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Abstract

Naringin (Nar), a natural flavanone glycoside, has been shown to possess a variety of biological activities, including anti-

inflammatory, anti-apoptotic and bone formation, etc. In this study, Nar was oxidized by sodium periodate and the oxidized

naringin (ONar) was used as a novel biological crosslinking agent. And ONar-fixed porcine decellularized Achilles tendon (DAT)

was developed to substitute anterior cruciate ligament (ACL) for researching a novel ACL replacement materials. The ONar with

a 24 h oxidation time had appropriate aldehyde group content, almost no cytotoxicity, and a good crosslinking effect. The critical

characteristics and cytocompatibility of ONar-fixed DAT were also investigated. The results demonstrated that 1% ONar-fixed

DAT exhibited good resistance to enzymatic degradation and thermal stability as well as suitable mechanical strength. Moreover,

1% ONar-fixed specimens exhibited excellent L929 fibroblasts-cytocompatibility and MC3T3-E1-cytocompatibility. They also

promoted the secretion of hepatocyte growth factor (HGF) and basic fibroblast growth factor (bFGF) from fibroblasts and

bone morphogenetic protein-2 (BMP-2) from osteoblasts. And they also showed the good anti-inflammatory properties in vivo

experiments. Our data provided an experimental basis for ONar as a new cross-linking reagent in chemical modification of DAT

and ONar-fixed DAT for ACL repair.
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. Naringin (Nar), a natural flavanone glycoside, has been shown to possess a variety of biological activities,
including anti-inflammatory, anti-apoptotic and bone formation, etc. In this study, Nar was oxidized by
sodium periodate and the oxidized naringin (ONar) was used as a novel biological crosslinking agent. And
ONar-fixed porcine decellularized Achilles tendon (DAT) was developed to substitute anterior cruciate lig-
ament (ACL) for researching a novel ACL replacement materials. The ONar with a 24 h oxidation time
had appropriate aldehyde group content, almost no cytotoxicity, and a good crosslinking effect. The critical
characteristics and cytocompatibility of ONar-fixed DAT were also investigated. The results demonstrated
that 1% ONar-fixed DAT exhibited good resistance to enzymatic degradation and thermal stability as well
as suitable mechanical strength. Moreover, 1% ONar-fixed specimens exhibited excellent L929 fibroblasts-
cytocompatibility and MC3T3-E1-cytocompatibility. They also promoted the secretion of hepatocyte growth
factor (HGF) and basic fibroblast growth factor (bFGF) from fibroblasts and bone morphogenetic protein-2
(BMP-2) from osteoblasts. And they also showed the good anti-inflammatory properties in vivo experiments.
Our data provided an experimental basis for ONar as a new cross-linking reagent in chemical modification
of DAT and ONar-fixed DAT for ACL repair.

Graphical abstract

Keywords: oxidized naringin; crosslinking characteristics; decellularized porcine Achilles tendon; anterior
cruciate ligament repair.

1. Introduction

The anterior cruciate ligament (ACL) is an important structure of the knee joint, which can provide stability
to the knee joint(Zhang, Han, Chen, Wu, & Chen, 2020). For patients with complete ligament rupture and
knee joint instability, ACL reconstruction is an indispensable surgical intervention(He et al., 2021). Due to
the low degree of vascularization and the limited healing ability of the intra-articular ligaments, simple re-
suturing is an ineffective repair process. Therefore, grafts are required in ACL reconstruction(Jamil, Ansari,
Najabat Ali, & Mir, 2017).

Although the autograft of hamstring and bone patellar tendon bone (BPTB) is currently the gold standard
for about 90% ACL reconstruction, it essentially requires additional surgery, which will lead to the morbidity

2
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. of the donor site, increased recovery time, and possible pain(Lee et al., 2018). Allogeneic grafts face risks
related to limited supply, disease transmission, and host immunogenic response(Y. Li et al., 2020). Synthetic
materials are also used for ACL repair, such as poly(L-lactic acid) (PLA)(Silva et al., 2021), polyethylene
terephthalate (PET)(Ranger et al., 2011; C.-H. Wang et al., 2015), etc. While, due to the poor biocom-
patibility, long-term use of synthetic materials can cause knee joint wear, tear and inflammation(J. Chen,
Xu, Wang, & Zheng, 2009). An ideal ACL reconstruction material should have the following characteristics:
firstly, it has a microstructure similar to ACL extracellular matrix (ECM); secondly, it has bioactivity that
could promote the formation of new tissue; thirdly, it has low immunogenicity and similar biomechanical
characteristics to ACL(H. Li et al., 2017).

The Achilles tendon (AT) is a dense connective tissue in which a large number of collagen fibers are ar-
ranged in parallel in the direction of stress, and it has good mechanical properties(Winnicki, Ochala-Klos,
Rutowicz, Pekala, & Tomaszewski, 2020). The internal cellular components of the AT are less, and thus
the immunogenicity is low(Ghazanfari, Alberti, Xu, & Khademhosseini, 2019). It is an excellent choice for
ACL graft material. After decellularization, the immunogenicity of AT is further reduced, while structural
molecules such as collagen and growth factors are retained, providing a microenvironment of the ECM for
cell adhesion, growth and differentiation(Ning et al., 2017). However, after decellularization, the resistance
to degradation and the mechanical strength of AT are reduced(Cui et al., 2020). In order to overcome these
problems, pre-fixation is required to stabilize the tissue structure, reduce biodegradation and maintain its
mechanical properties to realize the practical application of biological tissues(X. Wang, Wen, Yang, Li, &
Yu, 2017). Fixation is a chemical modification of immobilizing and crosslinking decellularized materials
by blocking the binding site of collagenase(X. Wang, Tang, Xu, Yang, & Yu, 2016). At present, a variety
of crosslinking reagents have been developed to fix tissues, such as glutaraldehyde (GA)(Yi et al., 2020),
genipin(Y. Liu et al., 2019; F. Zhang et al., 2021), etc. Although it can improve the stability of biological
tissues, they have many problems in practical applications(Yang, Xie, Ding, Lei, & Wang, 2021). Therefore,
we developed a new type of crosslinking agent with lower cytotoxicity which could restore the microstructure
of biological tissues and improve their mechanical properties.

Naringin (Nar) is a natural flavanone glycoside which is widely found in citrus plants(R. Chen, Qi, Wang, &
Li, 2016; Uchiyama et al., 2008). Studies have shown that Nar has a variety of biological activities, including
anti-inflammator(P. Liu, Bian, Fan, Zhong, & Liu, 2020), hepatoprotective(X. Zhang et al., 2021), anti-
apoptosis(M. Li et al., 2021), bone formation(Wong & Rabie, 2006), etc. Nar can prevent cyclophosphamide-
induced hepatocytes dysfunctions and inflammatory perturbations(Akamo et al., 2021); it can also treat
intestinal inflammation caused by nonsteroidal anti-inflammatory drugs (NSAIDs), through accelerate the
repair of intestinal mucosa by promoting the secretion of ghrelin and leptin and inhibiting the release of
TNF-α(Chao, Dai, & Zhang, 2021); it can also significantly increase the activity of osteoblasts, promote the
proliferation of MC3T3-E1 and enhance osteogenic differentiation(L. L. Chen, Lei, Ding, Tang, & Wu, 2011).
At the same time, the o-hydroxyl groups in Nar can be oxidized by sodium periodate to dialdehyde groups,
which enable oxidized naringin (ONar) to become a new type of biological crosslinking agent(Ding, Zhou,
Zeng, Wang, & Shi, 2017). Through Schiff base reaction with amino groups in biological tissues, ONar could
improve the stability of biological tissues, and endow the fixed-tissues with anti-inflammatory performance
and bone-forming ability.

In this study, to evaluate the feasibility of ONar as a new crosslinking agent, we used ONar to crosslink de-
cellularized porcine Achilles tendon (DAT) and used it as a replacement material for the ACL. We proved the
successful oxidation of Nar, and studied the chemical structure, cross-linking characteristics, oxidation degree
(the number of aldehyde groups in ONar) and cytotoxicity of ONar. We also investigated the biomechani-
cal properties, ultrastructure, resistance to enzymatic hydrolysis, thermodynamics and cytocompatibility of
ONar-fixed DAT. Finally, the histocompatibility of this ONar-fixed DAT in thevivo was evaluated in the
research.

2. Materials and methods

2.1 Materials

3
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. Nar, GA and Cell Counting Kit-8 (CCK-8) were purchased from Sigma-Aldrich (St. Louis, MO, USA). EDTA
and Triton X-100 were obtained from Amresco Co. (USA). DNaseI and RNseA were purchased from Aladdin
Co. (Shanghai, China). Fetal bovine serum (FBS) was purchased from Hyclone Laboratories (Logan, UT,
USA). Collagenase type I, Roswell Park Memorial Institute-1640 (RPMI-1640), Minimum Essential Medium
α (MEM-α), trypsin, penicillin and streptomycin were purchased from Gibcobrl (Grand Island, NY, USA).
Analytical grade sodium periodate and all other analytical grade chemicals were purchased from Kelong
Co. (Chengdu, China). L929 cells and MC3T3-E1 cells were purchased from West China Hospital, Sichuan
University (China).

2.2 Preparation of ONar

ONar was prepared according to our previously reported method(Hu et al., 2021). In short, the Nar () was
added in 200 ml distilled water. After heating to dissolve, sodium periodate (equimolar reaction, slight excess
of sodium periodate) was added to the solution and then stirred with 600 r/min in dark to predetermined
time (6 h, 12 h, 24h, 48h, 72h). The reaction was neutralized by the addition of 10 ml ethylene glycol to
reduce the excess periodate. Furthermore, the distilled water was used to dialyze the ONar until there is no
periodate in the dialysate (with a molecular weight cutoff of 500). The purified ONar was then lyophilized
to obtain the final product.

2.3 Characterization of ONar

The number of aldehyde groups in ONar could be determined by hydroxylamine hydrochloride potentiometric
titration(Simon et al., 2022). 0.1 g ONar was dissolved in 25 ml hydroxylamine hydrochloride-methyl orange
solution (0.25 mol/L), and the mixed solution was placed in a shaker for 2 h. The hydrochloric acid produced
in the mixture was titrated with 0.1 mol/L NaOH standard solution. The titration was discontinued when
the color of the solution changed from red to yellow, and the number of aldehyde groups were obtained
through the consumed volume of sodium hydroxide. Experiments were made in triplicate.

The chemical structure of Nar and ONar was characterized by Fourier transform infrared (FTIR) and nuclear
magnetic resonance (NMR) spectroscopy. For FTIR measurement, 3 mg dried Nar and ONar (72 h) were
mixed with 200 mg potassium bromide (KBr) to press into transparent flake under the pressure of 20 MPa.
The FTIR spectra were obtained by Nicolet 560, and the data analysis was performed by OMNIC software.

For NMR measurement, Nar and ONar (72 h) were dissolved in NMR tube with a concentration of 10 mg/ml
(Nar use DMSO-d6 and ONar use D2O). Hydrogen-1 NMR spectrum analysis was performed by a Bruker
Avance II-600 MHz NMR instrument.

2.4 Cytotoxicity of ONar

L929 fibroblast cells were used to evaluate the cytotoxicity of ONar in vitro. ONar with different oxidation
degree generated by using different reaction time were dissolved in 1640 medium (supplemented with 10%
FBS and 1% penicillin-streptomycin). P3 generation L929 fibroblasts were seeded in 96-well culture plates
at a cell density of 5×104 per ml. After incubated for 24 h, the original medium in every well was discarded
and replaced by 100 μl of 400 μg/ml ONar medium, and 100 μl 1640 medium was added to every well in the
control group. The cell culture was maintained at 37 with 5% CO2, with the change of medium every other
day. At 1 d, 3 d, 5 d and 7 d, 10 μl (10%) CCK-8 solution was added to each well and incubated in the dark
for 60 min at 37 . A microplate reader (model 550, Bio-Rad) was used to record the optical density at 450
nm. The percentage of relative growth rate (RGR) was used to express the cytotoxicity and calculated as
follow Eq:

RGR (%) =
OD1

OD0
× 100%

Where OD1 is the optical density of cells cultured with ONar with different oxidation degree, and OD0 is
the optical density of cells cultured in the control group. Experiments were made in triplicate.
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. 2.5 Decellularization of AT

The fresh porcine AT, which was obtained from the Animal Experiment Center of Sichuan University, was
soaked in glycerol and stored at 4 . Phosphate buffered saline (PBS) solution was used to rinse off the blood
stains and impurities on the surface of AT before use, and then it was cut into a predetermined size. The
prepared AT was immersed in a 4% SDS/PBS solution at 37 for 24 h, and the residual SDS was washed
away by PBS solution. Then 1% Triton X-100/PBS solution was used to further decellularize AT for 24 h,
after that, PBS solution was used repeatedly to remove the residual decellularization fluid and cell debris.

To analyze the changes of microstructure in AT before and after decellularization, they were embedded in
paraffin and sectioned for standard HE staining. A light microscope was employed to observe specimens.
Moreover, the DNA, glycosaminoglycan (GAG) in AT and DAT were determined by spectrophotometry
with related kits. Finally, the specimens performed by critical point-drying and sputter gold coating were
examined by scanning electron microscope (SEM) to observe the fiber structure of AT and DAT.

2.6 Crosslinking of DAT

DAT was soaked in a set of ONar/PBS solution (0.1%; 0.5%; 1%; 2%, m/v), and fixed for 72 h at 37 .
0.625% (v/v) GA was used to crosslink DAT as a control group. Finally, all specimens were washed by PBS
solution for 12 h to remove unreacted ONar or GA.

The fixation index (FI) for each crosslinking specimen was determined by ninhydrin color reaction. In short,
all crosslinking specimens and DAT (1×1 cm2) were freeze-dried to constant weight. The lyophilized tissues
were immersed in a ninhydrin solution to heat for 20 min. A spectrophotometer was used to measure the
absorbance of these solutions at 570 nm. The FI was calculated as follow Eq.:

FI (%) =
A0 −A1

A0
× 100%

Where A0 is the absorbance of DAT, and A1 is the absorbance of the crosslinking specimens. Experiments
were made in triplicate.

The residual aldehyde group content for each crosslinking specimen was determined by the glycine-ninhydrin
indirect color reaction. Briefly, different concentrations of glycine were added to ninhydrin solution to heat
for 20 min, and then the absorbance of these solutions at 570 nm was measured. The glycine standard curve
was therefore plotted according to the results above. Secondly, glycine (50μg/ml) was used to react with
residual aldehyde groups in fixed specimens, and the residual aldehyde groups were calculated by measuring
the consumption of glycine after reaction.

2.7 In vitro enzyme degradation and thermo gravimetric analysis

The enzymatic hydrolytic resistance of the specimens was determined by collagenase hydrolysis. All samples
were lyophilized and the initial weights were recorded. Then, they were simultaneously immersed in 1.5 ml
of collagenase I/PBS buffer (250U/ml) and were incubated at 37 for a predetermined time (1 h, 3 h, 6 h, 12
h, 24 h). Finally, 10 mM EDTA was added to terminate the enzymatic hydrolysis reaction, and the samples
were rinsed with deionized water and lyophilized to weight again. The weight loss percentage (W%) was
calculated as follows:

W% =
W0 −Wt

W0
× 100%

Where W0 represents the initial weight of the specimen before degradation and Wt represents the weight of
the corresponding specimen after degradation.
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. The thermo gravimetric analysis (TGA) was performed on a thermal analyzer (Netzsch TG 209, Germany).
3-8 mg specimens were cut into powder and sealed in aluminum pans and heated. The temperature range
was 40 to 600 with a heating rate of 10 /min in N2flow. The experiment was performed in triplicate.

2.8 Biomechanical properties

The effect of crosslinking on the biomechanical properties of the specimen was assessed by the Instron material
testing machine (Instron Co. USA). Briefly, the specimens with the same fiber arrangement direction were
trimmed as a test strap of 4 mm×20 mm in size. The preload of the clamps was 2 MPa, and specimens were
extended from 0 g load until the tissue strip ruptured at a constant speed of 5 mm/min. During test, the
ultimate load and the ultimate tensile strain were recorded before failure. Experiments were performed in
six replicates.

The suture strength was measured with a 2-0 braided polyester suture (Jinhuan Medical Supplies Co. Ltd,
Shanghai, China)(Guan et al., 2021). The suture passed through one end of each specimen at 5 mm away
from the edge. The suture was then pulled up at a speed of 5 mm/min until it detached from the specimen.

2.9 Cytocompatibility of ONar-fixed specimens

L929 and MC3T3-E1 were employed to evaluate the cytocompatibility of specimens fixed by various con-
centrations of ONar. L929 cells were cultured in RPMI-1640 medium and MC3T3-E1 cells were cultured
in MEM-α medium, which was supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were
incubated at 37 with 5% CO2. The growth medium was replaced every other day and the passages 3 were
used for cytocompatibility test. All specimens were sterilized by γ-rays with an irradiation measurement of
25 KGy before test.

2.9.1 Cell proliferation assays

In the cell proliferation experiment, p3 generation of L929 cells (100 μl, 1×105 cells/ml) were slowly dropped
on the surface of each specimen in the well of 24-well culture plates. After incubation for 3 h, 500 μl serum-
containing medium was added to each well. These 24-well plates were incubated at 37 with 5% CO2, and the
medium was changed every other day. After seeding, the cell-specimens were incubated for 1, 3, 5, 7 days.
Subsequently, all cell-specimens were transferred to 24-well plates with containing 500 μl of fresh medium
and 50 μl of CCK-8 in each well, and incubated for an additional 1 h at 37 . Then, 100 μl of the solution
was taken from each well and added to a 96-well plate, and the absorbance was measured at 450 nm using
a microplate reader (model 550, Bio-Rad). The RGR of samples was determined according to the method
mentioned in chapter 2.4.

A Calcein/PI Live/Dead Viability/Cytotoxicity Assay Kit was used to study the cell viability of L929 and
MC3T3-E1 on specimens. Cells were seeded on the surface of the samples with a density of 1×105 cells/well.
After incubation for 3 days, cells were observed and imaged under fluorescence microscopy (VMF30A).

2.9.2 MC3T3-E1 attachment morphology

In addition, the MC3T3-E1 after incubating for 4 days were selected for observation, specimens were slowly
washed with PBS and fixed with 4% paraformaldehyde at 4 for 24 h. Specimens were dehydrated in gradient
ethanol (30%, 50%, 70%, 90%, 95%, 98%, and 100%, respectively) at each concentration for 15 min. Finally,
cell-loaded samples were critical point-dried and sputter-coated with gold. SEM was employed for the final
observation.

2.10 In vitro measurement of protein secretion from cells

The protein secretion of hepatocyte growth factor (HGF) and basic fibroblast growth factor (bFGF) from
L929 were quantified using a double ligand enzyme-linked immune sorbent assay (ELISA). Various specimens
with attached cells were prepared as detailed above. After the samples were co-cultured with L929 for 4
days, their supernatant liquid was collected and centrifuged at 10000 rpm for 10 min for ELISA assay.
A standard curve was plotted according to the measured value of a series concentration of HGF & bFGF

6
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. standard solution. Then, the ELISA assay was run according to the manufacturer’s instructions (R&D Crop)
to determine accurate concentrations of HGF and bFGF.

The bone morphogenetic protein-2 (BMP-2) from MC3T3-E1 was evaluated in the same way as above.

2.11 Immunohistochemical examination

Subcutaneous implantation experiments on rats were carried out to research the anti-inflammation of each
specimen. In this study, male rats (200-240 g, n=5) from Chengdu Dashuo Animal Co. Ltd. were used
for in vivo assessment, all procedures performed on animals were approved by the Animal Care and Use
Committee of Sichuan University. Briefly, the rat was first anesthetized with a respiratory anesthesia machine
by isoflurane, all sterilized specimens were implanted on both sides of rat back subcutaneous. The rats were
scheduled to be sacrificed by excessive anesthesia at 1 and 3 postoperative months, and the implanted
samples were collected and fixed in 4% paraformaldehyde for 24 h. Then fixed specimens were embedded
in paraffin and sectioned for immunohistochemical staining (including hematoxylin-eosin (HE) and tumor
necrosis factor-α (TNF-α) staining). The data analysis was performed by image-pro plus software 6.0.

2.12 Statistical analysis

Statistical analysis was performed with SPSS (version 20.0). Experimental data was presented as means ±
standard deviation (SD). Results were analyzed by one-way ANOVA with a student’s t-test. A p value of ≤
0.05 was considered to be statistically significant.

3. Results and discussion

3.1 Preparation and characterization of ONar

The oxidation of ortho-hydroxyl groups by sodium periodate was determined by the temperature, pH, feed
ratio, reaction time, and even light(Coseri et al., 2013). Too high a reaction temperature can lead to the
decomposition of sodium periodate, while too low results in a lower reaction rate. pH changes can also
seriously affect the oxidation capacity of sodium periodate(Jiang et al., 2016; Ren, Chen, Zhou, & Ji, 2010).
Therefore, we control the pH and feeding ratio by equimolar reaction, and the degree of oxidation of ONar
was controlled by varying the reaction time. The aldehyde content of ONar can be quickly and accurately
determined through hydroxylamine hydrochloride potentiometric titration method. As shown in Figure 1A,
with the reaction time increased, the concentration of aldehyde groups in ONar gradually increased. When
the reaction time was 6 h, the aldehyde group content was 1.21 mmol/g, however, it reached 2.62 mmol/g
when the reaction time was 72 h.

The formation of the dialdehyde groups of ONar was verified by FTIR and NMR spectroscopy(Mozafari,
Hojjatoleslamy, & Mohammadizadeh, 2021). As shown in Figure 1B, compared with Nar, the spectrum of
ONar (72 h) showed a new characteristic peak at 1750 cm-1 that is the most characteristic band of C=O
vibrations in aldehyde groups. Besides, a peak at 890 cm-1 was present in ONar spectra as well, which could
be assigned to the hemiacetal bonds forming between residual aldehyde groups and their neighbor hydroxyl
groups(Maroufi, Tabibiazar, Ghorbani, & Jahanban-Esfahlan, 2021). However, due to the existence of the
hemiacetal and hydrated aldehydes, the new absorption peak appeared as a weaker shoulder. Nevertheless,
the intensity of the peak was still positively correlated with the reaction time. Figure 1C showed the NMR
spectra of Nar and ONar. The NMR spectrum of ONar exhibited an aldehyde peak around 9.7 ppm compared
with the spectrum of Nar, indicating the successful preparation of ONar(Mozafari et al., 2021).
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Figure 1. Characterization of ONar (crosslinking agent)

A: aldehyde group content of ONar with different oxidation degree generated by using different reaction
time; B: FTIR spectra of Nar and ONar (72 h); C: 1H NMR spectra of Nar and ONar (72 h); D: effect of
ONar with different oxidation degree generated by using different reaction time on the relative growth rate
of L929 fibroblasts. * represents p < 0.05.

3.2 In vitro cytotoxicity of ONar

The cytotoxicity of ONar was evaluated by the CCK-8 assay. As shown in Figure 1D, the RGR of L929
fibroblasts cultured with ONar suggested that all experimental groups were higher than 75% on the first day.
On the 3rd days, 5th days, and 7th days, most of the groups exhibited no cytotoxicity except the ONar-72
and ONar-48 groups. The potent cytotoxicity of the ONar-72 and ONar-48 groups may be correlated with
its high aldehyde content. The ONar with a shorter oxidation time showed low cytotoxicity, which might be
due to that the smaller number of aldehyde groups in ONar does not affect the good cytocompatibility of
this naturally derived glycoside itself. Thus, we chose the ONar with a 24 h oxidation time as a crosslinking
reagent for subsequent experiments.

3.3 Decellularization of DAT

In order to systematically evaluate the effect of decellularization, HE staining was performed on DAT and
AT, the fiber structures were observed by SEM, and the content of DNA and GAGs were quantitatively
determined. As shown in Figure 2A-B, the nuclei were no longer present in DAT samples, but they were
present in large quantities in AT specimens. The DNA content in DAT sample (Figure 2E) was significantly
reduced to 34±8 ng/mg (459±12 ng/mg for AT sample), meeting the minimum standard for decellularized
native tissues (<50 ng/mg)(Z. Liu, Zhu, Zhu, & Tang, 2020). However, we found that the GAG content
in DAT (Figure 2F) was only slightly lower than that in AT specimen, indicating that our decellularization
protocol only destroyed the cellular structures in the tissue and did not cause damage to the extracellular
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. matrix. It can be seen from the SEM images (Figure 2C-D) that the arrangement direction of fibers remained
unchanged, but the space between the fibers increased slightly. This was also confirmed by the HE staining
images. Thus, the decellularization method we used can effectively remove cellular components, reduce
immune antigenicity, and maintain an integral structure of ECM.

Figure 2. Characterization of decellularization of AT and DAT.

A-B: standard H&E stain for AT and DAT; C-D: SEM images for AT and DAT; E: DNA content; F: GAG
content. * represents p < 0.05.

3.4 The fixation of DAT

The fixation index (FI) was used to estimate the amount of free amino groups left in tissues, to further
quantitatively evaluate the degree of the crosslinking reaction. Generally, a higher FI indicates fewer free
amino groups residual in fixed tissues and reveals a higher degree of crosslinking. As shown in Figure 3A, the
FI of 0.1% ONar fixed DAT was only 38.38, which might be due to that the lower concentration of aldehyde
in 0.1% ONar only reacted with a small fraction of amino group within the tissues and left a number of free
amino groups in tissues. However, with the increase of ONar’s concentration, the corresponding FI gradually
increased, and the crosslinking reaction gradually reached peak. The maximum FI (84.74) of fixed sample
could be achieved when the concentration of ONar was 2%, which was already close to that of glutaraldehyde
fixed samples (88.27). This indicated that ONar could be used as a new crosslinking agent and achieve a
good effect of crosslinking.
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. There were some residual aldehyde groups on the surface of specimens after crosslinking, which could reduce
the cytocompatibility of samples. These residual aldehyde groups mainly came from two sources: the
aldehyde groups in the crosslinking agent that had not reacted with amino groups within tissues; and the
aldehyde groups released from reversible Schiff reaction between the aldehyde groups and the amino group.
However, the aldehyde groups produced by the reverse reaction were negligible due to the forward reaction
of Schiff reaction equilibrium. It can be seen from Figure 3B that the residual aldehyde group content in
DAT specimens fixed by lower concentration of ONar was less. While the residual aldehyde group content
in 2% ONar-fixed DAT samples was significantly higher. The reason for this is that there were no more sites
in the superficial tissues of DAT to react with the aldehyde group due to the high concentration of ONar,
resulting in the remaining of some crosslinkers on the surface of DAT through physical adsorption. Similarly,
glutaraldehyde was easily physically absorbed on the surface of DAT due to its low molecular weight, which
eventually also led to a high content of residual aldehyde groups in GA-fixed specimens.

3.5 In vitro enzymatic hydrolysis

One of the main purposes of biological tissue fixation is to avoid too rapid degradation and extend storage
time(He et al., 2021; Z. Li et al., 2015). Therefore, it is necessary to assess the resistance of fixed tissues to
enzymatic degradation.

As illustrated in Figure 3C, the relative weight loss of tested specimens all increased significantly with
the hydrolysis time. Alternatively, compared to crosslinked tissues, the DAT degraded more rapidly and
extensively during the whole hydrolysis process. It was obvious that the DAT was hydrolyzed by 10.60%
after the initial degradation period (3 h) and were hydrolyzed by 80.62% after 24 h of enzymatic digestion,
while 1% and 2% ONar-fixed specimens were hydrolyzed only 32.44% and 25.26% respectively even after
24 h of enzymatic degradation. This indicated that a certain concentration of ONar crosslinked DAT had
ideal resistance against enzymatic degradation. In the early stage, a large number of stable covalent bonds
were formed through crosslinking reaction between the aldehyde group in the ONar and the free amino
group within tissue, leading to the hiding or obstructing of most of the enzyme-attacked sites on collagen,
which could effectively prevent rapid degradation to provide sufficient mechanical support and substitute
partial functions of original host anterior cruciate ligament after graft-implantation in the early stage. The
enzymatic degradation rate of ONar-fixed DAT was also found to be concentration-dependent and increased
with the decrease in ONar concentration, which also validated the conclusion discussed above that the higher
crosslinking degree, the better stability of the tissue. To sum up, ONar could be a promising crosslinking
agent to construct the graft for anterior cruciate ligament.

3.6 Thermal stability

TGA was an effective method used to characterize the thermal stability of specimens(Magli et al., 2021).
The temperature at the maximum mass loss rate (Tmax) calculated from DTG curves was corresponded
to the decomposition temperature of the specimen(Hivechi, Hajir Bahrami, & Siegel, 2019). From Figure
3D, it could be seen that the weight loss of the specimens gradually decreased and the Tmax increased with
the increase of ONar concentration, indicating that the thermal stability of the samples was improved after
crosslinking. TheTmax of 2% ONar-fixed DAT reached at 319 , which was 8 higher than that of the DAT (311
). This is due to that the stable covalent bond structure formed by ONar fixation in DAT could improve the
stability of the specimen, making it require more energy to break the bonds and decompose during thermal
decomposition. This was consistent with the results of in vitro enzymatic hydrolysis, which further indicated
the success of the crosslinking.

10



P
os

te
d

on
A

u
th

or
ea

30
M

ar
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

86
40

50
.0

73
72

65
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 3. Characterization of physical and chemical properties for DAT and difference crosslinked speci-
mens.

A: FI of DAT fixed with GA and various concentrations of ONar; B: residual aldehyde content for various
specimens; C: in vitro enzymatic hydrolysis in collagenase for each sample; D: DTG curve for various
specimens. * represents p < 0.05.

3.7 Biomechanical properties

Maintaining knee stability and supporting lower extremity motion are inextricably linked to the mechanical
properties of the ACL(de la Garza-Castro et al., 2017). Therefore, as a replacement material for ACL, ONar-
fixed DAT also needs to have sufficient biomechanical strength. Figure 4 showed the biomechanical properties
of DAT, 0.1%-2% ONar-fixed DAT, and GA-fixed DAT. Compared with the DAT, the biomechanical strength
of ONar-fixed specimens was significantly improved. 2% ONar-fixed DAT achieved a failure load of 703 N,
which was much higher than the 173 N of DAT (Figure 4A). However, the failure load of GA-fixed DAT
reached to 975N due to the brittleness and hardness of fixed samples resulting from fiber denaturation
caused by GA fixation. The data on modulus (Figure 4B) also showed that the modulus of specimens
was significantly improved after crosslinking, which was because the crosslinking agent could promote the
formation of a complex interwoven network between the collagen fibers by forming stable covalent bonds
within tissue, which could improve the modulus of the fixed specimens.

The suture strength of specimens was measured considering the practical clinical application as the ACL
replacement materials(Shi et al., 2019). As shown in Figure 4C-D, the tear strength of all fixed samples was
significantly higher than that of DAT (30N). With the increase of ONar concentration, the tear strength of
fixed samples gradually increased from about 40 N of 0.1% ONar-fixed DAT to about 60 N of 2% ONar-
fixed DAT. This indicated that the ONar fixation could improve the tear strength of specimens, which was
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. beneficial for the application of ONar-fixed DAT in the replacement of ACL.

Figure 4 . Biomechanical performance of DAT, 0.1%-2% ONar- and GA-fixed DAT.

A: load-displacement curve of samples; B: modulus of various specimens; C-D: schematic diagram of suture
strength test and its load-displacement curve. * represents p < 0.05.

3.8 In vitro cytocompatibility

3.8.1 Cell proliferation assays

In order to assess the cytocompatibility of fixed DAT, the fibroblasts were cultured on samples and the
viability of these cells was measured using CCK-8 assay(Kuang et al., 2019). The results are shown in
Figure 5A, both DAT and GA-fixed DAT inhibited the proliferation of L929 fibroblasts, while ONar-fixed
DAT exhibited better cell proliferation. On the 3rd day, 5th day and 7th day, the RGR of L929 cultured
on ONar-fixed groups were all higher than 80%, and L929 grown on 1% ONar group showed the highest
RGR, indicating its excellent cytocompatibility. As mentioned above, DAT specimens degraded rapidly,
and the substances from degradation exhibited cytotoxicity and inhibited cell growth, while, the GA-fixed
samples presented severe cytotoxicity due to its low molecular weight with high content of residual aldehyde
groups and the continuous leaching-out of the unreacted GA. For ONar-fixed samples, ONar fixation could
improve the resistance of the specimen to enzymatic degradation, leading to few degradation products with
cytotoxicity released from fixed samples; moreover, ONar derived from natural glycosides exhibited high
cytocompatibility in itself(Cao, Feng, & Kan, 2021).

The morphology of L929 fibroblasts cultured with specimens for 3 days by Calcein AM/PI fluorescent staining
was shown in Figure 5B. The cells on ONar-fixed specimens showed better cell viability, which was consistent
with the results of CCK-8 assay.
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Figure 5. In vitro cytocompatibility of DAT, 0.1%-2% ONar- and GA-fixed DAT.

A: effects of DAT, 0.1%-2% ONar- and GA-fixed DAT on relative growth rate of L929 fibroblasts on 1 d, 3 d, 5
d and 7 d; B: cell viability of L929 fibroblasts was determined by Calcein/PI Live/Dead Viability/Cytotoxicity
Assay Kit. * represents p < 0.05.

3.8.2 MC3T3-E1 morphology observation

During the reconstruction of the ACL, peri-tunnel bone formation was close to fracture healing process, we
investigated the effect of the specimens on osteoblasts by co-culturing the samples with MC3T3-E1.

We evaluated the viability of MC3T3-E1 grown on samples using the same method as above, and as seen in
Figure 6, the cells on the surface of ONar-fixed specimens exhibited better cell viability, which was similar
to the case of L929 fibroblasts.

Figure 6 . Cell viability of MC3T3-E1 cells on various specimens.

The proliferation and spread of MC3T3-E1 on the surface of each specimen was observed under SEM to
further evaluate their cytocompatibilities. As shown in Figure 7, on the surface of GA-fixed DAT, fewer
scattered cells with rounded shape were observed, which is characteristic of poor cytocompatibility of samples.
In contrast, the cells on DAT fixed with different concentrations of ONar grew better, all of which were their
characteristic polygonal squamous and fully spread. The MC3T3-E1 on the surface of DAT fixed by 0.5%
and 1% ONar appeared to grow much better and nearly reached the continuous cell layer with osteoblasts
growing in the direction of the fiber of the specimens. The result was consistent with the live-dead staining
assay.
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Figure 7. SEM for MC3T3-E1 cultured on samples.

(A) 0.1% ONar; (B) 0.5% ONar; (C) 1% ONar; (D) 2% ONar; (E) DAT; (F) GA

3.9 Secretion of growth factors from cells on fixed specimens

The process of reconstructing ACL using biodegradable materials is complex, which involves a variety of cells
and growth factors that contribute to improving cell function(R. Wang et al., 2021). HGF and bFGF are two
cell growth factors that play an important role in the healing process of ACL. HGF can promote the adhesive
healing process at the tendon-bone junction, both histologically and mechanically in ligament reconstruction
model(Nakase, Kitaoka, Matsumoto, & Tomita, 2010). The ability of bFGF to improve cellular architecture,
promote new bone formation and enhance the mechanical properties of ligaments contributes to the healing
process after ACL reconstruction(B. Chen et al., 2016). The test results of HGF and bFGF are shown in
Figure 8A-B. The amount of HGF and bFGF secreted from L929 fibroblasts on ONar-fixed specimens were
significantly higher than those from cells on DAT and GA-fixed groups. This is because the secretion of HGF
and bFGF was positively correlated with the number and viability of L929 fibroblasts on various samples,
among which ONar-fixed specimens showed better cytocompatibility (resulting in high number and viability
of L929 fibroblasts on samples). In short, the secretion of HGF and bFGF from cells grown on ONar-fixed
samples could be promoted, which facilitated the reconstruction of ACL.

BMP-2 is an osteoinductive factor that promotes bone regeneration and osseointegration(Hettiaratchi et al.,
2017). It can be found from Figure 8D that the amount of BMP-2 secreted from MC3T3-E1 grown on
ONar-fixed samples were significantly higher than that on DAT and GA-fixed DAT, and the highest BMP-2
expression was found in 1% ONar-fixed group. The results might be due to: ONar-fixed samples were less
cytotoxic and able to promote osteoblasts proliferation versus DAT and GA-fixed samples, then there were
more cells to secrete BMP-2 on ONar-fixed samples than that on DAT and GA-fixed samples; therefore,
the amounts of BMP- culture medium could be enhanced in ONar-fixed groups. In addition, in previous
studies, naringin has been found to promote osteoblast proliferation. We speculated that oxidized naringin
still had the ability to promote osteoblast proliferation, which also led to the high expression of BMP- ONar-
fixed groups. Based on this, we concluded that ONar-fixed DAT could better promote the proliferation and
activation of osteoblasts, which is beneficial for ACL reconstruction.

Based on above cytocompatibility results, 1% ONar-fixed DAT was chosen for subsequent animal experiments
in this study.
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Figure 8. The secretion of cytokine from L929 fibroblasts and MC3T3-E1 on various samples.

A: HGF for L929 fibroblasts; B: bFGF for L929 fibroblasts; C: BMP-2 for MC3T3-E1 cells. * represents p
< 0.05.

3.10 Animal study

The excellent histocompatibility of implant materials could ensure their clinical safety when they are used
as ACL replacement materials(He et al., 2021). In order to evaluate the histocompatibility and inflam-
matory response of specimens, we performed immunohistochemical staining (H&E and TNF-α) on all har-
vested samples. After specimens are implanted subcutaneously in rats, a certain degree of inflammatory
response will occur around implants, and these appropriate inflammatory reactions could promote wound
healing(Crawford, Wyatt, Bryers, & Ratner, 2021). The results of H&E staining were shown in Figure
9, at 4 postoperative weeks, a small amount of neovascularization could be seen around samples in DAT
group, but samples showed more degradation, which was not conducive to the reconstruction of ACL. In
GA-fixed group, a large number of inflammatory cells were observed surrounding test samples, which was
not conducive to tissue repair. For ONar-fixed group, no significant degradation of the specimens was found,
while the migration of surrounding tissue cells to the interior of the ONar-fixed DAT and the formation of
neovascularization could be observed, and the number of inflammatory cells around samples was fewer. At
12 postoperative weeks, the infiltration of inflammatory cells in all specimens was reduced, while DAT was
degraded severely, the inflammation of GA-fixed specimen was still more serious than ONar-fixed samples.
In conclusion, ONar-fixed specimens showed excellent biocompatibility.

Figure 9. H&E immunohistochemical analysis for various implanted specimens in vivo.

The ACL replacement materials need to ensure a lower inflammatory response after implantation(Szychlinska
et al., 2020). TNF-α is a cytokine released by immune cells that can reflect the degree of inflammation and
further attract and activate inflammatory cells(Zysk et al., 2004). The results of immunohistochemical
staining of TNF-α for each specimen were shown in Figure 10. At the early stage of sample implantation
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. (4 W), all groups showed a more pronounced inflammatory response, which was due to the large amount
of TNF-α released from macrophages activated classically by samples during early implantation. While,
after 12 weeks of implantation, TNF-α could be found to be still highly expressed both in DAT group and
GA-fixed group, indicating that there was still a severe inflammatory response at implantation site. And
the excessive concentration of TNF-α could have a counter-regulatory effect on the wound healing. However,
the TNF-α expression around ONar-fixed specimens significantly decreased after 12 weeks of implantation.
This indicated the good anti-inflammatory properties of ONar-fixed specimens due to the anti-inflammatory
of Naringin, leading to better tissue repairs at the implantation site of ONar-fixed specimens.

Figure 10. TNF-α immunohistochemical analysis for various implanted specimens in vivo.

4. Conclusion

In summary, we successfully designed a new type of crosslinking agent: oxidized naringin (ONar), and
used it for crosslinking porcine decellularized Achilles tendon (DAT) to prepare a potential replacement
material for ACL. ONar with a 24 h oxidation time which had appropriate aldehyde group content and
low cytotoxicity was used as a crosslinking agent to modify DAT. The ONar-fixed DAT exhibited good
resistance to enzymatic degradation and thermal stability as well as suitable mechanical strength. Moreover,
these specimens exhibited excellent cytocompatibility in vitro and were able to stimulate the secretion of
HGF and bFGF from L929 fibroblasts inoculated on the surface of ONar-fixed DAT, as well as the secretion
of BMP-2 from MC3T3-E1 on ONar-fixed samples, which facilitated the reconstruction of ACL. The ONar-
fixed samples also exhibited slight inflammatory reactions and excellent histocompatibility in vivo. This
study provides the experimental basis for ONar as a new cross-linking reagent in chemical modification of
DAT for ACL replacement materials.
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