
Citation: Croft, A.S.; Ćorluka, S.;
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Abstract: Intervertebral disc (IVD) herniation often causes severe pain and is frequently associated
with the degeneration of the IVD. As the IVD degenerates, more fissures with increasing size appear
within the outer region of the IVD, the annulus fibrosus (AF), favoring the initiation and progression
of IVD herniation. For this reason, we propose an AF repair approach based on methacrylated gellan
gum (GG-MA) and silk fibroin. Therefore, coccygeal bovine IVDs were injured using a biopsy puncher
(∅ 2 mm) and then repaired with 2% GG-MA as a filler material and sealed with an embroidered
silk yarn fabric. Then, the IVDs were cultured for 14 days either without any load, static loading, or
complex dynamic loading. After 14 days of culture, no significant differences were found between
the damaged and repaired IVDs, except for a significant decrease in the IVDs’ relative height under
dynamic loading. Based on our findings combined with the current literature that focuses on ex vivo
AF repair approaches, we conclude that it is likely that the repair approach did not fail but rather
insufficient harm was done to the IVD.

Keywords: intervertebral disc herniation; methacrylated gellan gum; silk fibroin; annulus fibrosus
repair; organ culture; complex dynamic loading

1. Introduction

Intervertebral disc (IVD) herniation is one of the most frequent diagnosed conditions
associated with low back pain (LBP) [1]. Approximately 80% of the worldwide population
will be affected by LBP at some point during their life, which consequently causes an
enormous socioeconomic burden [2]. The incidence of IVD herniation itself ranges from
20 to 50 cases per 1000 adults annually, and its highest prevalence can be found among
people aged 30–50 years [3,4]. IVD herniation is defined as an excessive displacement of
the IVD’s highly hydrated core, the nucleus pulposus (NP), beyond the normal margins
given by the surrounding tissue, the annulus fibrosus (AF) [5]. The most common causes of
IVD herniation are IVD degeneration (IDD), followed by trauma [3]. On the one hand, IDD
is part of the natural aging process [6,7]. On the other hand, genetic and environmental
factors, excessive mechanical stress, as well as injury are also considered main drivers for
the initiation and progression of IDD [8,9]. During IDD, the IVD shifts from predominantly
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anabolic reactions to an increased catabolic activity, resulting in a reduced cell number and
decreased extracellular matrix (ECM) production [10]. As the IVD degenerates, more and
more fissures with increasing size appear within the AF, which weaken it over time and
create an ever-increasing challenge to keep the NP in place [11].

Interestingly, IVD herniations are frequently seen on MRIs of asymptomatic pa-
tients [3]. Nevertheless, people with hernia-related symptoms often complain about
radicular pain, weakness, numbness, and sensation changes [3,5]. The induction of hernia-
induced pain is believed to arise from mechanical compression on the nerve roots and/or
from local inflammation induced by the protruding NP [12,13]. Although the AF itself
only has a limited intrinsic healing potential, non-surgical treatments are sufficient in most
cases to treat herniated IVDs and relieve the patient from LBP [14]. As usual, surgery is
the last resort, and it is only applied in severe cases and in patients who fail conservative
treatment [3]. Surgery comprises discectomy, which remains the gold standard for treating
IVD herniation [15]. The problem with discectomy, however, is that it does nothing to
reverse the process that made the herniation possible in the first place [16]. Consequently,
the normal physiological structures of the IVD are not being restored, and there is a chance
that the surgery further aggravates the existing damage in the AF [17]. Therefore, there is a
need for novel AF repair approaches and strategies.

With its use of biomaterials, tissue engineering is emerging as one of the most promis-
ing approaches for the treatment of cartilaginous tissues, including the repair and regenera-
tion of IVD tissue [18]. However, to fulfil these demanding requirements and to improve
the chances of success, the combination of two or more biomaterials could be necessary.
A promising biomaterial for tackling this challenge is silk fibroin, which has a relatively
long and extensive history for IVD repair [19], as well as gellan gum (GG) and its deriva-
tives. Silk fibroin has proven to be a very encouraging biomaterial because of its excellent
biocompatible properties, low immunogenicity, and the fact that it can be processed into
many different scaffold morphologies [20,21]. For the regeneration of the NP, silk fibroin
has mainly been used as a hydrogel, whereas firm scaffolds have been the preferred choice
for regenerating the AF in past studies [19]. GG, the second biomaterial used in this study,
is an exopolysaccharide which is produced through microbial fermentation by bacteria
from the Sphingomonas group [22]. What makes GG so interesting is that it exhibits many
properties that are very favorable as a biomaterial for tissue engineering, including great
biocompatibility, high hydration, a low production cost, thermo-reversibility, injectability,
and the option to chemically modify it to change its functionality [18,23]. One of the most
commonly performed chemical alterations on GG is methacrylation [23]. Methacrylated
GG (GG-MA) has the great benefit of enhancing the gel’s mechanical performance and
improving its manageability at physiological temperatures, therefore making it relevant for
IVD-related tissue engineering applications [24,25]. Previous studies have shown promis-
ing results using GG-MA to regenerate the IVD’s NP [25,26]. However, it is unknown how
suitable the biomaterial is for repairing and/or regenerating the AF.

For these reasons, the aim of this bovine IVD organ culture study was to come up
with an approach to repairing damaged AF tissue using 2% GG-MA as a filler material
and sealing it with an embroidered silk yarn fabric, which resembles the macroscopical
structure of natural AF tissue. The damage applied to the IVDs should replicate the fissures
found in herniated IVDs. Damaged, repaired, and untreated control IVDs were cultured
for 14 days either without any load, static loading, or complex dynamic loading to mimic
physiological loads.

2. Materials and Methods
2.1. Dissection of Bovine IVDs

Caudal IVDs were dissected as previously described by Chan et al. [27]. Here, the
IVDs were extracted from the tails of approximately one-year-old cows, which had been
sacrificed on the same day. Therefore, the bovine tail was first immersed into 1% Betadine®

solution (Mundipharma Medical Company, Basel, Switzerland) for superficial disinfection.
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In the next step, the tissue surrounding the IVDs was removed using a sterile scalpel blade,
and the exposed IVDs were subsequently dissected from the tail using a custom-made
guillotine. Once at least seven IVDs were dissected, a caliper was used to measure the
IVDs’ diameter at two points 90◦ apart, and their height was measured from one CEP
to the other CEP. Then, all IVDs were rinsed with Ringer’s lactate solution (#FE1010206;
Bichsel, Interlaken, Switzerland) using a Zimmer Pulsavac PlusTM jet-lavage system
(Zimmer Biomet, Inc., Winterthur, Switzerland). To sterilize the IVDs, each sample was
immersed twice in penicillin/streptomycin (1000 U/mL; #5711; Sigma-Aldrich, Buchs,
Switzerland) for five minutes and then washed with phosphate-buffered salt solution
(PBS). Finally, all IVDs were placed into a sterile beaker containing high-glucose (4.5 g/L)
Dulbecco’s Modified Eagle Medium (HG-DMEM; #52100-039; Gibco, Life Technologies,
Zug, Switzerland), supplemented with 5% fetal bovine serum (FBS; #F7524; Sigma-Aldrich),
0.22% sodium hydrogen carbonate (#31437-500G-R; Sigma-Aldrich), 10 mM HEPES buffer
solution (#15630-056; Thermo Fisher Scientific, Basel, Switzerland), 1 mM sodium pyruvate
(#11360-039; Thermo Fisher Scientific), and penicillin/streptomycin/glutamine (100 U/mL,
100 µg/mL, and 292 µg/mL, respectively; #10378-016; Thermo Fisher Scientific). In this
state, the samples were incubated at 37 ◦C with 20% O2 and 5% CO2 for one day.

2.2. Assembly of the Embroidered Silk Yarn Patches

Twisted schappe silk yarn of a fineness of 140/2 Nm (number metric) (Plauener
Seidenweberei GmbH, Plauen, Germany) was used for braiding silk yarn patches. The
patches were assembled on a ZSK Racer 1W embroidery machine (ZSK, Stickmaschinen
GmbH, Krefeld, Germany). The embroidered patches were each composed of five layers
of silk yarn. The distance of the yarn deposit was set at 0.7 mm, and the silk yarn in each
layer was embroidered with alternating orientations of −30◦ and +30◦ on the water soluble
embroidery ground “Solvy Fabric No. 41825” (company: Gunold GmbH, Stockstadt,
Germany) according to the natural arrangement [28]. For both the upper and the lower
yarn, the same silk yarn was used. These two yarn systems together formed the layer
structure for the individual layers, which together build up the annulus fibrosus patch.
After embroidery, the silk patches were separated from the embroidery ground by a two-
step washing procedure. In the first step, three washing cycles were carried out. For this
purpose, the specimens were soaked in lukewarm water in a washbasin for about 5 min
each and then placed in a beaker filled with water. This procedure was repeated three times.
The last rinse was carried out with distilled water in the beaker. In the second step, the
pre-dissolved samples were placed in a water-permeable wire basket, which was placed
in a beaker and stirred for three days at 50 ◦C and 300 rpm in distilled water. Finally, the
water was changed again, and the patches were dried for one day at 60 ◦C.

2.3. Production of Methacrylated Gellan Gum

GG-MA was prepared according to a previously described protocol [25] by react-
ing low-acyl gellan gum (LAGG; GelzanTM CM Gelrite®, Sigma-Aldrich) with glycidyl
methacrylate (GMA; 97%, Sigma-Aldrich). Briefly, GG was completely and homogeneously
dissolved in ultrapure water at 90 ◦C under constant agitation at a final concentration of
1% (w/v). After the complete dissolution of LAGG and the cooling of the solution to room
temperature, an appropriate amount of GMA was added. The reaction occurred for the
period of 24 h at room temperature under vigorous stirring, after adjusting the pH to 8.5
(periodic adjustments were also performed during the reaction). Afterwards, 1/2 volume
of cold acetone was used to precipitate the resulting reaction products, which were then
purified by dialysis (cellulose membrane, molecular weight cut-off 12 kDa, Sigma-Aldrich)
against distilled water for four days. The purified GG-MA was frozen at −80 ◦C and
freeze-died for a minimum of seven days. The obtained GG-MA powders were sterilized
under an ethylene oxide gas atmosphere and stored, protected from light, in a dry place
until further use.
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2.4. AF Damage and Repair

After one day of incubation, the IVDs were assigned either to the: (i) control, (ii) dam-
age, or (iii) repair groups. The IVDs in the control group were left untreated. However, the
IVDs in the other two groups were punctured with a single 2 mm circular biopsy punch
(#BPP-20F; Kai Industries Co., Ltd., Seki City, Japan, distributed by Polymed Medical
Center, Glattbrugg, Switzerland) to replicate an AF fissure [29]. To repair the IVDs, GG-MA
was pre-heated to 60 ◦C and then injected into the cavity. Next, the GG-MA had to be
cross-linked, and the defect had to be sealed (Figure 1). Therefore, one of the silk fibroin
AF patches was soaked into PBS, placed onto the defect, and sutured onto the IVD, as
previously described by Li et al. [30]. Cross-linking of the hydrogel could be achieved
through the interaction between the PBS in the AF patch and the GG-MA itself.
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2.5. Organ Culture

As soon as all the IVDs were either damaged and/or repaired or untreated (control),
they were assigned to one of three different mechanical loading regimes, i.e., (i) no load,
(ii) static loading, (iii) complex dynamic loading, and culturing for 14 days. IVDs that
experienced static loading were exposed to a persistent pressure of 0.2 MPa. However, IVDs
that underwent the complex dynamic loading regime were exposed to a “low-pressure”
loading regime, consisting of an active phase for 8 h and a passive phase for 16 h (Figure 2).
This cycle was repeated every 24 h and was intended to mimic the diurnal mechanical
loading profile that IVDs are physiologically exposed to in the spine. During the active
phase, the IVDs were subjected to a sinusoidal pressure (0.2 MPA ± 0.1 MPa at 0.1 Hz)
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combined with torsion (±2◦ at 0.2 Hz). During the passive phase, however, the IVDs were
allowed to recover, as they were subjected to a reduced static pressure of 0.1 MPa without
torsion. The dynamic loading regime was executed using a custom-built bioreactor that
enables two degrees-of-freedom movement.
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2.6. Tissue Activity and Digestion

After two weeks of organ culture, one of the CEPs was removed to gain better access to
the IVD’s AF. Here, the outer AF was divided into quarters, two of which were adjacent to
the damage/repair made to the AF (damaged side) and two quarters were on the opposite
side (intact side). One fragment from each side was collected for RNA extraction, and
the remaining two fragments were collected to measure the tissue’s metabolic activity. To
determine to tissue’s metabolic activity, the samples were immersed in 500 µL of 50 µM
resazurin sodium salt solution (#R7017-1G, Sigma-Aldrich) and incubated for 1.5 h at
37 ◦C [32]. After the incubation time, the samples were transferred into PBS, and the
fluorescence of the resazurin sodium salt solution was read at an excitation wavelength of
544 nm and an emission wavelength of 578 nm using an ELISA reader (Spectramax M5,
Molecular Devices, distributed by Bucher Biotec, Basel, Switzerland). Finally, outcomes
were normalized to the tissue’s dry weight and DNA content.

As soon as the metabolic activity was determined and the AF samples were washed
with PBS, they were dried overnight at 60 ◦C. The following day, the dry weight of each
sample was identified, and then they were digested overnight at 60 ◦C in a papain solution
(3.9 U/mL; #P3125; Sigma-Aldrich) supplemented with 5 mM L-cysteine hydrochloride
(#20119; Sigma-Aldrich) [29].

2.7. Glycosaminglycan (GAG) Content

The amount of sulphated glycosaminoglycan (GAG) was determined in the digested
AF tissue as well as in the culture medium, which was collected at day 13, three days after
the last medium change. Therefore, 1,9-dimethyl-methylene blue zinc chloride double salt
dye (#341088; Sigma-Aldrich) was added to each sample and to the standard, which was
based on chondroitin sulfate sodium salt from bovine cartilage (#6737, Sigma-Aldrich) [33].
The absorbance was measured within five minutes at a wavelength of 600 nm. Once the
amount of GAG was determined, the content in the culture medium was normalized to the
IVD’s initial volume after its dissection, and the tissue’s GAG was normalized to its dry
weight and DNA content.
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2.8. DNA Content

To quantify the amount of DNA in the digested tissue samples, Hoechst 33258 dye
(#86d1405; Sigma-Aldrich) was applied to all samples and to the standard, which was
made of DNA sodium salt from calf thymus (#D1501; Sigma-Aldrich). The fluorescence
was measured at a wavelength of 350 nm excitation and 450 nm emission [34].

2.9. Nictric Oxide Content

The number of nitric oxide (NO) radicals produced and released by each IVD was
measured from the same culture medium, which has also been used to determine the GAG
content. Since NO is very short-lived, its content was indirectly quantified by measuring
its oxidized product nitrite (NO2

−) using the Griess reaction [35]. Therefore, proteins
in the culture medium were precipitated with absolute ethanol, and its supernatant was
mixed with N-(1-naphthyl)ethylenediamine dihydrochloride (#N9125; Sigma-Aldrich),
sulfanilamide (#S9251; Sigma-Aldrich), and 10% phosphoric acid (#79617; Sigma-Aldrich).
A standard was made using NaNO2, and the absorbance was then measured at a wave-
length of 530 nm. To exclude any kind of unspecific absorbance, the samples were further
measured at a wavelength of 650 nm. Finally, the results were normalized to the IVDs’
volume after their dissection from the tail.

2.10. RNA Extraction and qPCR

The RNA was extracted using a modified TRIspin method [36]. Therefore, snap-frozen
AF tissue samples from the damaged and intact side of each IVD were first ground to a pow-
der using a mortar and pestle. The pulverized tissue was then added into TRIzol reagent®

(#TR118; Molecular Research Center; Cincinnati, OH, USA, distributed by Lucerna-Chem
Inc., Lucerne, Switzerland), which was enriched with a polyacryl carrier (#PC152; Molecu-
lar Research Center). Next, phase separation was induced using 1-Brome-3-Chloropropane
(BCP; #B9673; Sigma-Aldrich), from which the clear phase was mixed with molecular
grade absolute ethanol (#51976; Sigma-Aldrich). The RNA was then extracted using a
GenElute miniprep kit (#RTN70; Sigma-Aldrich), and genomic DNA was digested with
an On-Column DNase I Digestion Set (#DNASE70; Sigma-Aldrich). Afterwards, reverse
transcription from RNA to cDNA was achieved using a High-Capacity cDNA Reverse
Transcription kit (#4368814; Thermo Fisher Scientific) and a MyCycler™ Thermal Cycler
system (#1709703; Bio-Rad Laboratories; Cressier, Switzerland). Then, quantitative poly-
merase chain reaction (qPCR) was carried out with iTaq Univeral SYBR Green Supermix
(#1725122; Bio-Rad) with the primers of interest (Table 1) using the CFX96™ Real-Time
System (#185-5096; Bio-Rad Laboratories). Finally, the relative expression was determined
using the 2−∆∆Ct-method [37], and ribosomal 18S was used as a reference gene. Here, the
no-load, static loading, and complex dynamic loading regimes were normalized to the
untreated control IVDs, which were set to a relative gene expression of 1.

Table 1. Overview of the genes of interest and the primers used for qPCR in this study.

Gene Type Full Name Symbol NCBI
Gene ID Forward and Reverse Primer Sequences

Reference gene 18S ribosomal RNA 18S 493779 f—ACG GAC AGG ATT GAC AGA TTG
r—CCA GAG TCT CGT TCG TTA TCG

Anabolic
markers

Aggrecan ACAN 280985 f—GGC ATC GTG TTC CAT TAC AG
r—ACT CGT CCT TGT CTC CAT AG

Collagen Type 2, Alpha 1 Chain COL2 407142 f—CGG GTG AAC GTG GAG AGA CA
r—GTC CAG GGT TGC CAT TGG AG

Collagen Type 1, Alpha 2 Chain COL1 282188 f—GCC TCG CTC ACC AAC TTC
r—AGT AAC CAC TGC TCC ATT CTG
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Table 1. Cont.

Gene Type Full Name Symbol NCBI
Gene ID Forward and Reverse Primer Sequences

Catabolic
markers

ADAM Metallopeptidase with
Thrombospondin Type 1 Motif 4 ADAMTS4 286806 f—AGA TTT GTG GAG ACT CTG

r—ATA ACT GTC AGC AGG TAG

Matrix Metallopeptidase 13 MMP13 281914 f—TCC TGG CTG GCT TCC TCT TC
r—CCT CGG ACA AGT CTT CAG AAT CTC

Matrix Metallopeptidase 3 MMP3 281309 f—CTT CCG ATT CTG CTG TTG CTA TG
r—ATG GTG TCT TCC TTG TCC CTT G

Mechanosensitive
markers

Cartilage Oligomeric
Matrix Protein COMP 281088 f—TGC GAC GAC GAC ATA CAC

r—ATC TCC TAC ACC ATC ACC ATC

Cartilage Intermediate
Layer Protein CILP 100336614 f—AGG ACT TCG TGC TGT ATG

r—CTT GCT CAG GAG GTA GAC

Inflammatory markers

Cyclooxygenase 2 COX2 3283880 f—GGT AAT CCT ATA TGC TCT C
r—GTA TCT TGA ACA CTG AAT G

Regulated Upon Activation,
Normally T-Expressed, And

Presumably Secreted
RANTES 327712 f—GTG CGA GAG TAC ATC AAC

r—TTA GGA CAA GAG CGA GAA

Interleukin 1 Beta IL-1β 281251 f—AGT GCC ATC CTT CTG TCA
r—CAT TGC CTT CTC CGC TAT T

2.11. Statistics

A nonparametric distribution was assumed for all quantitative data. Usually, the data
are shown as the mean ± standard deviation (SD). Exceptions are the qPCR data, which are
presented as the mean + SD, and the absolute IVD heights are shown with their mean only.
A Kruskal–Wallis test followed by Dunn’s multiple comparisons test was applied to all data
except for the absolute IVD height, where data were analyzed by Repeated Measures (RM)
two-way ANOVA followed by Sidak’s multiple comparisons test. All the statistical tests
were carried out using GraphPad Prism (version 9.4.1 for Mac OS X, GraphPad Software;
San Diego, CA, USA), and a p-value < 0.05 was considered statistically significant. Up to
seven replicates were used for each experiment; however, the exact number of biological
replicates (n) is indicated in the figure legends.

3. Results
3.1. Changes in the IVD Height

After 14 days of culture, all IVDs showed significant changes in their absolute height,
regardless of whether the IVDs were repaired or not (Figure 3a). However, the IVDs
that were cultured without any additional mechanical loading significantly increased
their height (control: p < 0.05, “no load damage”: p < 0.01, and “no load repair”: p < 0.05),
whereas the IVDs under mechanical loading significantly decreased their height (p < 0.0001).
Since any significant positive or negative change from the initial IVD height can be consid-
ered pathological, the IVDs’ height changes were calculated relative to their initial height
after dissection from the bovine tail. After 14 days, similar outcomes could be observed.
Compared to the controls, a significant (p < 0.05) height loss was found with damaged
IVDs under dynamic loading, and a strong trend in height loss (p = 0.097) was seen with
damaged IVDs under static loading (Figure 3b). Finally, although not significant, repaired
IVDs under mechanical loading generally showed an improved height recovery compared
to damaged samples (damaged up to ø 19.9% and repaired up to ø 17.9% height decrease),
and repaired IVDs without any loading appeared to have more similar height changes to
the controls than damaged IVDs (control: ø 4.7%, “no load damage”: 6.3%, and “no load
repair”: 5.1% height increase, respectively).
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3.2. Metabolic Activity

To determine the influence of the repair approach on the tissue’s metabolic activity,
it was compared to the tissue of damaged IVDs and untreated control IVDs. Here, the
metabolic activity remained stable and showed comparable results throughout all condi-
tions (Figure 4). Neither the damage or repair approach nor the mechanical loading regime
significantly influenced the metabolic turnover. Moreover, the tissue’s metabolic activity
displayed a very similar trend regardless of whether the activity was normalized to its dry
weight (Figure 4a) or to its DNA content (Figure 4b).
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3.3. Glycosaminoglycan Content

The GAG content was determined in the AF tissue and in the culture medium. How-
ever, no significant differences were found between the different conditions, as all samples
contained a similar amount of GAG as the controls (Figure 5). Only the amount of GAG
released into the culture medium from the repaired IVDs without any mechanical loading
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showed a slight but non-significant decrease (p = 0.31, Figure 5c). Furthermore, and similar
to the metabolic activity, the outcomes for the GAG content in the tissue displayed the
same trend, regardless of whether the activity was normalized to the tissue’s dry weight
(Figure 5a) or to its DNA content (Figure 5b).
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Figure 5. (a) GAG content of AF tissue samples relative to their dry weight. (b) GAG content of AF
tissue samples relative to their DNA content. (c) Amount of GAG released from the IVDs into the
culture medium relative to the IVDs’ volume after dissection from a bovine tail. Mean ± SD, n = 4–7.
Adapted with permission from [31], © 2021, MDPI Basel, IJMS.
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3.4. Nitric Oxide Content

The amount of NO produced by the IVDs and released into the culture medium did
not significantly differ between the conditions (Figure 6). Nevertheless, damaged samples
tended to produce somewhat more NO than their repaired counterparts.
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3.5. Gene Expression

A qPCR was performed to determine the influence of the damage and repair approach
under the impact of different mechanical loading regimes on the AF tissue’s relative gene
expression. Therefore, anabolic mediator genes (ACAN, COL1, and COL2) (Figure 7a),
catabolic mediator genes (ADAMTS4, MMP3, and MMP13) (Figure 7b), inflammation
markers (COX2, IL-1β, and RANTES) (Figure 7c), and genes sensitive to mechanical stimuli
(COMP, CILP) were analyzed (Figure 7d).

Concerning the anabolic markers tested, repaired IVDs generally showed a higher but
not significant upregulation of ACAN and COL2 compared to damaged samples (Figure 7a).
The biggest differences were seen with COL2 under dynamic loading on the intact side of
the IVD (“dynamic load damage”: 5.6 ± 6.4-fold upregulation vs. “dynamic load repair”:
19.0 ± 29.7-fold upregulation). No differences at all were observed between tissue from
the damaged and intact side as well as between the different loading regimes. Catabolic
mediator genes remained largely unchanged; at most, under the mechanical load, they
were marginally upregulated (Figure 7b). Inflammatory genes were generally, although
not significantly, upregulated regardless of the condition (Figure 7c). Finally, a minor trend
was observed with the mechanosensitive marker COMP, which was only upregulated
when dynamic mechanical loading was applied on the IVDs (“dynamic load damage”:
up to 13.9 ± 21.9-fold upregulation and “dynamic load repair”: up to 9.0 ± 11.1-fold
upregulation) (Figure 7d).
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4. Discussion

In this study, we managed to come up with an approach to repairing damaged AF
tissue using 2% GG-MA as a filler material and sealing it with an embroidered silk yarn
fabric. During the culture period of 14 days, the silk patch always stayed in place and
managed to withstand the static and complex dynamic forces that were applied to the
IVD. Interestingly, it seems like the repair approach had its greatest impact on the IVDs’
height, since the only significant differences in this study were found here. Although all
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IVDs under mechanical loading displayed a height loss beyond what is considered to be
physiological (~10% height loss) [30,38], only the damaged IVDs under dynamic loading
showed a significant decrease in relative disc height, whereas the repaired counterpart
did not significantly differ from the control. Therefore, we can conclude that the repair
approach positively influenced the retention of the initial disc height. In terms of cell
activity, GAG content, NO production, or the gene expression profile, all downstream
analyses lead to the conclusion that the repair approach did not significantly influence the
IVDs’ general state compared to the damaged samples. Furthermore, injuries did not affect
the IVD locally as no significant differences were detected between tissue samples from the
damaged side and the contralateral intact side.

The biopsy punch size of 2 mm was chosen based on a study by Frauchiger et al. [29],
which compared the effect of two AF-damage models, one of which being the 2 mm
biopsy punch model. It was considered as a “very severe injury”, too severe to promote
an inflammatory or repair response. In a follow-up study, it was then investigated how
such a “severe” damage could be repaired ex vivo [34]. Like in our study, caudal bovine
IVDs were damaged with a 2 mm biopsy punch and cultured for 14 days under no load,
static loading, and complex dynamic loading. Indeed, this 14-day ex-vivo culture period,
and also most of the mechanical loading parameters for the static and complex dynamic
loading regimes, served as a foundation for our study. Although, in contrast to our study,
their dynamically loaded IVDs were subjected to a “free swelling” period for the majority
of the culture period, a state that naturally cannot be found in caudal/lumbar bovine and
human IVDs in situ [39,40]. Furthermore, they used genipin-enhanced fibrin to fill the
cavity and then sealed the site with a silk fleece-membrane, however, without a tissue-like
structure. Their outcomes revealed that the IVD height could not be recovered, GAG
contents did not significantly differ between damaged, repaired, and untreated control
discs, and comparable gene expression levels were detected on the injured and intact sides
of each IVD. Moreover, the genipin turned out to be cytotoxic in in vitro tests.

For this reason, our study tried to build on and improve upon the foundation made
by Frauchiger et al. As a result, we exchanged the cytotoxic genipin with GG-MA, which
is known for its great biocompatibility [24], and replaced the unspecific silk-fleece with
an embroidered silk yarn patch, which was tailor-made to morphologically mimic the AF.
Although some achievements were made with the IVDs’ height retention and AF patch’s
ability to stay in place, other outcomes were not significantly different from the damaged
IVDs or the control samples and were very much in line with what Frauchiger et al. found.
Hence, at first glance, it appears that the repair approaches did not significantly improve
the IVDs’ general state. Upon closer inspection, however, it becomes more obvious that it
is likely that it is not the repair approach that failed but rather that insufficient harm was
done to the IVDs. Consequently, the damaged IVDs resembled too much of their control
condition, and thus, there was no significant damage that needed to be repaired. Therefore,
we suggest that the AF damage was not “too severe”, as stated by Frauchiger et al., but
exactly the opposite, namely, too mellow.

A study that investigated a larger cavity in the AF was conducted by Li et al. [30]. In
that study, the AF was damaged with a 4 mm biopsy puncher, the cavity was then filled
with a hyaluronan-based hydrogel, and the defect was closed with the outer AF tissue
that had been punched out. After five culture days, the repair showed limited success, as
a significant height loss, a significant decrease in compressive stiffness, and a lower cell
viability compared to the controls were observed. Nevertheless, the IVD height managed
to recover after the free swelling period. In contrast to our study, however, the mechanical
loading regimes were shorter (six hours per day and five days in total) and more moderate
(0.06 MPa ± 0.02 at a frequency of 0.1 Hz), and the IVDs were subjected to no load at all for
the majority of the culture period.

Interestingly, even though ex vivo studies using IVD explants have had little impact on
the IVDs’ healing process, recent long-term in vivo models show very promising results. For
example, genipin-enhanced fibrin was able to prevent the IVD from herniating, maintained
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the IVD’s height, integrated with the surrounding AF tissue, and induced fibrous healing
twelve months after it was injected into a damaged ovine IVD [41]. Another recent in vivo
study used biodegradable scaffolds made of polyglycolic acid and hyaluronic acid to repair
a partially resected ovine IVD [42]. Compared to the untreated controls, the implant was
responsible for more intense Safranin-O staining and significantly more lamellae tissue
structure three months post-surgery. However, what both in vivo studies have in common
is their relatively long duration of multiple months, especially compared to the one to two
weeks given in the ex vivo studies. Therefore, on the one hand, it is difficult to predict how
the explanted IVDs would have behaved if a three-month culture period had been possible.
On the other hand, it is also unknown how far the healing process in the in vivo models
had already progressed two weeks post-surgery. Consequently, a fair direct comparison
between the ex vivo and in vivo studies is difficult.

Although the application of GG-MA did not lead to the desired outcomes in this study,
GG has generally been considered as a great candidate for the repair and regeneration
of cartilage and IVD tissue [25,43]. Oliveira et al. used GG to encapsulate human nasal
chondrocytes [44]. After a culture period of two weeks, the viscoelastic hydrogel was found
to be non-cytotoxic, allowed chondrocytes to form clusters, and facilitated the synthesis of
ECM. A follow-up study then tested the in vivo properties of GG [45]. In that study, GG
alone or as a carrier for autologous adipose-derived stromal cells or articular chondrocytes
was injected into rabbits with full-thickness articular cartilage defects and left for eight
weeks. Histological evaluation showed that the hydrogel managed to integrate with the
adjacent tissue under all conditions. The weakest integration, however, was found with
acellular GG. Notably, although the cell-laden hydrogels performed, unsurprisingly, better
than the empty hydrogels in terms of de novo tissue formation and its quality, acellular GG
still displayed some focal spots of hyaline-like chondrocytes and was also able to induce
the formation of newly formed tissue. This indicates that neighboring cells successfully
managed to migrate from the tissue into the hydrogel.

The mentioned studies by Oliveira et al. directly address one of the limitations we
faced in this study. All our repair conditions were carried out with acellular GG-MA.
Probably, the best approach would have been to encapsulate autologous mesenchymal
stromal cells (MSCs) into the hydrogel. However, as we only had access to the bovine tail,
this was not an option. Even if MSCs could be extracted from the same donor from which
the IVDs were dissected, it is likely that the cells would have had to be expanded first to
obtain a sufficient cell number for injection. This, however, would not have been possible,
as the IVDs were already treated the day after their dissection. A second limitation of this
study is a lack of downstream analysis of the hydrogel itself. This was mainly due to the
elusive nature of hydrogel but also due to the small defect size and consequently small
amount of GG-MA that we could inject into the defect. Moreover, it would have been
questionable if enough RNA could have been extracted from cells that potentially migrated
into the hydrogel. For these reasons, we decided to analyze the tissue directly next to the
damage/repair site as well as the tissue of the contralateral intact side.

5. Conclusions

In this study, we came up with an AF fissure repair approach using 2% GG-MA as
a filler material and an embroidered silk yarn fabric to seal the filled cavity. GG-MA has
been proven to be a suitable biomaterial for injection into damaged AF tissue, and the
hydrogel could be cross-linked at the injection site. Furthermore, the silk patch always
stayed in place, regardless of the loading regime. Nevertheless, this repair approach did
not manage to significantly improve the general state of the IVDs compared to damaged
samples. On the one hand, this seems to be a general problem with ex vivo AF repair
approaches, as many research groups struggle to find a solution to restore this tissue. On
the other hand, in vivo studies have recently shown very promising results, with evidence
of tissue regeneration. Hence, in the future, we need to either focus on in vivo strategies for
regenerating the AF or reconsider how the IVDs can be better cultured ex vivo. The better
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we can mimic the IVDs’ natural environment, the longer the IVDs can be cultured for ex
vivo and the more successful we may become in finding a suitable AF repair approach.
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writing—review and editing, A.S.C., S.Ć., J.F., M.W., J.S.-C., J.M.O., R.L.R. and B.G.; visualization,
A.S.C.; supervision, B.G. and M.W.; project administration, A.S.C. and B.G.; funding acquisition, B.G.
and M.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was primarily funded by a “DACH” project, which is a jointly financed
scheme between the Swiss National Science Foundation project # 310030E_192674/1 (https://p3.snf.
ch/project-192674, accessed on 26 January 2023) and the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) project # 437213841.

Institutional Review Board Statement: Ethical review and approval were waived for this study
since the cows were slaughtered for the commercial use of their meat and the bovine tails would
have been a waste product.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data can be requested from the corresponding authors upon request.

Acknowledgments: We would like to thank Fritz Zummbrunn of the abattoir in Interlaken for
generously providing us with the bovine tails. Furthermore, special thanks go to our lab technician
Andrea Oberli for the technical support and to Jochen Walser, Patrick Furer, and Urs Rohrer for the
continuous support and maintenance of the bioreactor.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ray-Offor, O.D.; Wachukwu, C.M.; Onubiyi, C.C.B. Intervertebral disc herniation: Prevalence and association with clinical

diagnosis. Niger. J. Med. 2016, 25, 107–112. [CrossRef]
2. Vos, T.; Flaxman, A.D.; Naghavi, M.; Lozano, R.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, J.A.; Abdalla, S.; Aboyans, V.; et al.

Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990–2010: A systematic analysis for the Global
Burden of Disease Study 2010. Lancet 2012, 380, 2163–2196. [CrossRef]

3. Dydyk, A.M.; Ngnitewe Massa, R.; Mesfin, F.B. Disc Herniation; StatPearls: Treasure Island, FL, USA, 2022.
4. Jordan, J.; Konstantinou, K.; O’Dowd, J. Herniated lumbar disc. BMJ Clin. Evid. 2011, 2011, 1118. [PubMed]
5. Kreiner, D.S.; Hwang, S.W.; Easa, J.E.; Resnick, D.K.; Baisden, J.L.; Bess, S.; Cho, C.H.; DePalma, M.J.; Dougherty, P., 2nd; Fernand,

R.; et al. An evidence-based clinical guideline for the diagnosis and treatment of lumbar disc herniation with radiculopathy. Spine
J. 2014, 14, 180–191. [CrossRef] [PubMed]

6. Adams, M.A.; McNally, D.S.; Dolan, P. ‘Stress’ distributions inside intervertebral discs. The effects of age and degeneration.
J. Bone Jt. Surg. Br. 1996, 78, 965–972. [CrossRef] [PubMed]

7. Oichi, T.; Taniguchi, Y.; Oshima, Y.; Tanaka, S.; Saito, T. Pathomechanism of intervertebral disc degeneration. JOR Spine 2020,
3, e1076. [CrossRef]

8. Adams, M.A.; Freeman, B.J.; Morrison, H.P.; Nelson, I.W.; Dolan, P. Mechanical initiation of intervertebral disc degeneration.
Spine (Phila Pa 1976) 2000, 25, 1625–1636. [CrossRef]

9. Adams, M.A.; Dolan, P.; McNally, D.S. The internal mechanical functioning of intervertebral discs and articular cartilage, and its
relevance to matrix biology. Matrix Biol. 2009, 28, 384–389. [CrossRef] [PubMed]

10. Kepler, C.K.; Ponnappan, R.K.; Tannoury, C.A.; Risbud, M.V.; Anderson, D.G. The molecular basis of intervertebral disc
degeneration. Spine J. 2013, 13, 318–330. [CrossRef]

11. Boos, N.; Weissbach, S.; Rohrbach, H.; Weiler, C.; Spratt, K.F.; Nerlich, A.G. Classification of age-related changes in lumbar
intervertebral discs: 2002 Volvo Award in basic science. Spine (Phila Pa 1976) 2002, 27, 2631–2644. [CrossRef]

12. Cosamalon-Gan, I.; Cosamalon-Gan, T.; Mattos-Piaggio, G.; Villar-Suarez, V.; Garcia-Cosamalon, J.; Vega-Alvarez, J.A. Inflamma-
tion in the intervertebral disc herniation. Neurocirugia (Astur. Engl. Ed.) 2021, 32, 21–35. [CrossRef] [PubMed]

13. Vroomen, P.C.; de Krom, M.C.; Wilmink, J.T.; Kester, A.D.; Knottnerus, J.A. Diagnostic value of history and physical examination
in patients suspected of lumbosacral nerve root compression. J. Neurol. Neurosurg. Psychiatry 2002, 72, 630–634. [CrossRef]
[PubMed]

14. Huang, R.; Meng, Z.; Cao, Y.; Yu, J.; Wang, S.; Luo, C.; Yu, L.; Xu, Y.; Sun, Y.; Jiang, L. Nonsurgical medical treatment in the
management of pain due to lumbar disc prolapse: A network meta-analysis. Semin. Arthritis. Rheum. 2019, 49, 303–313. [CrossRef]
[PubMed]

https://p3.snf.ch/project-192674
https://p3.snf.ch/project-192674
https://doi.org/10.4103/1115-2613.278263
https://doi.org/10.1016/S0140-6736(12)61729-2
https://www.ncbi.nlm.nih.gov/pubmed/21711958
https://doi.org/10.1016/j.spinee.2013.08.003
https://www.ncbi.nlm.nih.gov/pubmed/24239490
https://doi.org/10.1302/0301-620X.78B6.0780965
https://www.ncbi.nlm.nih.gov/pubmed/8951017
https://doi.org/10.1002/jsp2.1076
https://doi.org/10.1097/00007632-200007010-00005
https://doi.org/10.1016/j.matbio.2009.06.004
https://www.ncbi.nlm.nih.gov/pubmed/19586615
https://doi.org/10.1016/j.spinee.2012.12.003
https://doi.org/10.1097/00007632-200212010-00002
https://doi.org/10.1016/j.neucie.2020.04.001
https://www.ncbi.nlm.nih.gov/pubmed/32169419
https://doi.org/10.1136/jnnp.72.5.630
https://www.ncbi.nlm.nih.gov/pubmed/11971050
https://doi.org/10.1016/j.semarthrit.2019.02.012
https://www.ncbi.nlm.nih.gov/pubmed/30940466


Materials 2023, 16, 3173 16 of 17

15. Benzakour, T.; Igoumenou, V.; Mavrogenis, A.F.; Benzakour, A. Current concepts for lumbar disc herniation. Int. Orthop. 2019, 43,
841–851. [CrossRef] [PubMed]

16. Loupasis, G.A.; Stamos, K.; Katonis, P.G.; Sapkas, G.; Korres, D.S.; Hartofilakidis, G. Seven- to 20-year outcome of lumbar
discectomy. Spine (Phila Pa 1976) 1999, 24, 2313–2317. [CrossRef] [PubMed]

17. Li, X.; Dou, Q.; Kong, Q. Repair and Regenerative Therapies of the Annulus Fibrosus of the Intervertebral Disc. J. Coll. Physicians
Surg. Pak. 2016, 26, 138–144.

18. Costa, L.; Silva-Correia, J.; Oliveira, J.M.; Reis, R.L. Gellan Gum-Based Hydrogels for Osteochondral Repair. Adv. Exp. Med. Biol.
2018, 1058, 281–304. [CrossRef]

19. Croft, A.S.; Spessot, E.; Bhattacharjee, P.; Yang, Y.; Motta, A.; Woltje, M.; Gantenbein, B. Biomedical applications of silk and its role
for intervertebral disc repair. JOR Spine 2022, 5, e1225. [CrossRef]

20. Yang, Y.; Greco, G.; Maniglio, D.; Mazzolai, B.; Migliaresi, C.; Pugno, N.; Motta, A. Spider (Linothele megatheloides) and silkworm
(Bombyx mori) silks: Comparative physical and biological evaluation. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 107, 110197.
[CrossRef] [PubMed]

21. Altman, G.H.; Diaz, F.; Jakuba, C.; Calabro, T.; Horan, R.L.; Chen, J.; Lu, H.; Richmond, J.; Kaplan, D.L. Silk-based biomaterials.
Biomaterials 2003, 24, 401–416. [CrossRef]

22. Fialho, A.M.; Martins, L.O.; Donval, M.L.; Leitao, J.H.; Ridout, M.J.; Jay, A.J.; Morris, V.J.; Sa-Correia, I.I. Structures and properties
of gellan polymers produced by sphingomonas paucimobilis ATCC 31461 from lactose compared with those produced from
glucose and from cheese whey. Appl. Environ. Microbiol. 1999, 65, 2485–2491. [CrossRef] [PubMed]

23. Stevens, L.R.; Gilmore, K.J.; Wallace, G.G.; In Het Panhuis, M. Tissue engineering with gellan gum. Biomater. Sci. 2016, 4,
1276–1290. [CrossRef]

24. Coutinho, D.F.; Sant, S.V.; Shin, H.; Oliveira, J.T.; Gomes, M.E.; Neves, N.M.; Khademhosseini, A.; Reis, R.L. Modified Gellan
Gum hydrogels with tunable physical and mechanical properties. Biomaterials 2010, 31, 7494–7502. [CrossRef]

25. Silva-Correia, J.; Oliveira, J.M.; Caridade, S.G.; Oliveira, J.T.; Sousa, R.A.; Mano, J.F.; Reis, R.L. Gellan gum-based hydrogels for
intervertebral disc tissue-engineering applications. J. Tissue Eng. Regen. Med. 2011, 5, e97–e107. [CrossRef]

26. Tsaryk, R.; Silva-Correia, J.; Oliveira, J.M.; Unger, R.E.; Landes, C.; Brochhausen, C.; Ghanaati, S.; Reis, R.L.; Kirkpatrick, C.J.
Biological performance of cell-encapsulated methacrylated gellan gum-based hydrogels for nucleus pulposus regeneration.
J. Tissue Eng. Regen. Med. 2017, 11, 637–648. [CrossRef] [PubMed]

27. Chan, S.C.; Gantenbein-Ritter, B. Preparation of intact bovine tail intervertebral discs for organ culture. J. Vis. Exp. 2012.
[CrossRef]

28. Frost, B.A.; Camarero-Espinosa, S.; Foster, E.J. Materials for the Spine: Anatomy, Problems, and Solutions. Materials 2019, 12, 253.
[CrossRef] [PubMed]

29. Frauchiger, D.A.; Chan, S.C.W.; Benneker, L.M.; Gantenbein, B. Intervertebral disc damage models in organ culture: A comparison
of annulus fibrosus cross-incision versus punch model under complex loading. Eur. Spine J. 2018, 27, 1785–1797. [CrossRef]

30. Li, Z.; Lezuo, P.; Pattappa, G.; Collin, E.; Alini, M.; Grad, S.; Peroglio, M. Development of an ex vivo cavity model to study repair
strategies in loaded intervertebral discs. Eur. Spine J. 2016, 25, 2898–2908. [CrossRef] [PubMed]

31. Croft, A.S.; Illien-Junger, S.; Grad, S.; Guerrero, J.; Wangler, S.; Gantenbein, B. The Application of Mesenchymal Stromal Cells and
Their Homing Capabilities to Regenerate the Intervertebral Disc. Int. J. Mol. Sci. 2021, 22, 3519. [CrossRef] [PubMed]

32. Xiao, J.; Zhang, Y.; Wang, J.; Yu, W.; Wang, W.; Ma, X. Monitoring of cell viability and proliferation in hydrogel-encapsulated
system by resazurin assay. Appl. Biochem. Biotechnol. 2010, 162, 1996–2007. [CrossRef] [PubMed]

33. Farndale, R.W.; Sayers, C.A.; Barrett, A.J. A direct spectrophotometric microassay for sulfated glycosaminoglycans in cartilage
cultures. Connect. Tissue Res. 1982, 9, 247–248. [CrossRef]

34. Frauchiger, D.A.; May, R.D.; Bakirci, E.; Tekari, A.; Chan, S.C.W.; Woltje, M.; Benneker, L.M.; Gantenbein, B. Genipin-Enhanced
Fibrin Hydrogel and Novel Silk for Intervertebral Disc Repair in a Loaded Bovine Organ Culture Model. J. Funct. Biomater. 2018,
9, 40. [CrossRef]

35. Verdon, C.P.; Burton, B.A.; Prior, R.L. Sample pretreatment with nitrate reductase and glucose-6-phosphate dehydrogenase
quantitatively reduces nitrate while avoiding interference by NADP+ when the Griess reaction is used to assay for nitrite. Anal.
Biochem. 1995, 224, 502–508. [CrossRef]

36. Reno, C.; Marchuk, L.; Sciore, P.; Frank, C.B.; Hart, D.A. Rapid isolation of total RNA from small samples of hypocellular, dense
connective tissues. Biotechniques 1997, 22, 1082–1086. [CrossRef]

37. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

38. Botsford, D.J.; Esses, S.I.; Ogilvie-Harris, D.J. In vivo diurnal variation in intervertebral disc volume and morphology. Spine (Phila
Pa 1976) 1994, 19, 935–940. [CrossRef] [PubMed]

39. Wilke, H.J.; Neef, P.; Caimi, M.; Hoogland, T.; Claes, L.E. New in vivo measurements of pressures in the intervertebral disc in
daily life. Spine (Phila Pa 1976) 1999, 24, 755–762. [CrossRef]

40. Alini, M.; Eisenstein, S.M.; Ito, K.; Little, C.; Kettler, A.A.; Masuda, K.; Melrose, J.; Ralphs, J.; Stokes, I.; Wilke, H.J. Are animal
models useful for studying human disc disorders/degeneration? Eur. Spine J 2008, 17, 2–19. [CrossRef] [PubMed]

https://doi.org/10.1007/s00264-018-4247-6
https://www.ncbi.nlm.nih.gov/pubmed/30506088
https://doi.org/10.1097/00007632-199911150-00005
https://www.ncbi.nlm.nih.gov/pubmed/10586454
https://doi.org/10.1007/978-3-319-76711-6_13
https://doi.org/10.1002/jsp2.1225
https://doi.org/10.1016/j.msec.2019.110197
https://www.ncbi.nlm.nih.gov/pubmed/31761195
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.1128/AEM.65.6.2485-2491.1999
https://www.ncbi.nlm.nih.gov/pubmed/10347031
https://doi.org/10.1039/C6BM00322B
https://doi.org/10.1016/j.biomaterials.2010.06.035
https://doi.org/10.1002/term.363
https://doi.org/10.1002/term.1959
https://www.ncbi.nlm.nih.gov/pubmed/25370800
https://doi.org/10.3791/3490-v
https://doi.org/10.3390/ma12020253
https://www.ncbi.nlm.nih.gov/pubmed/30646556
https://doi.org/10.1007/s00586-018-5638-5
https://doi.org/10.1007/s00586-016-4542-0
https://www.ncbi.nlm.nih.gov/pubmed/27037921
https://doi.org/10.3390/ijms22073519
https://www.ncbi.nlm.nih.gov/pubmed/33805356
https://doi.org/10.1007/s12010-010-8975-3
https://www.ncbi.nlm.nih.gov/pubmed/20437208
https://doi.org/10.3109/03008208209160269
https://doi.org/10.3390/jfb9030040
https://doi.org/10.1006/abio.1995.1079
https://doi.org/10.2144/97226bm16
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1097/00007632-199404150-00012
https://www.ncbi.nlm.nih.gov/pubmed/8009352
https://doi.org/10.1097/00007632-199904150-00005
https://doi.org/10.1007/s00586-007-0414-y
https://www.ncbi.nlm.nih.gov/pubmed/17632738


Materials 2023, 16, 3173 17 of 17

41. Long, R.G.; Ferguson, S.J.; Benneker, L.M.; Sakai, D.; Li, Z.; Pandit, A.; Grijpma, D.W.; Eglin, D.; Zeiter, S.; Schmid, T.; et al.
Morphological and biomechanical effects of annulus fibrosus injury and repair in an ovine cervical model. JOR Spine 2020,
3, e1074. [CrossRef]

42. Saghari Fard, M.R.; Krueger, J.P.; Stich, S.; Berger, P.; Kuhl, A.A.; Sittinger, M.; Hartwig, T.; Endres, M. A Biodegradable Polymeric
Matrix for the Repair of Annulus Fibrosus Defects in Intervertebral Discs. Tissue Eng. Regen. Med. 2022, 19, 1311–1320. [CrossRef]
[PubMed]

43. Pereira, D.R.; Silva-Correia, J.; Caridade, S.G.; Oliveira, J.T.; Sousa, R.A.; Salgado, A.J.; Oliveira, J.M.; Mano, J.F.; Sousa, N.; Reis,
R.L. Development of gellan gum-based microparticles/hydrogel matrices for application in the intervertebral disc regeneration.
Tissue Eng. Part C Methods 2011, 17, 961–972. [CrossRef] [PubMed]

44. Oliveira, J.T.; Martins, L.; Picciochi, R.; Malafaya, P.B.; Sousa, R.A.; Neves, N.M.; Mano, J.F.; Reis, R.L. Gellan gum: A new
biomaterial for cartilage tissue engineering applications. J. Biomed. Mater. Res. A 2010, 93, 852–863. [CrossRef] [PubMed]

45. Oliveira, J.T.; Gardel, L.S.; Rada, T.; Martins, L.; Gomes, M.E.; Reis, R.L. Injectable gellan gum hydrogels with autologous cells for
the treatment of rabbit articular cartilage defects. J. Orthop. Res. 2010, 28, 1193–1199. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jsp2.1074
https://doi.org/10.1007/s13770-022-00466-0
https://www.ncbi.nlm.nih.gov/pubmed/35816226
https://doi.org/10.1089/ten.tec.2011.0115
https://www.ncbi.nlm.nih.gov/pubmed/21574937
https://doi.org/10.1002/jbm.a.32574
https://www.ncbi.nlm.nih.gov/pubmed/19658177
https://doi.org/10.1002/jor.21114

	Introduction 
	Materials and Methods 
	Dissection of Bovine IVDs 
	Assembly of the Embroidered Silk Yarn Patches 
	Production of Methacrylated Gellan Gum 
	AF Damage and Repair 
	Organ Culture 
	Tissue Activity and Digestion 
	Glycosaminglycan (GAG) Content 
	DNA Content 
	Nictric Oxide Content 
	RNA Extraction and qPCR 
	Statistics 

	Results 
	Changes in the IVD Height 
	Metabolic Activity 
	Glycosaminoglycan Content 
	Nitric Oxide Content 
	Gene Expression 

	Discussion 
	Conclusions 
	References

