.57+158.75,
1061.75+£160.62 and  711.64+77.95  pglg,
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respectively. There was a significant difference among
the three groups (F=14.153, P<0.01). The concen-
tration of the 5 mM group was lower than that of the
2.5 and 0 mM groups (P <0.01), but there was no
significant difference between the 0 and the 2.5 mM
groups by a post hoc test (P=0.3, Fig. 9).

Biomechanical test

Among the cross-sectional areas of tendons, the
CAS values of the 0, 2.5 and 5 mM groups were
2.03+0.29, 1.81+0.25 and 1.71 +0.47 mm?, respec-
tively. The 0 mM group had the largest cross-sec-
tional area, followed by the 2.5 and 5 mM groups,
but there was no significant difference between the
three groups (F=1.30, P=0.30) (Table 2). The
cyclic loading showed that the creep strain was the
smallest in the 5 mM group, at 60.11+17.47%, fol-
lowed by 165.20+65.44% in the 2.5 mM group, and
204.33 £135.73% in the 0 mM group. The difference
between the three groups was statistically significant
(F=4.351, P=0.032), and there was a difference
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Fig. 5 Sirius red stain-

ing results (polarized light
microscopy). Type I col-
lagen fibers were bright yel-
low, a small portion of type
III collagen fibers were fine
green, and the fiber gap was
large in the 0 mM group
(A, B0 mM group). In the
2.5 mM group, the fiber
crimp period increased,

and the gap shrank (C,

D 2.5 mM group). In the

5 mM group, the fiber
order was the strongest, and
denser folds could be seen
(E, F 5 mM group). A, C, E
(x100) and B, D, F (x400)

OmM group

2.5mM group '

5mM group

100+
©
0 = 0mM
o 304 T
o E 2.5mM
o
£ - B 5.0mM
‘T 60
(8]
(/)]
} .
a
£ a0- —
c ==
1]
= 20-
o
&)
0 1 1 1

OmM 2.5mM 5.0mM

Fig. 6 Box diagram of the collagen crimp period. The colla-
gen crimp period in the 0 mM group, 2.5 mM group and 5 mM
group was 71.87+6.02, 37.91+3.31 and 32.89+0.81 pm,
respectively, and the difference between the three groups was
statistically significant (P <0.01)

between the 0 mM group and the 5 mM group after
the LSD test (P=0.012) (Table 2).

In tensile fracture experiments, the stiffness
and elastic modulus of the 5 mM group were
68.81+16.65 N/mm and 424.73+150.96 MPa,
respectively, which were significantly better than
the 36.25+7.93 N/mm and 179.09 +37.14 MPa in
the 0 mM group (P=0.002 and P=0.001, respec-
tively). The stiffness and elastic modulus of the
2.5 mM group were better than those of the con-
trol group (P=0.054, P=0.044) and inferior to
those of the high-concentration group. The maxi-
mum force results were 120.338 +21.912 N for the
5 mM group, 118.116+20.274 N for the 2.5 mM
group, 115.40+9.124 N for the 0 mM group, and
the 5 mM group performed well, but the difference
was not statistically significant (P=0.894). How-
ever, among the maximum stresses, the 5 mM group
value (72.53+6.84 MPa) was significantly higher
than those of the 2.5 mM (63.88+11.54 MPa)
and 0 mM (57.79 +8.30 MPa) groups, and the dif-
ference between the three groups was statistically
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Fig. 7 The flow chart

of TEM analysis by Fiji
(X20000). A is the original
picture of tendon TEM; B
is the Fiji software machine
learning to segment the
fibril (red) from the back-
ground (green); C is the use
of Threshold and Watershed
Technology to completely
separate the fibril; D is the
software to count the num-
ber and area of each ellipse

Table 1 Statistical analysis

o8 Groups Mean diameter (nm)  Density (number/ym?)  CFI (%) MAD (nm)

of fibril diameter from TEM

images 0 mM 91.33+19.70 89.36+26.41 62.77+1.50 223.06+5.25
2.5 mM 136.67+3.44 67.11£5.09 7534+1.76 227.35+21.85
5 mM 157.33+10.03 57.90+7.59 80.52+0.48 258.86+17.58

. o F=40.96 F=6.03 F=26829  F=845

g‘;ﬁfgzzsnifgf:gﬂe P<001 P=0012 P<001  P=0003

way analysis of variance 0mM-2.5mM  P<0.01 P=0.03 P<0.01 P=0.005

(P <0.05); CFI: collagen 0 mM-5 mM P<0.01 P=0.004 P<0.01 P=0.002

fibril index; MAD: mass 25mM-5mM  P=0.014 P=0.338 P<0.01 P=0.658

average diameter

significant (F=3.971, P=0.041). The maximum Discussion

strain for the 0 mM group was 53.82+28.67%,
48.67+9.44% for the 2.5 mM group, and
33.83+15.75% for the 5 mM group, but there
was no significant difference between the three
groups (F=1.673, P=0.221). The strain energy
densities of the 5 mM (31.35+8.99) and 2.5 mM
(28.79 +9.29) groups were higher than those of the
0 mM group (20.54 +7.23), and there was a statisti-
cally significant difference between the 5 and 0 mM
groups (P=0.036) (Fig. 10, Table 2).
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Peracetic acid—ethanol and gamma rays have been
proven to be effective in disinfecting allograft ten-
dons. Although both methods can cause damage to
the tendon, we chose a radiation dose of 15 kGy in
this study, because the low dose has a slight or even
negligible effect on the material and structure of the
tendon (Yang et al. 2019), the injury is not clini-
cally significant. But 1% PE can denature, wrinkle
and fracture collagen fibers, increase fiber gap and
reduce mechanical properties (Zhou et al. 2014; Xu
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Fig. 8 Diameter distribu-

Fibril diameter distribution
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Fig. 9 Box diagram of hydroxyproline removed per gram of
tendon during digestion. (3k: P <0.05)

Table 2 Biomechanical and material properties of different tendons

Diameter(nm)

et al. 2021). Therefore, we can assume that this injury
is mainly caused by PE, focusing on the analysis of
its effect on tendons. The choice of EDC concentra-
tion also has a great influence on the morphology
of the tendon. When the EDC concentration is high,
rapid surface cross-linking will occur. The highly
cross-linked fiber surface can limit the cross-linking
solution from penetrating into the fiber so that the
interior is completely free of cross-linking (Caruso
et al. 2004). When the concentration is low, the lower
degree of cross-linking of collagen cannot achieve the
desired effect. To maintain the original three-dimen-
sional structure and special function of porcine acel-
lular dermal matrix scaffolds, Hu et al. modified the
scaffold with dehydrogenation heat combined with

Groups CSA (mm?) Cyclic creep Stiffness Max. force (N) Max Elastic Max Max Strain
strain (%) (N/mm) elongation modulus (MPa) stress (MPa)  strain (%) energy
(mm) density
(MPa)
0 mM 2.03+029 204.33+135.73 36.25+7.93 115.40+9.124 5.38+2.87 179.09+37.14 57.79+8.30 53.82+28.67 20.54+7.23

2.5mM 1.81+0.25 165.20+65.44  54.58+18.85 118.116+20.274

5mM 1.71+£0.47 60.11+17.47 68.81+16.65 120.338+21.912
F=1.30 F=4.351 F=6.898 F=0.113
P=0.30 P=0.032 P=0.008 P=0.894
O0mM-25mM P=0303 P=0451 P=0.054 P=0.798
OmM-5mM  P=0.135 P=0.012 P=0.002 P=0.642
25mM-5mM P=0.616 P=0.055 P=0.126 P=0.834

4.87+0.94 307.06+79.18 63.88+11.54 48.67+9.44 28.79+9.29
3.38+1.57 424.73+150.96 72.53+6.84 33.83+15.75 31.35+8.99

F=1.673 F=8.926 F=3.971 F=1.673 F=2.897
P=0221 P=0.003 P=0.041 P=0.221 P=0.086
P=0.657 P=0.044 P=0.265 P=0.657 P=0.099
P=0.099 P=0.001 P=0.013 P=0.099 P=0.036
P=0.211 P=0.061 P=0.121 P=0.211 P=0.592

Indicates statistical significance using the one-way analysis of variance (P <0.05); CSA: cross-sectional area
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Fig. 10 Biomechani- 800 50 .
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different concentrations of EDC (2.5, 7.5, 15, 25, 40
and 80 mM). The obtained results showed that when
the concentration of EDC was between 2.5 mM and
7.5 mM, the cross-linking density of the EDC group
significantly increased from 33.62% to 50.12% (Hu
et al. 2013). To improve the mechanical properties
and degradation rate of collagen scaffolds, Powell
et al. used 0, 1, 5, 10, and 50 mM EDC to cross-link
lyophilized collagen, and the obtained results sug-
gested that moderate concentrations of EDC, espe-
cially 5 mM, increased the stability and strength of
collagen scaffolds while providing an environment
conducive to cell attachment, proliferation, and tissue
growth (Powell et al. 2006). Therefore, the EDC con-
centrations of 2.5 and 5 mM that we used can ensure
a better cross-linking effect and performance in bio-
materials (Scheffel et al. 2015).

In this study, after cross-linking with EDC and
NHS, the histological analysis of the tendon showed
that the collagen structure changed, including smooth-
ing some areas of collagen curl, narrowing the colla-
gen gap, adhesion of collagen bundles to each other
(which was more obvious in the 5 mM group than in

@ Springer

the 2.5 mM group), and the holes in a small part of
the tissue were filled or reduced. This result shows
that EDC forms an amide bond between collagen by
activating the carboxylic acid group of glutamic acid
or aspartic acid residue to react with the amine group
on another chain, thus filling or narrowing the gap
(Enea et al. 2013; Caruso et al. 2004). However, the
uncross-linked tendons showed larger interstitial fib-
ers, which was consistent with the obtained results of
Lomas et al. who used the PE treatment (Lomas et al.
2004).

The obtained results also showed that after EDC
cross-linking, the decrease and order of the collagen
gap were more obvious, and the degree of decrease
and orderly change in the 5 mM group were more
obvious than those in the 2.5 mM group. Histologi-
cal observation was also supported by the increase in
collagen content in tissue degeneration. What is more
interesting is that in Masson staining, the tendons
treated with PES showed mostly red color, while the
normal tendons should be blue (Huang et al. 2018).
After cross-linking, the denatured red color was
restored to blue, which was the highest in the 5 mM
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group and was significantly higher than that in the
2.5 and 0 mM groups. The essence of Masson dyeing
is the relationship between tissue structure density,
void size and dye molecular size, which means that
the tissue permeability decreases after cross-linking,
and macromolecular dyes cannot pass through this
to show the original blue color (Xiao et al. 2019; Li
et al. 2019a, b), indicating that the 5 mM group has
the lowest tissue permeability. In the experiment of
Zhou et al., we also observed similar results; the ten-
dons treated with PE stained with VG appeared yel-
low, while the normal collagen was red and the dena-
tured collagen was yellow (Zhou et al. 2014).

SEM can visualize the finer structure of colla-
gen fibers. The collagen fibers in the 0 mM group
were disordered, and the gap was very large. After
cross-linking, this change was very obvious, and
the degree of collagen clutter in the 2.5 mM group
decreased more uniformly. The collagen arrange-
ment in the 5 mM group was the most uniform and
regular, and collagen was wavy and parallel. Regard-
ing the destruction of tendons caused by PE, Lomas
et al. explained that the decomposition of PE caused
oxygen bubbles in the matrix (Lomas et al. 2004). On
the other hand, EDC cross-linking formed a cross-
linking bond between the carboxyl group of glutamic
acid and aspartic acid and the amino group of lysine,
which reconnected the loose tendon bundle treated
with PE. The cross-linking treatment under the polar-
izing microscope also showed that the gap became
narrower, and the crimping period of the cross-linked
tendon was shorter. The crimping cycle is a unique
feature of tendon tissue, which is formed by the cova-
lent bonding of fibrils (Edwards et al. 2017). Fibrils
in turn are composed of hydroxylation of proline and
lysine residues between protocollagen units, which
provides stability for the collagen structure (Birch
et al. 2013). Macroscopically, the morphology of the
collagen curl is related to the mechanical function of
tendons, and there is evidence that there is a strong
specificity between the characteristics of collagen
curls and the load strength of tendons. The function
of the collagen curl is to act as a stress buffer, provid-
ing immediate longitudinal elongation under load. In
tendons, crimp may protect the tendon structure in the
event of muscle contraction and a sudden increase in
joint load (Lee et al. 2019). The smaller is the crimp
period of the cross-linked tendon, the greater is the
corresponding tensile resistance.

Under TEM, we found that the average diameter
of fibrils treated with PES was the smallest, and the
average diameter of collagen fibrils after cross-link-
ing was higher than that of the 0 mM group, and that
of the 5 mM group was also higher than that of the
2.5 mM group, which is consistent with the result of
Nicholls et al. who soaked tendons with PE (Nicholls
et al. 1984). We know that collagen fibrils are the
smallest tendon structural unit; they are mainly com-
posed of long rod-like collagen molecules arranged
at the beginning and end of a 1/4 staggered array.
Collagen fibers are composed of collagen fibrils
and bound by endothelin (Cui et al. 2020), which is
the microstructure basis of tendons. The high ten-
sile strength of tendons and ligaments is associated
with the presence of large-diameter collagen fibrils
because of the higher density of intermolecular col-
lagen cross-linking of large-diameter collagen fibrils
(Li et al. 2019a, b). There is no doubt that we use
cross-linking agents to increase the cross-linking
density of tendons, which will help to enhance the
tensile strength of tendons. CFI is the area covered
by tendon collagen fibrils, and when the diameter
of the fibrils increases, the area will increase, which
is consistent with the change in average diameter.
In MAD, the obtained results were positively cor-
related with the EDC concentration, and the highest
value was shown in the 5 mM group, followed by the
2.5 mM group. MAD reflects the proportion of large
diameter fibrils. The higher is the value, the higher is
the proportion of larger fibrils. The diameter of the
fibril affects the tendon strength and elasticity. With
the increase in the number of large collagen fibrils,
the tensile strength increases, while the elasticity
increases with the increase in small collagen fibrils
(Takahashi et al. 2021). This shows that cross-linking
can clearly improve the tension strength of the ten-
don, but the elasticity of the tendon will be weakened,
which is also the reason for the macroscopic rigidity
of the cross-linked tendon. Through the fibril diam-
eter distribution map, it was found that the peak val-
ues of the 0 mM group were at 60 and 160 nm, there
were double peaks at 80 and 220 nm in the 2.5 mM
group, there were double peaks at 120 and 180 nm in
the 5 mM group, and the peak value increased with
increasing EDC concentration. The fibril is small
and unimodal at birth and becomes larger and shows
a bimodal distribution at maturity (Schmidt et al.
2019). After cross-linking, the bimodal distribution
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of fibril size is optimized, and the larger fibril will
provide higher tensile strength.

Regarding the anti-enzymolysis ability of collagen,
we found that the concentration of hydroxyproline
in the cross-linked tendon decreased after chymot-
rypsin treatment, which indicated that the resistance
of collagen to enzymes was enhanced. The stability
of the internal structure of the tendon depends on the
intermolecular and intramolecular cross-linking com-
ponents of collagen fibers. Because a-chymotrypsin
can only hydrolyze collagen fibers whose triple helix
structure is destroyed, testing the ability of tendon
to resist enzymolysis can reflect the stability of col-
lagen and the degree of destruction from the side.
The damaged tendon will release more free hydroxy-
proline when digested by a-chymotrypsin; thus, the
concentration of hydroxyproline in PE-treated tendon
is higher. In addition, cross-linking makes it impos-
sible for enzymes to fully contact collagen molecules,
and enzyme decomposition can only be performed on
limited-contact collagen molecules. The closure of
the collagen matrix network reduces its permeabil-
ity to enzymes, thus slowing down the speed of col-
lagenase entering the matrix (Lomas et al. 2004). In
addition, when the EDC concentration is too high, the
highly cross-linked fiber surface can limit the penetra-
tion of the cross-linked solution into the fiber interior.
Caruso et al. also confirmed that a significant surface
cross-linking effect was observed when the concen-
tration of EDC was higher than 10 mM (Caruso et al.
2004). Our results show that the enzyme resistance
of 5 mM is better than that of 2.5 mM, which can at
least be considered to indicate that 5 mM has no sur-
face cross-linking, and the cross-linking properties
are positively correlated in this range.

In the biomechanical test, the cross-linked ten-
don has better biomechanics. In the tensile fracture
test, the elastic modulus of the cross-linked tendon
is larger than that of the 0 mM group, the maximum
stress and maximum strain are also significantly
improved after cross-linking, and the strain energy
density and stiffness are also improved after cross-
linking. In the cyclic loading experiment, the cyclic
creep strain of the tendon decreased, which indicated
that the anti-creep effect of the cross-linked ten-
don was enhanced. At the same time, we found that
the cross-sectional area of tendons decreased after
cross-linking, but there was no statistical significance
between the groups. This occurs due to the reduction
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of the gap between tissues and the compact combi-
nation of more fibers. Macroscopically, it shows
a decrease in cross-sectional area, but this micro-
scopic change will not make a significant difference
macroscopically.

However, this study also has limitations. New
Zealand rabbits were selected because of the lack of
access to human tendons, which still has a certain gap
compared with human beings, and failed to consider
the effects of confounding variables, such as donor
age and sex, on the experimental results. Therefore,
in future research, we will consider implanting human
tendon grafts into the human body for observation
and observe compatibility and adaptability with the
human body.

Conclusion

EDC combined with NHS can repair damaged ten-
dons after peracetic acid—ethanol and gamma irra-
diation treatment, and the EDC concentration of
5 mM has better micromorphological characteristics,
anti-enzymolysis ability and biomechanical proper-
ties than 2.5 mM. The treatment of the cross-linking
method after tendon sterilization can not only inac-
tivate the micro-organisms to ensure the safety of
transplantation but also reduce the damage of sterili-
zation to tendon collagen fibers.
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