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Abstract

Low back pain is a global health problem that is frequently caused by intervertebral

disc degeneration (IVDD). Sulfated glycosaminoglycans (sGAGs) give the healthy

nucleus pulposus (NP) a high fixed charge density (FCD), which creates an osmotic

pressure that enables the disc to withstand high compressive forces. However,

during IVDD sGAG reduction in the NP compromises biomechanical function. The

aim of this study was to develop an ex vivo NP explant model with reduced sGAG

content and subsequently investigate biomechanical restoration via injection of

proteoglycan‐containing notochordal cell‐derived matrix (NCM). Bovine coccygeal

NP explants were cultured in a bioreactor chamber and sGAG loss was induced by

chondroitinase ABC (chABC) and cultured for up to 14 days. Afterwards, diurnal

loading was studied, and explant restoration was investigated via injection of NCM.

Explants were analyzed via histology, biochemistry, and biomechanical testing via

stress relaxation tests and height measurements. ChABC injection induced dose‐

dependent sGAG reduction on Day 3, however, no dosing effects were detected

after 7 and 14 days. Diurnal loading reduced sGAG loss after injection of chABC.

NCM did not show an instant biomechanical (equilibrium pressure) or biochemical

(FCD) restoration, as the injected fixed charges leached into the medium, however,

NCM stimulated proliferation and increased Alcian blue staining intensity and matrix

organization. NCM has biological repair potential and biomaterial/NCM combina-

tions, which could better entrap NCM within the NP tissue, should be investigated in

future studies. Concluding, chABC induced progressive, time‐, dose‐ and loading‐

dependent sGAG reduction that led to a loss of biomechanical function.
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1 | INTRODUCTION

Low back pain (LBP) is a worldwide physical and psychological health

problem with growing socioeconomic burdens and prevalence.1,2 The

most common diagnosis for LBP is intervertebral disc degeneration

(IVDD),3 and the onset of human IVDD occurs earlier in life than in

comparable tissues such as articular cartilage.4

IVDs are load‐bearing cartilaginous joints between vertebral bodies

that stabilize the spine while allowing movement. The IVD's central

nucleus pulposus (NP), is covered superiorly and inferiorly by
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cartilaginous endplates and is radially confined by the annulus fibrosus.4

The healthy NP's extracellular matrix (ECM) consists primarily of pro-

teoglycans, mainly aggrecans, and of randomly organized collagen fibers

of mainly type II.5,6 Aggrecan bears numerous sulfated glycosami-

noglycans (sGAGs), for example, chondroitin sulfate (CS), which contain

fixed negative charges. The resulting fixed charge density (FCD), a

measure of fixed negative charges per volume, creates a high osmotic

pressure that is important for biomechanical function of the IVD.7 It is

this mechanism—high water retention in the confined NP driven by

osmotic pressure—which gives the IVD its outstanding biomechanical

properties and the NP its importance to a healthy IVD. When external

loads during axial compression are higher than the internal swelling

stress (mainly osmotic pressure in the NP), water flows out and the

height is reduced. Vice versa, the disc swells and increases in height

when loads are lower than swelling stresses. When there is no net fluid

loss or gain, the disc is at equilibrium and the swelling pressure is equal

to the applied load.8 Daily activity and night rest thereby lead to diurnal

loading of the IVD in healthy as well as in degenerated conditions.

An early hallmark of IVDD is proteoglycan reduction in the NP6 and

thus a reduction of the FCD and swelling pressure.9 This comes with

drastic changes in mechanical behavior as the osmotic pressure8 and

hydration6 reduces, while the NP‐tissue flow permeability and solute

diffusivity increase.10 While severe symptomatic degenerated discs

ultimately require surgery, the injection of cells, bioactive factors, and/or

biomaterials forms a promising approach to functionally restore and re-

generate mild to moderately degenerated discs. Previously, notochordal

cell (NC)‐derived NP matrix (NCM) has been suggested as an injectable

biomaterial for IVD regeneration.11,12 NCM is processed matrix, derived

from the porcine NC‐rich NP tissue, which is de‐vitalized, lyophilized,

pulverized, and rehydrated in saline for injection. NCM contains

NC‐derived factors, as well as a proteoglycan‐ and collagen‐rich matrix

that has the potential to biomechanically restore degenerated discs due

to matrix replenishing capacity.

To this day, animal studies are indispensable for clinical transla-

tion, and safety and efficacy studies. However, their scientific impact

is not commensurate with the substantial quantity of large animals

used in IVD studies.13 Ex vivo cultures enable studies in a controlled

laboratory environment and have ethical advantages, while allowing

higher throughput and flexibility.14 Recently, NP explants gained at-

tention as they allow a better control of sample geometries, degen-

eration state, and loading. Frequently, IVDD is enzymatically induced

in ex vivo setups. Chondroitinase ABC (chABC) catalyzes the de-

gradation of CS to mainly disaccharides and oligosaccharides. The

activity and stability are strongly dependent on environmental con-

ditions and were reported to be between 0.5 h and 10 days.15–17

The aim of this study was to (1) develop and analyze a bovine NP

culture model and reduce the sGAG content via injection of chABC,

(2) study the effect of diurnal loading on this model, and (3) elucidate

whether NCM injection restores the biomechanical properties (tissue

pressure) by increasing the FCD and thereby the swelling pressure to

prevent progression of degenerative changes.

2 | MATERIALS AND METHODS

The experimental design is illustrated in Figure 1. If not stated

otherwise, chemicals were purchased from Sigma‐Aldrich.

2.1 | Nucleus pulposus explant culture

Bovine tails from 18 to 36 months old cows were purchased from a

slaughterhouse in accordance with local regulations. Tissue explants

were aseptically prepared within 24 h after the animal's death from the

first 4–5 intact proximal discs. NP explants with 4–6mm height and

8mm diameter (200–300mg) were harvested. The explants were

F IGURE 1 Experimental design to study degenerative changes after chABC injection ex vivo. Bovine nucleus pulposus samples were
cultured in a bioreactor chamber and separated into several groups (dose‐finding, re‐equilibration, diurnal loading, and restoration). chABC,
chondroitinase ABC; CS, chondroitin sulfate; FCD, fixed charge density; HYP, hydroxyproline; NCM, notochordal cell‐derived matrix; sGAG,
sulfated glycosaminoglycan; deg, degenerated
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cultured under physiological conditions at 37°C, 5% O2, and 10% CO2

(i.e., pH = 7.2) to mimic the environment of nucleopulpocytes in vivo.18

Medium consisted of low glucose (1 g/L) DMEM (21885, Gibco) with

1mM sodium pyruvate, 3% fetal bovine serum (Greiner Bio‐One), and

1% penicillin/streptomycin and was exchanged every 2–3 days.

Medium osmolarity (346mOsmol/L) was not artificially increased as

NPs were cultured in confinement. To prevent swelling after the NP is

released from its confined space between the vertebrae and encircled

by the AF, we developed an NP bioreactor chamber based on a pre-

vious study.19 This bioreactor chamber allows axial loading, mechanical

testing, and contains a port for central injection (Figure 2). The NP

tissue volume can be locked to an equilibrated internal pressure.

2.2 | Chondroitinase ABC dose evaluation

Freshly harvested NP tissue (Day ‐ 1) served as native tissue controls

(n = 6). All other explants were equilibrated to the same pressure of

0.2MPa by adding weight for 16 h (n = 6/group/time point) and sub-

sequently locking the volume with the locking lid and then cultured

with a constant volume without added weight. This pressure was based

on initial pressure of the tissue at harvest.20 Consolidation for 16 h was

found sufficient to reach equilibrium in preliminary experiments.

Thereafter, tissue volume was locked, and height was measured with a

benchtop thickness gauge (Checkline Europe). Untreated samples were

cultured for 14 days to investigate matrix homeostasis. To reduce

sGAGs, chondroitinase ABC (chABC, from Proteus vulgaris 50‐250

units/mg, C3667, Sigma‐Aldrich) was reconstituted in 1% bovine serum

albumin (BSA) in phosphate‐buffered saline (PBS) and stored at −20°C.

Various doses of the enzyme (0.05, 0.1, 0.2, and 0.4 U) were injected

centrally in the NP using a gastight 100µl Hamilton syringe with a 27G

needle (1710 RN) in a total volume of 20µl. The effects of injection

alone were controlled by a sham injection of 20 µl carrier (1% BSA in

PBS). After the dose for inducing mild sGAG reduction was found,

further studies were conducted using this dose (0.05 U/explant).

2.3 | Effect of loading on enzyme‐treated explants

Bovine NP samples were equilibrated to 0.2MPa as described above

(n=6 per group). Three days after inducing mild sGAG loss with 0.05 U

chABC, tissue was re‐equilibrated (re‐equil.) to 0.15MPa to study

potential sGAG fragment leaching resulting from enzymatically induced

matrix loss. Afterwards, the effect of low diurnal loading on enzyme‐

treated explants was studied and compared to untreated diurnally loaded

tissue. Samples (n=6 per group) were equilibrated to 0.2MPa and

injected with 0.05 U chABC (0.05 U diurnal) or no treatment (untreated

diurnal). Following, samples were re‐equilibrated for 24 h at 0.2MPa to

investigate immediate height loss, and subsequently, the explants were

loaded diurnally for 7 days. Loading consisted of 8 h at 0.4MPa followed

by 16 h without load where the samples could swell back to the initially

locked volume (after equilibration to 0.2MPa). Tissue height was

measured daily after samples creeped to 0.4MPa.

2.4 | Partial biomechanical restoration via injection
of NCM

Porcine NP was harvested from <12‐week‐old pigs that were obtained

from a slaughterhouse according to local regulations. To obtain

(A) (B) (C)

F IGURE 2 A bovine nucleus pulposus (NP) explant bioreactor chamber. (A) The NP is sandwiched between cellulose membranes (0.2 µm
pore size) and 3mm high, 316 L sintered stainless steel porous platens (200 µm pore size) in the NP chamber (polyether ether ketone (PEEK)).
The top platen is surrounded by a stainless steel ring that allows smooth movement in the NP chamber's cylinder. The NP chamber is closed with
the locking lid (PEEK) and placed in the medium chamber (polysulfone) which contains 4ml medium. Pressure can be applied by placing a load on
the loading lid (polysulfone), which is transmitted directly to the NP. (B) The NP tissue volume can be locked physically (fixation lid) to an
equilibrated pressure to prevent tissue swelling. Biomaterials and fluids containing cells or growth factors can be injected via the injection port.
(C) Tissue can be measured biomechanically with a tensile tester. Technical drawings were provided by Jurgen Bulsink
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notochordal cell‐derived matrix (NCM), the tissue was frozen at −80°C,

lyophilized for 72 h (Freezone 2.4), pulverized, and reconstituted in a

concentration of 300mg/ml in PBS (30%). Devitalized NCM powder is

rich in proteoglycans (Figure S2) and contains 632±96µg/mg sGAGs

and 0.08 ± 0.04% residual DNA/dry weight. The reconstituted solution

was further homogenized by injecting through a 27G needle. The NCM

dose was based on partial restoration of sGAG content compared to a

healthy level. To directly compare the restorative properties of injected

sGAGs, Chondroitin sulfate C (chondroitin‐6‐sulfate, CS) from bovine

trachea (27042, Sigma‐Aldrich) was prepared in a concentration of

190mg/ml in PBS, that is, a sGAG concentration similar to the sGAGs of

the equivocal NCM dose which contains around 60% sGAGs whereas CS

contains 100% sGAGs.

After equilibration to 0.2MPa, five groups (n=5 per group) were

compared; an “untreated” group which did not receive any further

treatment, a “sham”‐injection group, where 20 and 25µl PBS were slowly

injected on Day 0 and Day 3, respectively. Mild sGAG loss was induced in

the remaining three groups after equilibration to 0.2MPa by injecting

0.05 U chABC at Day 0. After 72 h (on Day 3), either 25µl PBS (“deg“),

19% CS (“CS“), or 30% NCM were injected (“NCM“) through a

27G needle.

2.5 | Biomechanical testing

Biomechanical stress relaxation tests were performed at room tem-

perature in the bioreactor chambers using a tensile tester (Figure 2C;

MTS Criterion Model 42, MTS Systems Corporation). Pilot tests were

performed to define measurement criteria. Samples were precondi-

tioned by 3 initial ramps of 2% compression. Afterwards, a preload of

0.98 N was applied followed by displacement of 10% compression

with a strain rate of 0.5mm/s (approximately 10%/s) and held for

30min while measuring force. Samples were tested directly after

equilibration to 0.2MPa (Day 0), before the second injection (Day 3),

and, 24 h after the second injection, daily from Days 4 to 7. Data

were analyzed using a custom written Matlab code (version R2018B,

MathWorks). Peak and equilibrium stress were determined from ex-

perimental data. The time constant τ, which is a measure of tissue

relaxation over time (t), was determined by fitting an exponential

decay function to the relaxation of the stress relaxation curve

(Equation 1), where σ is stress.

∗σ σ σ e= +
t

0 1
−τ (1)

2.6 | Sample harvest

After culture, explants were harvested and cut into two parts for

histology and biochemical analysis. For histology, samples were

covered in Tissue‐Tek (Sakura), frozen on dry ice, and stored at

−20°C. Samples for biochemical analysis were weighed and stored at

−80°C. Medium supernatant samples from diurnal loading and

restoration experiments were taken on Days 0, 3, 5, and 7 and stored

at −20°C.

2.7 | Biochemical assays

Frozen samples with known wet weight were lyophilized for 72 h after

which dry weight was determined and relative water content was cal-

culated. Thereafter, lyophilized samples were digested for 16 h at 60°C in

500µl digestion buffer (100mM phosphate buffer, 5mM L‐cystein, 5mM

EDTA) containing 1.8U/ml papain from papaya latex (P‐5306, Sigma‐

Aldrich).21 DNA content was measured with the Qubit Fluorometric

Quantitation method (Thermo Fisher Scientific) according to the user

manual. Hydroxyproline (HYP) was measured with a chloramine‐T assay22

using trans‐4‐hydroxyproline (H5534, Sigma‐Aldrich) as standard, reading

absorbance at 550nm. Sulfated GAG (sGAG) content was quantified by

1,9‐dimethylmethylene blue (DMMB) binding assay at pH 3 using

CS from shark cartilage (C4348, Sigma‐Aldrich) as standard and extracting

measured absorbance at 595 nm from 540nm.23 sGAG, DNA, and HYP

content were normalized by dry weight. The FCD, in mEq/kg wet tissue,

was estimated from the measured sGAG content (g), assuming a mole-

cular weight of 502.5 g/mole for CS and a quantity of charge of 2 moles

of charge per mole of sGAG.24 FCD and sGAG values were compared to

percent loss determined in macroscopically graded human degenerated

discs reported by Antoniou et al. to determine the equivalent severity of

degeneration according to sGAG loss (Table S1).6,25,26 When mediumwas

assessed to measure sGAG leaching, supernatant samples and standards

were digested overnight in 50% v/v digestion buffer containing papain at

60°C as described above. The sGAG content was determined with a

DMMB binding assay with standards diluted in full culture medium (50%

v/v). The DMMB binding assay requires the length of the glycosami-

noglycan chain be over a tetrasaccharide.27 This means that molecules as

small as disaccharides resulting from chABC digestion are not detectable

with this assay and thereby do not contribute to the estimated FCD and

sGAGs that leached into medium.

2.8 | Histological analysis

Eight µm thick cryosections (CM1950, Leica Biosystems) were col-

lected on positively charged adhesion slides (SuperFrost Plus™,

Thermo Fisher Scientific) and stored at −20°C. Sections were allowed

to reach room temperature and were subsequently incubated at 37°C

for 30min to increase adherence. After fixation in 3.7% formalin for

5min, samples were hydrated in water for 5 min and either stained

with Mayer's hematoxylin (8 min) and Eosin Y (1min), that is, H&E

staining, to evaluate cellular changes or Alcian blue (30min) to in-

vestigate proteoglycan content. Lactate dehydrogenase staining was

performed to visualize viable cells.28 Sections were dehydrated with

ethanol, covered with Entellan and a cover glass for storage, and

analyzed with a bright‐field microscope (Axio Observer Z1, Zeiss).

2.9 | Statistical analysis

Statistical analysis was performed with R 4.0.2 and Graph Pad

Prism 9.1.0. Normal distribution and equality of variances were
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tested graphically by a quantile comparison plot followed by

Levene's and Shapiro–Wilks’ tests. Results are presented as

mean ± one standard deviation. Statistical significance was assumed

for p < 0.05.

One‐way analysis of variance (ANOVA) (treatment) or two‐way

ANOVA (time‐point and treatment) with post hoc Tukey's multiple

comparison test was used to test for significance within groups

or across multiple time points. When data were nonparametric,

Kruskal–Wallis test with Dunn's multiple comparison test was

performed. When data came from repeated measures, repeated

measures two‐way ANOVA with Tukey's multiple comparison test

was performed. To determine the correlation of sGAG reduction

and biomechanical behavior, a linear regression was fitted, and

correlation was tested with nonparametric Spearman correlation

tests.

3 | RESULTS

3.1 | Enzymatically induced sGAG reduction is
dependent on dose, time, and loading

Healthy NP samples were injected with different doses of chABC and

cultured for up to 14 days (Figure 3). On Day 3 after injection, a dose‐

dependent reduction of sGAG ranging to that expected in human IVDs

withThompson Grade 3 to 46,25,26 (Table S1) was observed (Figure 3A).

On Day 3, the highest dose of chABC (0.4 U) significantly reduced

sGAGs (18.8 ± 3.8% sGAGs/dw, p = 0.0165) compared to lowest con-

centration of chABC (0.05 U; 33.5 ± 9.7% sGAGs/dw), while there was

no difference between 0.05 U chABC and sham injection (42.2 ± 6.6%

sGAGs/dw). These dose‐dependent effects faded and after 7 days

there were no observable differences anymore between the chABC

(A) (B)

(C)

(D) (E) (F)

F IGURE 3 Sulfated glycosaminoglycan (sGAG) loss induced by injection of different doses of chondroitinase ABC (chABC). (A, B) The sGAG
content and fixed charge density (FCD) are reduced in a dose‐ and time‐dependent manner. (C) ChABC treated samples show matrix
disorganization and reduced staining intensity (proteoglycan content) in Alcian blue stained sections. (D–F) Water content, DNA, and
hydroxyproline (HYP) content remain mainly unchanged. For sGAGs and FCD reduction in grades 3 and 4 (gray lines) from human degeneration
data are indicated. Scale bars: 100 µm. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. n = 6/group/time point
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groups. Nonetheless, after 7 days all chABC groups contained sig-

nificantly less sGAGs compared to the sham injection group. The FCD

was decreased significantly after 3 days of culture when injecting 0.05

U chABC (0.22± 0.07 mEq/kg) compared to sham injection

(0.32± 0.05mEq/kg, Figure 3B). Alcian blue stained sections indicated

the reduction of proteoglycan content and disorganization after injec-

tion of chABC compared to native, sham, and untreated samples

(Figure 3C). Except for HYP content after 14 days (+0.8%), there were

(A) (B)

(C)

(D)

(E) (F) (G)

F IGURE 4 Loading influences enzyme kinetics. (A) Diurnally loaded samples creep more when they are treated with chABC. (B, C)
Re‐equilibration (Re‐equil.) does not influence chondroitinase ABC (chABC) induced sGAG loss, but diurnal loading influences sulfated
glycosaminoglycan (sGAG) content and FCD. (D) Alcian blue stained sections indicate proteoglycan loss in chABC treated groups. (E–G)
Hydroxyproline, water, and DNA content remain mainly stable. Note that the Alcian blue stained Day 7 0.05 U chABC image is from the dose‐finding
experiment. Stars above bars in panel (A) indicate difference to 32 h measurements. *p< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n = 6/group
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no statistically significant biochemical differences between native

samples and untreated samples, which indicates a stable culture system

when no interventions are taken. While water content tended to in-

crease in the enzyme injected samples (Figure 3D), DNA and HYP

content were stable during culture (Figure 3E,F).

The effect of diurnal loading and re‐equilibration was tested after

injection of 0.05 U chABC. Untreated diurnally loaded samples were

comparable to untreated samples in terms of biochemical outcomes

(sGAGs, HYP, DNA, H2O, and FCD; Figure 4). Re‐equilibration after

3 days of enzyme injection to 0.15MPa led to a mean height loss of 25%

(data not shown). The equilibrium height of diurnally loaded samples

(untreated or 0.05 U) was measured after equilibrating to 0.4MPa and

normalized to 0.2MPa at Day 1 to obtain height loss in percent (-

Figure 4A). When the load was increased in diurnally loaded explants

from 0.2 to 0.4MPa, height decreased in all groups. At 0.4MPa, height

was significantly reduced in 0.05 U treated compared to untreated

diurnally loaded samples (around −30% and −20% on Day 7, respectively).

Furthermore, height loss progressed over time in the 0.05 U chABC

treated group whereas there were no significant differences within the

untreated diurnally loaded group over the culture period. sGAG content

(Figure 4B) and FCD (Figure 4C) of the 0.05 U (20.8 ± 4.75% sGAGs/dw)

and re‐equilibrated group (21.1 ± 4.5% sGAGs/dw) were significantly re-

duced compared to the untreated (46.9 ± 6.6% sGAGs/dw) and sham

injected group (38.3 ± 6.2% sGAGs/dw). The 0.05 U diurnal group was

significantly reduced in both, FCD and sGAG, only to the untreated

diurnal but not sham injected group. In Alcian blue stained sections (-

Figure 4D), less staining intensity was observed in the enzyme‐treated

groups compared to untreated diurnally loaded samples. The proteogly-

can structure of the re‐equilibrated sample appeared to be compressed

compared to an isotropic appearance of the other groups. The HYP

content (Figure 4E) was higher in re‐equilibrated samples compared to

the sham treatment. No differences between the groups were observed

in the water (Figure 4F) and DNA content (Figure 4G).

sGAGs measured in the supernatants did not differ between the

enzyme‐treated and the untreated diurnally loaded samples (data not

shown).

3.2 | NCM injection does not restore the NP due to
sGAG diffusion

The ability of NCM to restore the NP tissue upon injection at

biochemical and biomechanical levels was tested in enzyme‐treated

samples and compared to the effects of CS. The sGAG content

(Figure 5A) between the 0.05 U (16.2 ± 5.9% sGAGs/dw), CS

(19.6 ± 3.5% sGAGs/dw), and NCM (16.6 ± 2.8% sGAGs/dw) were

not different, but all had significantly lower sGAG content than the

two control groups (sham (37.6 ± 4.0% sGAGs/dw) and untreated

(35.9 ± 1.6% sGAGs/dw)) and the native NP samples (39.9 ± 3.6%

sGAGs/dw). The sGAGs released from the NP tissue were measured

in the medium supernatant over time (Figure 5B). On Day 5, 48 h

after injection of CS or NCM, there was an increased release of

sGAGs in both groups compared to sham treatment and the 0.05 U

injected group. Note that medium was exchanged on Days 3 and 5.

Alcian blue stained sections showed disorganized ECM due to chABC

injection (Figure 5C). Even though the staining intensity was reduced

in the NCM group compared to native explants, the matrix appeared

less disorganized and slightly increased compared to chABC‐ and CS‐

treated explants. The DNA content (Figure 5D) of the NCM injected

group was significantly increased compared to all other groups; mean

DNA content was above the indicated “expected value” from residual

DNA of the injected NCM. On H&E stained sections, two very distinct

regions of the NP tissue were observed only in the NCM group: un-

organized matrix with nuclear fragmented pieces and organized tissue

with clear cellular structures and indications of cell clustering (Figure 5E).

The water content of the enzyme‐treated groups (0.05 U (84.9 ± 0.9%),

CS (84.6 ± 1.1%), and NCM (84.1 ± 1.2%)) was significantly increased

compared to the native samples (80.3 ± 1.9%; Figure 5F). There was no

difference in HYP content between groups (Figure 5G). The FCD

(Figure 5H) followed the sGAG results.

When assessing biomechanical properties in stress relaxation, a

typical stress relaxation curve was obtained with an initial peak

pressure followed by decrease of stress over time. The equilibrium

pressure revealed that the adjusted pressure of 0.2MPa (0.23 ±

0.03MPa) was reached after overnight equilibration on Day 0

(Figure 6A; day 0). After injection of chABC on Day 0, the NP tissue

was cultured for 72 h, which lead to a loss of around 50% of equili-

brium pressure on Day 3 (0.08 ± 0.03MPa) (Figure 6A). Subsequent

injection of CS or NCM did not restore the equilibrium stress. The

peak stress showed large variances and compared to Day 0 it in-

creased in the sham and untreated group (Figure S1). Tissue relaxa-

tion, τ, followed the results observed for the equilibrium stress

(Figure 6B). Starting on Day 4, there was a significant reduction

compared to sham injection. There were strong positive correlations

between FCD and equilibrium stress and relaxation time constant, τ,

(Figure 6C), illustrating that explants with a higher FCD also have a

higher equilibrium stress (intradiscal pressure) and a longer tissue

relaxation time (slower pressure loss). Peak stress showed no corre-

lations to equilibrium stress, τ or FCD (Figure S1).

3.3 | Cells remain viable in various culture
conditions in NP explant bioreactor chambers

Cells remained viable in all tested conditions visualized by LDH

staining and NCM injected samples had additionally large clusters of

living cells (Figure 7).

4 | DISCUSSION

In this study, we present an ex vivo cultured bovine coccygeal NP ex-

plant model where progressive sGAG loss was induced via injecting of

chABC. The severity of the enzymatic activity was dose‐, time‐, and

loading‐dependent and a decrease in osmotic pressure was not restored

via injection of NCM or CS, as fixed charges leached into the medium.
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(A) (B)

(C)

(D) (E)

(F) (G) (H)

F IGURE 5 Biochemical differences and histology after injection of notochordal cell‐derived matrix (NCM) or chondroitin sulfate (CS). (A)
Glycosaminoglycan (sGAG) content is different from controls, but not within the chABC treated groups. (B) On Day 5, part of the injected sGAG (NCM
and CS group) leaches into the medium. (C) The Alcian blue staining intensity is decreased in chABC treated groups. (D) DNA is increased in NCM
injected groups. (E) Hematoxylin & eosin stained sections indicate that there are tissue regions with different characteristics containing either remnant
of NCM recognized by residual DNA (dark and condensed dots) in the tissue or cell clusters of living cells identified by a translucent cell shape around
a cell nuclear core. (F) Water content is increased and (G) FCD decreased in the chABC treated groups compared to the control groups. (H) The
hydroxyproline content does not change. The expected sGAG and DNA content from NCM injections are indicated in the sGAG and DNA figure,
respectively. Scale bars: 100µm (overview) and 50µm (close‐ups of NCM). *p< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n = 5/group
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4.1 | Enzymatically induced sGAG loss

The present study shows progressive sGAG loss after injection of

chABC, which is in line with previous studies. Furthermore, the

dose that we used (0.05–0.4 U or 0.2–1.6 U/NP) is comparable to

that used in various other studies with different tissue volumes

(summarized in Table 1). In a very similar experimental setup,

Krupkova et al.39 reported a less profound sGAG reduction com-

pared to our system. As they used a dialysis membrane, larger

functional proteoglycan fragments could potentially have been

contained. Even though chABC is frequently used to induce sGAG

loss, sGAG reduction, fragmentation, and aging are more complex

during human IVDD. ChABC did not activate cellular responses in

bovine NP tissue at 2 weeks follow‐up,39 however, inflammatory

cytokines and catabolic enzymes were increasingly expressed in a

goat model at 12 weeks follow‐up.31 Cellular reactions might be

due to an osmotic shock or due to degrading products of CS

resulting from chABC cleavage, as the latter were found to change

morphology and induce catabolic expression in chondrocytes in

3D culture.40 Furthermore, a distorted physical and biochemical

microenvironment might be a trigger for resident cells to go into a

“pro‐inflammatory state.”41 In this study, cells remained viable in

all tested conditions. Nevertheless, the long‐term response of cells

to chABC injection remains unclear.

4.2 | The relevance of loading

We demonstrate that explants equilibrated to 0.2MPa, which corre-

sponds to human discs at rest,42 cultured at a constant volume,

were able to maintain tissue matrix composition and properties com-

parable to native samples. Furthermore, diurnal loading changed the

(A) (B)

(C)

F IGURE 6 Biomechanical evaluation of chACB treated nucleus pulposus and correlation to fixed charge density (FCD). (A) Equilibrium stress
is around 0.2MPa on Day 0, but drops after injection of chondroitinase ABC (Day 3) and is not restored after injecting notochordal cell‐derived
matrix (NCM) or chondroitin sulfate (CS) (Days 4 and 7). (B) The tissue relaxation, τ, follows the same trend as the equilibrium pressure. Stars
indicate significance compared to Day 0 for equilibrium stress or compared to sham of the same day for τ. (C) FCD, equilibrium stress, and τ are
all positively correlated. For equilibrium stress, Day 0 (all untreated) as well as the three sGAG treated groups on Day 3 were summarized for
statistical testing. Correlations of biomechanical data received from stress relaxation testing and FCD are from Day 7. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. n = 5/group
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enzyme kinetics of chABC and thereby reduced sGAG loss compared to

unloaded samples. As transport of large proteins may be affected by

diurnal convection but not by physiological dynamic loading

(~0.1–10Hz), this was the component studied. We hypothesize, that

increased convection due to diurnal consolidation is the main driver of

the effect observed (diluting the enzyme). Similar to our results, Gawri

et al.43 have reported restoration of sGAG content when comparing

loaded and unloaded trypsin‐treated bovine discs, which they attribute

to new ECM production. To this respect, recapitulating some aspects of

physiological conditions seems to be an essential factor when studying

disc degeneration in ex vivo cultures.

Diurnal loading did not increase sGAG diffusion, as sGAGs in

supernatant between enzyme‐treated and untreated diurnally loaded

samples were at similar levels. Therefore, we hypothesize that

increased permeability due to reduced FCD does, in our system, not

directly lead to diffusion of larger negatively charged molecules. This

is further supported by findings that re‐equilibrated tissue could not

prevent sGAG loss from the tissue. For small molecules, it has been

described that diffusion is the main mechanism of transport rather

than convective transport.44 Nevertheless, sGAG reduction was to a

lesser extent when tissue was loaded diurnally. We believe that this is

the result of changed enzymatic activity due to convective transport

of the enzyme.

4.3 | ChABC induced sGAG loss leads to loss of
biomechanical functionality

In this study, we show that chABC‐induced sGAG loss directly im-

pairs biomechanical function. In GAG‐rich tissues, like the IVD and

cartilage, sGAG content is directly related to FCD. FCD reduction

decreases the swelling potential, which can be measured by the

equilibrium stress in a stress relaxation test where at equilibrium,

most of the load is carried by osmotic swelling pressure.45 sGAG

reduction induced by chABC had minimal effects on peak stress but

reduced equilibrium stress, comparable to cartilage.46

During human IVDD, a catabolic shift leads to degradation and

fragmentation of proteoglycans in the NP, which is hypothesized to

F IGURE 7 Evaluation of viable nucleus pulposus cells after culture in the bioreactor chamber with fixed volume. Lactate dehydrogenase
staining revealed viable cells in all tested conditions. NCM injected samples had additionally large clusters of living cells. Scale bars: 200 µm.
NCM, notochordal cell‐derived matrix
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start a vicious cycle of IVDD.47 As smaller proteoglycans leach out of

the tissue and cells have an insufficient anabolic response, the sGAG

concentration and FCD in the NP decrease with increasing degen-

eration (Table S1).6 Similarly, tonicity‐dependent sGAG leaching was

reported in bovine NP explants, with the highest sGAG loss in free

swelling explants.48 Additionally, sGAG leaching was reported to be

increased in loaded bovine disc cultures in degenerative medium

compared to healthy medium.49 Disc height loss, a hallmark of IVDD,

was demonstrated in this study by increased height loss in enzyme‐

treated diurnally loaded explants. Other hallmarks of IVDD that

concern the CEP and AF and their interplay with the NP cannot be

mimicked in our NP model. Additionally, the human NP loses water

during IVDD6 whereas the water content tended to increase after

chABC injection in our study, potentially as water replaces the lost

matrix due to the fixed volume. Comparable to human IVDD, bio-

mechanical changes occurred after chABC injection, as hydraulic

pressure in the tissue decreased and the creep increased compared

to untreated samples. The NP, when surrounded by the CEP and AF,

is expected to be less permeable than our culture system, as even

small molecules were illustrated to remain within the disc.50 Carti-

lage's permeability and FCD correlate10 and Alice Maroudas sug-

gested that the side chains of proteoglycans, GAGs, provide most of

cartilage's resistance to fluid flow.51 Diffusivities of larger molecules

have also been reported to be dependent on GAG content.52 This is

in line with our findings that biomechanical properties (equilibrium

stress, τ) and biochemical composition (FCD) strongly correlate. Ad-

ditionally, chABC lead to visible microscopic ECM disorganization

demonstrated on Alcian blue stained sections of enzyme‐treated

TABLE 1 Chondroitinase ABC (chABC) dose used in intervertebral disc degeneration studies compared to nucleus pulposus (NP) volume

Study Model/NP volume/duration chABC Degeneration description

29 In vivo caprine lumbar IVD 0.2–0.35 U/ml (110–200 µl): Slowly progressive degeneration

740 µl30 0.022–0.07 U

26 weeks 0.03–0.1 U/NP

31,32 In vivo caprine lumbar IVD 0.5–25 U/ml in 200 µl: Progressive degeneration mild (0.1 U),
moderate (1 U), severe (5 U)

740 µl30 0.1–5 U

12 weeks 0.14–6.8 U/NP

33 In vivo ovine lumbar IVD 5U/ml in 200 µl Progressive, severe degeneration

656 µl34 1 U

17 weeks 1.52 U/NP

35 In vivo ovine lumbar IVD 5–250 U/ml in 200 µl Progressive, severe degeneration

656 µl34 1, 5, 50 U

4 weeks 1.52–76.2 U/NP

36 In vivo ovine lumbar IVD 1 U Progressive degeneration

656 µl34 1.52 U/NP

24 weeks

37 Ex vivo loaded lumbar caprine IVD 0.5 U/ml (100 µl): Progressive, mild degeneration

620 µl (173mm2,30 and 3.6 mm height) 0.05 U

3 weeks 0.08 U/NP

38 Ex vivo loaded lumbar caprine IVD 2U/ml chABC + 1mg/ml
collagenase in 50 µl

Progressive, moderate degeneration

740 µl30 0.1 U chABC

10 days 0.14 U/NP

39 Ex vivo coccygeal bovine NP 1–20 U/ml in 20 µl: Concentration‐dependent sGAG reduction

250 µl 0.02–0.4 U

3 weeks 0.08‐1.6 U/NP

This study Ex vivo (loaded) coccygeal bovine NP 2.5–20 U/mL in 20 µL: Time, concentration, and loading dependent
mild to severe progressive degeneration

250 µl 0.05‐0.4 U

2 weeks 0.2‐1.6 U/NP
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bovine NP tissue. We believe this to be a proteoglycan‐covered

collagen network, where hyaluronan molecules and GAGs close to

the collagen fibrils remain intact.

We found an increased equilibrium creep of enzyme‐treated

compared to untreated NP explants when loaded for 8 h at 0.4MPa,

recapitulating pressure in human discs at low activity.42 This reduced

weight‐bearing capacity would lead in vivo to decreased disc height, a

hallmark of IVDD. Increased creep and height loss in chABC‐injected

discs were found in a sheep model.33 Interestingly, Paul et al.37 re-

ported an immediate change (initial creep) in chABC‐treated and

sham‐injected goat discs ex vivo. As such, it is more plausible that

ECM damage occurred due to injection of a large volume (100 µl), as

enzymatic degradation might not have an immediate effect. In a rat

tail model, a critical injection volume was reported above which de-

generative changes occurred.53 Therefore, we advise that high fluid

shear forces should be prevented by slow and careful injection of

small volumes to not harm the NP and resident/injected cells. Ad-

ditionally, AF damage can be avoided by using small gauge needles.54

4.4 | Biomechanical restoration and biological
repair

In preliminary experiments utilizing the lumbar caprine goat in a

loaded organ culture model, NCM delayed the progression of disc

height loss directly after injection.55 In this study, a single injection of

NCM or CS could not restore the biomechanical compressive beha-

vior in terms of equilibrium stress, used as an indication of intradiscal

pressure. This was unexpected, as substantial amounts of fixed

charges were injected (to restore 50% of the FCD) in both the NCM

and CS groups. Upon NCM injection, tissue FCD did not become

increased due to the immediate loss of the injected sGAGs into the

medium. Thus, in systems where CEP and AF integrity are no longer

sustained to act as barrier for molecular loss (e.g., post‐hernia), any

added molecules would need to be in a more complex molecular

structure or incorporated into a biomaterial as carrier to integrate

into the tissue and contribute to the swelling pressure. NCM has

been shown to induce other metabolic beneficial effects in vitro as

well as in vivo and to stimulate cell proliferation in 3D and organoid

cultures.11,12,56 This was consistent with the increased DNA content

above that which originated from the injected NCM itself supporting

that NCM might contain growth factors that stimulate proliferation.

This was also consistent with the observation on H&E stained sec-

tions in NCM‐treated explants where cells appeared in clusters (in-

dication of cloning) which we interpret as proliferation. However, cell

clustering is also described in physically disrupted discs and is

thought to arise from disturbed cell–matrix binding.41 Thus, although

we could not observe a direct biomechanical augmentation due to

leakage of injected sGAG, potential metabolic effects were evident.

Additionally, NCM‐injected explants showed a higher staining in-

tensity and increased organization compared to sham and CS injected

explants, which we believe to be larger molecules that were not lost

(e.g., hyaluronan).

5 | CONCLUSION

We demonstrate the development of a platform to screen re-

generative strategies of injectable biomaterials and cells for NP ex-

plants with sGAG reduction found in mildly degenerated human

discs. To increase the clinical relevance of our platform, follow‐up

studies with human NP explants (e.g., at various degeneration states)

with simulated physiological loading conditions may be investigated.

To the best of our knowledge, this is the only NP culture system with

a constant volume which is important for sustaining the natural en-

vironment of native cells. Tissue damage via a loss of ECM structure

and sGAG content directly leads to compromised biomechanical

function. Furthermore, by triggering sGAG loss, a cascade of de-

generation inductive factors is started. Enzyme‐treated NP tissue

could not be restored by injecting NCM or CS due to sGAG leakage,

but cellular proliferation and increased Alcian blue staining after

NCM injection was observed.

The here presented culture system is a tool toward developing

treatments for patients who suffer from mild to moderate disc de-

generation. In future studies, the proliferative effect of NCM should

be investigated as well as potential delivery of (decellularized) NCM

together with a biomaterial to facilitate NCM retention and tissue

integration.
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