
https://doi.org/10.1177/20417314231180050

Journal of Tissue Engineering
Volume 14: 1 –21 

© The Author(s) 2023
Article reuse guidelines: 

sagepub.com/journals-permissions
DOI: 10.1177/20417314231180050

journals.sagepub.com/home/tej

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons 
Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, 

reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open 
Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Disc regeneration by injectable fucoidan-
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Abstract
Modulating a favorable inflammatory microenvironment that facilitates the recovery of degenerated discs is a key strategy 
in the treatment of intervertebral disc (IVD) degeneration (IDD). More interestingly, well-mechanized tissue-engineered 
scaffolds have been proven in recent years to be capable of sensing mechanical transduction to enhance the proliferation 
and activation of nucleus pulposus cells (NPC) and have demonstrated an increased potential in the treatment and 
recovery of degenerative discs. Additionally, existing surgical procedures may not be suitable for IDD treatment, 
warranting the requirement of new regenerative therapies for the restoration of disc structure and function. In this 
study, a light-sensitive injectable polysaccharide composite hydrogel with excellent mechanical properties was prepared 
using dextrose methacrylate (DexMA) and fucoidan with inflammation-modulating properties. Through numerous in 
vivo experiments, it was shown that the co-culture of this composite hydrogel with interleukin-1β-stimulated NPCs 
was able to promote cell proliferation whilst preventing inflammation. Additionally, activation of the caveolin1-yes-
associated protein (CAV1-YAP) mechanotransduction axis promoted extracellular matrix (ECM) metabolism and thus 
jointly promoted IVD regeneration. After injection into an IDD rat model, the composite hydrogel inhibited the local 
inflammatory response by inducing macrophage M2 polarization and gradually reducing the ECM degradation. In this 
study, we propose a fucoidan-DexMA composite hydrogel, which provides an attractive approach for IVD regeneration.
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Introduction

Intervertebral disc (IVD) degeneration (IDD) is closely 
related to axial spinal and neurogenic extremity pain1 and is 
considered to be one of the leading causes of neck and lower 
back pain. Approximately two-thirds of adults worldwide 
suffer from neck and lower back pain, whilst this is also one 
of the top four contributors to a disability, thus creating a 
significant social burden and economic stress.2 With the 
global aging population leading to the increased risk of 
degenerative diseases, finding effective ways to combat 
IDD has become an important challenge to be addressed. 
Currently, the clinical management of disc degeneration 
typically involves surgical interventions, including disc 
replacement, resection, and spinal fusion. However, surgery 
is currently aimed at providing short-term pain relief with-
out restoring the biomechanical function of the disc, while 
existing surgical procedures may not be suitable for all 
patients.2 Thus, new regenerative therapies for disc degen-
eration are urgently needed for the restoration of disc struc-
ture and function. Recent studies have shown great promise 
for tissue engineering therapies of disc degeneration, whilst 
substituting the disc replacements with tissue-engineered 
manufactured composites that can potentially restore the 
structural, biological, and mechanical functions of the disc. 
Numerous tissue engineering studies have focused on the 
different characteristics of IDD.3

Among these, cell-inoculated hydrogels and other tis-
sue-engineered scaffolds, such as analogs of the nucleus 
pulposus (NP) region, have been proven as effective entry 
points.4 In the composition of IVD, the NP is a highly 
hydrophilic substance that uniformly distributes the fluid 
phase pressure between adjacent vertebral bodies whilst 
serving an essential role in the axial loading of the spine.5,6 
Therefore, early IDD first is manifested as high NP load-
ing, which in turn leads to extracellular matrix (ECM) loss 
or even loss of function. In parallel, excessive spinal load 
not only leads to disturbances in the metabolism of the 
ECM of the disc but also upregulates the expression of 
pro-inflammatory genes, for example, interleukin (IL)-1β 
and IL-6.5–7 During this process, activated immune cells 
(including macrophages, T cells, B cells, and natural killer 
cells) infiltrate the IVD, which directly affects not only 
matrix catabolism and anabolism but also indirectly influ-
ences ECM homeostasis by inducing the expression of 
inflammation-related genes (e.g. chemokines and pro-
inflammatory cytokines) in the disc cells. This leads to the 
worsening of the inflammatory and degenerative state of 
the disc.8 Prolonged inflammatory processes not only 
interfere with the repairing of damaged tissues but can also 
cause the accumulation of inflammatory cells within the 
vicinity of the lesion, alongside the formation of local 
inflammatory cytokine storms, which ultimately impede 
tissue repair and exacerbate degeneration.9 Therefore, 
finding suitable and effective tissue engineering materials 

to replace the NP structure of the IVD, thus mimicking the 
axial load of the repaired spine by reversing the highly 
inflammatory microenvironment in the degenerated region 
through immunomodulation, is a key potential strategy for 
restoring the IVD structure and function.

Previous studies have reported that fucoidan has a struc-
ture similar to chondroitin sulfate, a major component of 
NP tissue that promotes NP regeneration and ECM synthe-
sis.10–12 Additionally, fucoidan is a focal sulfated anionic 
polysaccharide extracted from the sea, which possesses the 
same sulfate group composition as the glycosaminoglycan 
found in the ECM of NP, which also confers good immu-
nomodulatory functions.13 This component activates mac-
rophage polarization, inhibits pro-inflammatory M1-type 
macrophage polarization, and promotes anti-inflammatory 
M2-type polarization, thus inhibiting the production of pro-
inflammatory factors whilst exerting anti-inflammatory 
effects.14,15 However, it also inhibits the production of reac-
tive oxygen species (ROS) and blocks nuclear factor (NF)-
κb-mediated inflammatory signaling pathways to slow 
down the inflammatory process.16 Recently, its anti-inflam-
matory ability has been validated and shown to be effective 
for the treatment of various musculoskeletal disorders, 
including rheumatoid arthritis and osteoarthritis (OA).12,17 
We envision that fucoidan enhances the expression of type 
II Collagen (Col II) and aggrecan (Agg) in disc degenera-
tion by forming an anti-inflammatory microenvironment.18 
Nevertheless, NP is an avascular tissue, and substance 
exchange in this region is difficult; therefore, there can be 
problems reaching it using standard systemic delivery 
methods, which makes loading onto tissue-engineered scaf-
folds an undoubtedly better option.

Among the many tissue-engineered scaffolds, hydrogels 
have similar rheological properties to NP whilst also offer-
ing excellent biocompatibility and safety,19 thus providing 
acute structural and mechanical support for degenerated 
discs, and are, therefore, an ideal alternative to NP.20,21 To 
combine both stable biomechanical properties and the sup-
pression of local inflammation of the IVD, we propose here 
loading fucoidan onto a hydrogel scaffold to mimic the NP 
structure of the IVD. The dextran hydrogel used is a chain-
like natural polymer composed of multiple D-glucose mol-
ecules with repetitive structures. It is non-toxic, 
biocompatible, and degradable and can also improve drug 
stability, alter drug delivery routes, increase drug absorp-
tion, and improve drug bioavailability, among other func-
tions.22,23 Additionally, it is often used as a novel drug 
carrier and is expected to be an ideal hydrogel carrier for 
fucoidans. We synthesized dextrose methacrylate (DexMA) 
using the introduced methacrylate (MA) group, which is a 
photo-sensitive characteristic of dextran hydrogel that has 
remarkable controllability. This is because the performance 
of DexMA hydrogel can be precisely controlled by chang-
ing the ratio of MA and light curing time to achieve in situ 
cross-linking into the gel at the lesion site.24–26
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In summary, by physically mixing fucoidan, which 
has anti-inflammatory effects, with DexMA hydrogel, an 
injectable polysaccharide composite hydrogel with 
mechanically sensitive properties was prepared and its 
hydrophilic and mechanical properties were subse-
quently evaluated. In vitro, we further evaluated the  
biocompatibility, anti-inflammatory, and ectoplasmic 
expression properties of NP cells (NPCs) added to three-
dimensional (3D) composite hydrogels treated with 
IL-1β. Furthermore, we validated the potential of the 
fucoidan-DexMA composite hydrogel for improving the 
inflammatory microenvironment of the NP and repairing 
disc degeneration in a rat caudal disc degeneration model 
(Figure 1). The results show fucoidan-DexMA compos-
ite hydrogel as a promising disc repair option in protect-
ing NPCs, improving the inflammatory environment, 
and restoring the biomechanical structure of the IVD to 
stop the development of IDD.

Materials and methods

Preparation of the composite hydrogel scaffold

DexMA was synthesized by methacrylation of dextran and 
glycidyl methacrylate (Aladdin, Shanghai, China).27,28 In 
brief, dextran (20 g, 147 kDa) and 4-dimethylaminopyri-
dine (2 g) were dissolved in anhydrous dimethyl sulfoxide 
(100 ml) and stirred vigorously to obtain a homogeneous 
mixture. Subsequently, glycidyl methacrylate (24.6 ml) 
was added whilst vigorously stirring, and the reaction was 
then maintained by heating at 45°C for 24 h. After cooling 
on ice for 20 min, the mixture was then precipitated in 1 l 
of pre-cooled 2-isopropanol to obtain DexMA. The crude 
product collected by centrifugation was dissolved in dou-
ble-distilled water (ddH2O) and dialyzed for 3 days against 
ddH2O. After purification by dialysis, DexMA was lyophi-
lized to obtain the final product, which was then stored at 
−20°C during the following experiments.

Figure 1. Schematic illustration and fabrication process of fucoidan-DexMA polysaccharide composite hydrogel: (a) synthesis 
of fucoidan-DexMA hydrogel, (b) fucoidan-DexMA composite hydrogel scaffold fabrication process, and (c) The functions of 
the fucoidan-DexMA composite hydrogel include promoting M2 polarization, modulating local inflammation, and increasing IVD 
regeneration.
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The photoinitiator, lithium phenyl-2,4,6-trimethylben-
zoylphosphonate (LAP, EFL, Suzhou, China), was 
weighed and dissolved in phosphate-buffered saline (PBS) 
at 40–50°C to prepare a 0.25% (w/v) solution. Additionally, 
a 5% (w/v) DexMA solution was prepared by adding 
DexMA to the abovementioned solution and stirring. 
Fucoidan from Fucus vesiculosus (Sigma-Aldrich, 
Shanghai, China) at different concentrations of 0, 1, 2, 4, 
and 8 mg/ml (w/v) was subsequently added. Finally, the 
mixture was filtered through a 0.22 μm filter and 
crosslinked by irradiation with ultraviolet (UV) light 
(83 mW/cm2, 405 nm) for 30 s in the dark to prepare the 
fucoidan-DexMA composite hydrogel.

Characterization of the composite hydrogel 
scaffold

Nuclear magnetic resonance (NMR) imaging. Dextran and 
DexMA were detected by 1H NMR (Bruker 400 M, 
Falanden, Switzerland), and the analysis was performed 
using MestReNova software (version 14.0; Mestrelab 
Research, Spain) to assess whether MA was modified on 
dextran. The degree of substitution (DS) of DexMA was 
calculated using the ratio between the average integrated 
area of the methacrylate protons (6.12 and 5.67 ppm in 
D2O) and the anomeric proton of the glycopyranosyl ring 
(4.87 ppm), as shown by the following formula:
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Scanning electron microscope (SEM) analysis. Composite 
hydrogel scaffolds with a diameter of 1 cm and a thickness 
of 5 mm were prepared by UV irradiation. These hydrogels 
were then refrigerated at −20°C for 24 h, followed by lyo-
philization at -40°C for 18 h (SIM, Los Angeles, USA). 
The dried samples were then sprayed with gold and 
observed using an SEM (Zeiss Gemini 300, Oberkochen, 
Germany). The mean pore sizes of the samples were meas-
ured by analyzing five random regions using the ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA).

Water contact angle (WCA) analysis. The hydrophilicity of 
the hydrogel scaffolds was evaluated by measuring the 
static WCA and the droplet shape on a scientific surface 
analyzer (Dataphysics OCA20, Stuttgart, Germany) at 
25°C. Each experiment was repeated three times.

Mechanical testing. The compressive moduli of the pure 
DexMA and fucoidan-DexMA composite hydrogels (a 
cylinder 8 mm in diameter and 3 mm in height) were meas-
ured using a universal electromechanical testing machine 
(Instron 5944, Norwood, MA, USA). A constant compres-
sion rate of 1 mm/min was used, whilst the compressive 

modulus of the hydrogel was determined by calculating 
the slope of the stress-strain curve up to a strain of 20%. 
Three replicates were used for each group.

Drug release testing. The analysis of fucoidan release 
capacity in fucoidan-DexMA composite hydrogel was 
tested according to the method previously described in the 
literature.18 The absorbance of residual toluidine blue was 
measured at 630 nm using a UV-Vis spectrophotometer, 
which generated a calibration curve and determined the 
concentration of fucoidan.

In vitro performance

NPC culture. NPCs were extracted from Sprague-Dawley 
(SD) rats (4 weeks old, 75–95 g) as described in our previ-
ous methods29 and cultured in a 37°C incubator with 5% 
CO2 using Dulbecco's Modified Eagle’s Medium 
(DMEM)/F12 (Gibco, Shanghai, China) complete medium 
with 10% fetal bovine serum (Hyclone, Wuhan, China) 
and 1% penicillin-streptomycin (Biosharp, Hefei, China). 
The medium was refreshed every 2 days, and the cells 
were passaged after reaching 70–80% confluency until the 
third generation and used for subsequent experiments.

NPC encapsulated in hydrogel. NPCs (1 × 106 cells/ml) 
were uniformly suspended and mixed with DexMA and 
fucoidan-DexMA solution. Then, the suspension was 
injected into a circular mold with a diameter of 5 mm and 
a thickness of 2 mm and crosslinked with UV light to con-
struct the NPC-encapsulated hydrogel. These scaffolds 
were immediately incubated in DMEM/F12 medium, and 
the medium was refreshed every 2 days.

Cell viability and proliferation in hydrogel. After 1 and 3 days 
of incubation, the viability of the NPC-encapsulated hydro-
gel was assessed using the live/dead staining kit (Beyotime, 
Shanghai, China). In brief, a mixed solution of calcein-AM 
and propidium iodide (PI) was added and incubated with 
hydrogel samples at 37°C in the dark for 30 min. After 
removing the solution, the cells were visualized and quanti-
fied under a laser scanning confocal fluorescence micro-
scope (LSCM, Olympus, Tokyo, Japan), in which living 
cells were marked with green fluorescence by calcein-AM, 
whilst dead cells were marked with red fluorescence by PI.

Cell proliferation was determined using a Cell Counting 
Kit-8 (CCK-8; Biosharp, Hefei, China). NPCs (2 × 103 
cells per well) were encapsulated in the hydrogel and cul-
tured in a 96-well plate after UV light irradiation. At pre-
determined time points, DMEM/F12 containing 10% 
CCK-8 solution was added to each well, followed by incu-
bation for 2 h. The optical density (OD) of the supernatant 
was measured at 450 nm using an enzyme-labeling instru-
ment (BioTek, Vermont, USA). Three replicates were 
again used for each group.
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Cell proliferation can be further explored by EdU incor-
poration assay. The NPCs were encapsulated in the hydro-
gel and then stained according to the reagent manufacturer's 
instructions. Fluorescent microscopy was employed to 
observe the cells and quantitative analysis of the fluores-
cence images was performed using ImageJ software.

To examine PCNA (Proliferating Cell Nuclear Antigen) 
protein expression, the pre-treated NPCs were encapsu-
lated in the composite hydrogel and cultured for 24 h. The 
DexMA composite hydrogels were soaked in DexMA 
Lysis Solution (Suzhou, China) for 30 min at room tem-
perature until complete dissolution. The cells were then 
lysed using radioimmunoprecipitation assay (RIPA) lysis 
buffer (Beyotime, Shanghai, China). The isolated proteins 
were separated using 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA). Subsequently, the mem-
branes were blocked with 5% non-fat milk in Tris-buffered 
saline (TBS) solution with the detergent Tween® 20 
(TBST, 10 mM pH 7.6 Tris–HCl, 100 mM NaCl, and 0.1% 
Tween 20) for 2 h, then incubated with PCNA antibody 
(1:3000, ab92552, Abcam) overnight at 4°C. After washed 
with TBST and then incubated with goat anti-rabbit horse-
radish peroxidase (HPR)-coupled secondary antibody 
(1:5,000, S0001, Affinity) at room temperature, PCNA 
protein expression was examined using a chemilumines-
cent reagent (Beyotime), and the signal intensity was 
quantified using ImageJ software.

IL-1β-induced NPC-encapsulated hydrogel under inflammation 
condition. To stimulate the inflammatory microenviron-
ment, NPCs were pre-treated and incubated in DEMF/F12 
medium with 10 ng/ml IL-1β (Sino Biological, Beijing, 
China) for 24 h.30 Subsequently, all the cells were har-
vested and encapsulated in the hydrogel, as described 
above. At predetermined time points, the viability of 
encapsulated NPCs in the hydrogel was evaluated using a 
live/dead staining kit, as previously mentioned.

Immunofluorescence analysis under inflammation condi-
tion. After treatment with 10 ng/ml IL-1β, NPC-encapsu-
lated hydrogels were cultured for 24 h and fixed with 4% 
paraformaldehyde for 30 min at room temperature. Subse-
quently, the samples were embedded in an O.C.T com-
pound (Sakura Finetek, USA) overnight at 4°C, then 
frozen at −20°C, and eventually sliced into 20-µm-thick 
sections using a cryostat (Leica, Weztlar, Germany).

To investigate the effect of the CAV1-YAP-mediated 
mechanotransduction pathway on NPC-encapsulated 
hydrogel scaffolds at different levels of stiffness, CAV1 
and YAP immunofluorescence staining was performed 
according to the following protocols. After washing with 
PBS, sections were permeabilized with 0.3% Triton X-100 
at 10°C for 15 min. The sections were then blocked with 

1% bovine serum albumin (BSA, Invitrogen, Shanghai, 
China) for 1.5 h and incubated with primary antibodies: 
CAV1 (1:500, 16447-1-AP, Proteintech) or YAP (1:100, 
A1001, ABclonal) at 4°C overnight. Subsequently, the 
sections were washed with PBS and incubated with  
either fluorescein isothiocyanate (FITC)-labeled antibody 
(1:100, AS024, ABclonal) or sulfo-Cyanine3 (Cy3)-
labeled antibody (1:400, AS007, ABclonal) for 2 h at room 
temperature. Finally, the sections were counterstained 
using 4′,6-diamidino-2-phenylindole (DAPI) and mounted 
with VECTASHIELD (Vector Laboratories, San Francisco, 
CA, USA). Images were observed and captured using an 
LSCM. Semi-quantitative fluorescence analysis was con-
ducted using ImageJ software.

To evaluate the expression of ECM-related proteins 
(Agg and Col II), immunofluorescence staining was per-
formed, as previously described. In brief, the sections were 
incubated with primary antibodies: Anti-Agg antibody 
(1:200, DF7561, Affinity) or anti-Col II antibodies (1:200, 
AF0135, Affinity) at 4°C overnight. The sections were 
then labeled with either Alexa Fluor 488-labeled antibody 
(1:200, S0018, Affinity) or Cy3-labeled antibody (1:400, 
AS007, ABclonal) for 2 h. After staining with DAPI, the 
images were obtained using an LSCM.

The subcellular distribution of YAP, the ratio of translo-
cated YAP, and fluorescence densities of Col II and Agg 
were all quantified using ImageJ software, following the 
previously reported protocols.31,32

Western blot assay under inflammation condition. Western 
blotting was performed to assess the influence of the 
CAV1-YAP-mediated mechanotransduction pathway and 
the anti-inflammatory effects of the NPC-encapsulated 
composite hydrogel under inflammatory conditions. Pro-
teins were labeled and incubated overnight at 4°C with the 
following primary antibodies: YAP (1:500, A1001, 
ABclonal), p-YAP (1:500, AP0489, ABclonal), CAV1 
(1:2000, 16447-1-AP, Proteintech), Col II (1:2000, 
ab188570, Abcam), Agg (1:2000, DF7561, Affinity), 
IL-1β (1:1000, AF5103, Affinity), IL-6 (1:1000, DF6087, 
Affinity), IL-10 (1:1000, DF6894, Affinity), IL-4 (1:1000, 
AF5142, Affinity), and β-actin (1:5000, AF7018, Affin-
ity). After washing using TBST buffer, the membranes 
were treated with horseradish peroxidase (HRP)-conju-
gated secondary antibody (1:5000, S0001, Affinity) for 2 h 
at room temperature. Then examined with a chemilumi-
nescent reagent (Beyotime), and quantified the signal 
intensity using ImageJ software.

Enzyme-linked immunosorbent assay (ELISA). To investigate 
the ability of ECM secretion and the concentration of 
inflammatory factors in NPC-encapsulated hydrogels, 
ELISA was conducted according to the manufacturer’s 
protocol. In brief, pre-treated NPCs with IL-1β were 
encapsulated in the composite hydrogel and cultured for 



6 Journal of Tissue Engineering  

24 h. Then, the supernatant was collected, and the concen-
trations of target proteins (Col II, Agg, IL-1β, IL-6, IL-4, 
and IL-10) were measured using an ELISA kit (Dakewe, 
Shenzhen, China).

In vivo performance

Experimental animals. Seven-week-old male SD rats (200–
250 g) were purchased from the Shushan Experimental Ani-
mal Center (Hefei, China) and acclimatized to the vivarium 
for 1 week before the experiments. All procedures and treat-
ments were approved by the Institutional Animal Care and 
Use Committee of Bengbu Medical College (approval no. 
2020139). All rats were housed in a room with a 12 h light/
dark cycle and free access to food and water.

Surgical procedure. The puncture-induced IDD rat model was 
established as previously described.33 Sixty SD rats were 
anesthetized intraperitoneally with 1% pentobarbital. Digital 
palpation was used to locate the caudal disc (Co6/Co7), which 
was then confirmed using trial radiography. A sterile 21 G 
needle was used to percutaneously pass through the annulus 
fibrosus into the middle of the NP. To ensure the degeneration 
effect, the needle was used at a depth of 5 mm using a stopper, 
rotated 360°, and then held in this position for 30 s. The rats 
were randomly divided into five groups (n = 12 for each 
group): sham group (not punctured), control group (punc-
tured without injection), fucoidan group (punctured and 
injected with 4 mg/ml fucoidan), DexMA group (punctured 
and injected with 5% DexMA hydrogel), and Fuc-Dex group 
(punctured and injected with 4 mg/ml fucoidan-5% DexMA 
composite hydrogel). A week after IVD induction, each disc 
was injected with 20 μl hydrogel solution using a 31 G 
microsyringe, followed by irradiation with UV light (83 mW/
cm2, 405 nm) for 30 s to gel in situ. All experiments were car-
ried out under aseptic conditions, and the rats were housed in 
a warm and ventilated environment. After injection at 4 and 
8 weeks, radiography, magnetic resonance imaging (MRI), 
and histological analysis were performed.

Disc height measurement. Changes in the caudal IVD were 
measured using a digital X-ray machine (Siemens, Berlin, 
Germany). All anesthetized rats were placed in the supine 
position, with their tails kept straight. The average heights 
of the IVD and adjacent vertebral bodies were measured 
using ImageJ software, according to previously reported 
protocols.34 The IVD height indices (DHI; Supplemental 
Figure S4) were calculated using the following formula:

DHI =
+ +

+ +( ) + + +( )
2

1 2 3

1 2 3 1 2 3
x

DH DH DH

PV PV PV DV DV DV

where PV indicates a proximal vertebral body and DV 
indicates a distal vertebral body. Changes in IVD height 

were described using the percentage of punctured group 
DHI to sham group DHI and expressed as DHI%.

MRI examination. A 1.5 T MRI scanning system (Philips, 
Amsterdam, Netherlands) was used to access the sagittal 
T2-weighted signal images of the IVD structure. The 
parameters of the MRI scanning system were set as fol-
lows: repetition time (TR) 2500 ms, echo time (TE) 30 ms, 
field of view 200, and slice thickness 2 mm. MRI images 
were evaluated blindly according to the Pfirrmann MRI 
grading score (see Table S1). Additionally, the gray values 
of all pixels in the NP region of the IVDs in the images 
were calculated using ImageJ software.35

Histological analysis. After euthanasia of rats by overdose 
anesthetic injection, the coccygeal discs were harvested, 
fixed in 4% paraformaldehyde for 24 h, and then decalci-
fied in 10% ethylenediaminetetraacetic acid (EDTA) for 
4 weeks, and the medium was refreshed daily. The samples 
were subsequently dehydrated using graded ethanol and 
embedded in paraffin. The samples were sliced into 5 μm 
sagittal sections containing the NP, annulus fibrosus, and 
end plates. Hematoxylin and eosin (H&E) and safranin 
O-fast green staining were performed to observe collagen 
remodeling and deposition. Histological morphology was 
captured using microscopy, whilst the degenerative degree 
of the IVD was scored according to the previously 
described Masuda protocol (Table S2).36 Scores of 4, 5–11, 
and 12 indicate normal discs, moderately degenerated 
discs, and severely degenerated discs, respectively.

Immunohistochemistry. To evaluate in vivo changes in 
ECM secretion, levels of inflammatory cytokines, and 
macrophage polarization, the sections were immunohis-
tochemically stained. Briefly, deparaffinized sections 
were incubated with 3% H2O2 for 15 min in the dark and 
then blocked with 3% BSA for 30 min at room tempera-
ture. The sections were incubated overnight at 4°C along 
with the following primary antibodies: Col II (1:500, 
GB111629, Servicebio), aggrecan (1:500, GB11373, Ser-
vicebio), IL-1β (1:200, AF5103, Affinity), IL-6 (1:200, 
DF6087, Affinity), IL-10 (1:200, DF6894, Affinity), IL-4 
(1:200, AF5142, Affinity), CD68 (1:300, GB113109, 
Servicebio), Arg1 (1:500, GB11285, Servicebio), and 
CC-chemokine receptor 7 (CCR7) (1:300, GB11502, 
Servicebio). After primary antibody incubation, the sec-
tions were incubated with a specific HRP-conjugated 
secondary antibody (1:200, S0001, Affinity) for 1 h at 
25°C. The sections were stained with 3,3′-diaminobenzi-
dine and counterstained with hematoxylin for the nucleus. 
Finally, the sections were mounted and photographed 
using an optical microscope (Nikon, Tokyo, Japan). 
Immunohistochemical staining intensity was digitally 
quantified using ImageJ software.
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Statistical analysis

All data are presented as the mean ± standard deviation 
(S.D) of at least three independent experiments. One-way 
analysis of variance (ANOVA) followed by Tukey’s tests 
was used for comparisons between the two groups. The 
results were analyzed and subsequently compared using 
GraphPad Prism 5.0 (GraphPad Software, CA, USA). 
Statistical significance was set at p < 0.05 (*p < 0.05. 
**p < 0.01. ***p < 0.001. ns = not significant).

Results

Composite hydrogel characterization

In this study, DexMA was synthesized via a substitution 
reaction between the hydroxyl and methacryloyl groups of 
dextran. Therefore, in the presence of the LAP initiator, the 
DexMA functional groups could be crosslinked by UV 
irradiation. To demonstrate successful modification, the 
synthesized monomer hydrogel was dissolved in D2O and 
characterized by 1H NMR spectroscopy. As shown in 
Figure 2(a), which compares the spectra of dextran and 
DexMA, new peaks were observed at δ 6.12 and δ 
5.67 ppm. These were assigned to the vinyl protons in 
DexMA, which was also supported by previous studies.28 
The degree of methacrylated dextran was 5.4%, according 
to the integrated area in the 1H NMR spectrum.

SEM analysis was performed to identify the micro-
structures of composite hydrogels mixed with different 
concentrations of fucoidan. As shown in the SEM micro-
graph (Figure 2(b)), the cross sections of the composite 
hydrogel exhibited a classical porous honeycomb struc-
ture. The pore size of the honeycomb lattice gradually 
decreased from 200 to 70 μm as the concentration of 
fucoidan increased, whilst a higher concentration of 
fucoidan resulted in a denser gel network structure with a 
higher porosity (Figure 2(c)).

Generally, the deformation resistance and elasticity of 
fucoidan-DexMA composite hydrogel scaffolds are asso-
ciated with the long-term stability of the NP structure. To 
further identify the effect of fucoidan incorporation on the 
mechanical strength of the composite hydrogels, we evalu-
ated the mechanical strength of different scaffolds using 
compressive modulus tests at 20% strain compression 
(Figure 2(d) and (e)). Interestingly, the compressive modu-
lus of the composite hydrogel scaffold with a concentra-
tion of 4 mg/ml was almost 1.5 times higher than that of 
the control 5% DexMA hydrogel scaffold alone 
(7.31 ± 1.88 kPa). In contrast, mixing with other concen-
trations of fucoidan did not significantly affect the mechan-
ical strength of the composite hydrogel. Previous studies 
have determined the required mechanical strength of natu-
ral IVDs (5–35 kPa), whilst it can also be seen that a com-
posite hydrogel scaffold mixed with a concentration of 

Figure 2. Morphology and characterization of composite scaffolds: (a) 1H NMR spectra and chemical structures of Dex and 
DexMA, (b) bright fields and SEM internal pore structure images of the composite scaffolds, (c) quantitative analysis of the pore 
size (μm) of composite hydrogel scaffold, (d) compressive modulus strain rate and compressive modulus of different composite 
scaffolds, (e) WCA of different composite hydrogel scaffolds, (f) WCA of different composite hydrogel scaffolds, and (g) the release 
curves of fucoidan in the hydrogel.
*p < 0.05. **p < 0.01. ***p < 0.001 versus control group, ns indicates no significant difference).
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4 mg/ml fucoidan would be more compatible to maintain 
the mechanical strength of the natural NP and also more 
suitable for injection as a replacement material for IVD 
tissues.

The hydrophilicity of the scaffold is another major 
characteristic of hydrogel scaffold materials. Materials 
with high hydrophilicity facilitate the penetration and 
delivery of nutrients, which can provide a favorable local 
microenvironment for cell growth. The hydrophilic prop-
erties of the hydrogels were evaluated through WCA assay 
(Figure 2(f)), with the results demonstrating that different 
concentrations of the composite hydrogels had good 
hydrophilic properties. Compared with the control group 
(containing a fucoidan concentration of 0 mg/ml and WCA 
of 21.09° ± 3.49°), the WCA decreased with increasing 
fucoidan concentrations, which represented the increasing 
hydrophilicity of the scaffold. Nevertheless, at concentra-
tions >4 mg/ml, the hydrophilicity of the scaffolds no 
longer increased significantly. This implied that the com-
posite hydrogel scaffold WCA was 10.07° ± 2.48° at a 
fucoidan concentration of 4 mg/ml, which had the optimal 
hydrophilic activity.

The release of fucoidan in different groups of hydrogel 
scaffolds was quantified and results (supplemental Figure 
S1 and 2G) indicated that in fucoidan-DexMA composite 
hydrogel, nearly 2% of fucoidan release around the 60th 
hour and stopping further releasing, the total amount of 
released fucoidan with 2% release could be maintained in 
DexMA hydrogel for more than 7 days.

In vitro performance evaluation

Cell viability and proliferation in the hydrogel. To determine 
the biocompatibility of fucoidan-DexMA, we investigated 
the survival and proliferation of NPCs in the different 
hydrogel groups. The viability of cells encapsulated in the 
different groups was evaluated using live/dead staining. A 
correlation between the fucoidan amount and cell viability 
was subsequently observed (Figure 3(a) and (b)). With 
increasing amounts of fucoidan, cell viability was 
improved at different time points (1 and 3 days). Interest-
ingly, on the third day, the percentage of living cells in all 
different material groups increased compared with that on 
the first day, with the 4 mg/ml group exhibiting the most 

Figure 3. Viability and proliferation of NPCs in fucoidan-DexMA: (a) live/dead staining of NPCs cultured in hydrogel for 1 and 
3 days. Green: living cells. Red: dead cells; scale bar, 200 μm, (b) quantitative analysis of live NPCs in the hydrogel scaffold, and (c) 
the proliferation of NPCs cultured in different materials for 1, 4, and 7 days was assessed using a CCK-8 kit (compared with the 
control group, *p < 0.05. **p < 0.01. ***p < 0.001. ns indicates no significant difference).
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pronounced increase. We assessed the proliferation of 
NPCs encapsulated in fucoidan-DexMA using a CCK8 
assay (Figure 3(c)). Similarly to the live/dead staining 
results, increasing the concentration of fucoidan signifi-
cantly enhanced cell proliferation, whilst the 4 mg/ml 
group exhibited the highest proliferation rate. The Edu 
assay showed the same trend as the CCK-8 assay (Supple-
mental Figure S2), and the incorporation of 4 mg/ml of 
fucoidan allowed the DexMA hydrogel to exhibit optimal 
biocompatibility. PCNA is an indicator of the proliferation 
status of cells, and the expression levels of PCNA were 
analyzed by western bolting (Supplemental Figure S3). 
The quantitative analysis further indicated that the expres-
sion of PCNA in NPC grown on DexMA hydrogel scaf-
folds with the addition of 4 mg/ml fucoidan far exceeded 
that of the DexMA hydrogel group without fucoidan on 
day 1, and maintained its dominance for 1 week. Combin-
ing all the above results, it can be concluded that 4 mg/ml 
is the fucoidan incorporation concentration to maintain the 
best biocompatibility of the Fucoidan-DexMA scaffold.

Cell viability in an inflammatory environment. IL-1β is among 
the most critical pro-inflammatory factors associated with 
the initiation and progression of degenerative disc disease 
(DDD), which triggers higher levels of pro-inflammatory 
mediators (including TNF-α, IL-6, and some matrix-
degrading enzymes) that disrupt ECM metabolic homeo-
stasis and impair metabolism. To verify the activity of 
NPCs in the inflammatory environment during disc degen-
eration, 10 ng/ml IL-1β was incorporated into the culture 

medium for inflammatory stimulation to mimic the inflam-
matory environment during disc degeneration, and live/
dead staining was performed. The survival of the cells in 
each group was good, as illustrated by the fluorescence 
images (Figure 4(a)). After statistical and quantitative 
analyses, it was clear that overall, no significant differ-
ences in the ratio of viable cells were observed between 
groups on both the first and third days (Figure 4(b)). By 
the fifth day, there were no significant differences among 
the groups, except for the 8 mg/ml group, indicating that 
the survival of NPCs was not significantly affected by 
fucoidan concentrations below 4 mg/ml. A cross-sectional 
comparison of the results from each assay (Figure 4(c)) 
revealed that there were no significant differences in the 
viable cell ratios among the groups on the first day. Never-
theless, on the third day, a significant increase in the viable 
cell ratio appeared in the 4 mg/ml group compared with 
that of the control group, unlike in the other groups, whilst 
this trend became more pronounced by the fifth day. It can 
be concluded that there was a correlation between the con-
centration of fucoidan in the scaffold and the activity of 
cells in the inflammatory environment, where a loading 
concentration of 4 mg/ml of fucoidan would significantly 
contribute to the survival of NPCs in the hydrogel compos-
ite scaffold.

In vitro anti-inflammatory effect of the composite hydro-
gel. Several previous studies have demonstrated that 
fucoidan attenuates the inflammatory responses in various 
tissues. To determine the in vitro anti-inflammatory effects 

Figure 4. Cell activity of NPCs encapsulated in fucoidan-DexMA cultured in an inflammatory environment (IL-1β 10 ng/ml) in vitro: 
(a) live/dead staining of encapsulated NPCs cultured in different hydrogel scaffolds for 1, 3, and 5 days. Green: living cells; Red: dead 
cells; scale bar, 200 μm, (b and c) quantitative analysis of living cells in fucoidan-DexMA at different time intervals (b) and in different 
groups (c) (compared with the control group, *p < 0.05. **p < 0.01. ***p < 0.001, ns indicates no significant difference).
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of the fucoidan-DexMA hydrogel, the inflammatory envi-
ronment of IDD was modeled by the inflammatory stimu-
lation of NPCs using IL-1β, in addition to performing a 
Western blot assay (Figure 5(a)). The results showed that 
the expression of the pro-inflammatory factors IL-1β and 
IL-6 gradually decreased alongside increasing fucoidan 
concentration (Figure 5(b) and (c)). On the other hand, 
when the concentration of fucoidan was below 4 mg/ml, 
the expression of IL-10 and IL-4, which have anti-inflam-
matory effects, gradually increased with an increase in its 
concentration, reaching the highest expression at a concen-
tration of 4 mg/ml. However, when the fucoidan concen-
tration was higher than 4 mg/ml, the expression of IL-10 
and IL-4 began to decrease (Figure 5(d) and (e)). Another 
ELISA was then performed on IL-1β-stimulated NPCs, 
which found the same experimental results as those of the 
western blot assay (Figure 5(f)–(i)). Thus, here we hypoth-
esize that the composite hydrogel slowed down the pro-
gression of degeneration in vitro by inhibiting the 
expression of anti-inflammatory factors and promoting the 
expression of anti-inflammatory factors, of which the 

scaffold with a fucoidan concentration of 4 mg/ml exhib-
ited the optimal anti-inflammatory effect.

CAV1-YAP signaling pathway involved in the mechanical trans-
duction. The CAV1-YAP signaling pathway modulated 
cell proliferation and outer matrix protein expression in 
NPCs by regulating YAP activity, which consequently 
altered the mechanical strength and structure of the scaf-
fold. Therefore, to evaluate the potential contribution of 
the CAV1-YAP signaling pathway to the structural mecha-
notransduction of fucoidan-DexMA hydrogel scaffolds, 
NPCs were cultured using these composite hydrogel scaf-
folds containing different concentrations of fucoidan, 
whilst immunofluorescence staining was performed for 
YAP and CAV1 (Figure 6(a)). Red fluorescence was used 
for YAP labeling, DAPI (blue fluorescence) was used to 
localize the nucleus, and the YAP localized in the extra-
nuclear cytosol was considered to have been in a phospho-
rylated state, denoted as p-YAP. The percentage of 
nuclear-localized YAP was then quantified. The fluores-
cence images illustrated that YAP was mostly in the 

Figure 5. Protein expression of NPCs encapsulated in composite hydrogel scaffolds in the inflammatory microenvironment at 
5 days in vitro: (a) western blotting of inflammatory factors (IL-1β, IL-6, IL-10, and IL-4), (b–e) protein expression of inflammatory 
factors by semi-quantification of western blotting, and (f–i) protein expression of inflammatory factors by semi-quantification of 
ELISA (compared with the control group, *p < 0.05. **p < 0.01. ***p < .001).
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phosphorylated state (p-YAP) in the cytosolic membrane 
when the concentration of fucoidan in the composite 
hydrogel was at 0 mg/ml. The amount of dephosphorylated 
YAP localized in the nucleus increased with increasing 
fucoidan concentration (from 0 to 4 mg/ml). Quantitative 
optical density analysis of the fluorescence images (Figure 
6(c)) indicated that the highest YAP content in the nucleus 
was reached at fucoidan concentrations of up to 4 mg/ml, 
with an increase of approximately 56% compared with that 
in the control, whereas the YAP content in the nucleus 
began to decrease at higher fucoidan concentrations. The 
staining of CAV1 remained consistent with YAP staining. 
Interestingly, this was also consistent with the trend of pre-
vious results regarding compression modulus, which 
seemed to indicate that changes in the stiffness of the com-
posite hydrogel scaffold affected the expression of CAV1 

and the nuclear translocation of YAP in NPCs. To further 
validate the above results, western blot analysis was used 
to verify the expression of YAP, p-YAP, and CAV1 in each 
subgroup (Figure 6(b) and (d–f)), which showed that scaf-
fold structural changes did not alter the total YAP protein 
level; however, there was a correlation between the degree 
of phosphorylation of YAP and the concentration of 
fucoidan contained in the scaffold. With an increasing 
fucoidan concentration in the composite scaffold, p-YAP 
started to dephosphorylate and translocate to the nucleus, 
with the highest expression of YAP in the nucleus at a con-
centration of 4 mg/ml. Meanwhile, the expression of CAV1 
was maintained in line with that of YAP but was contrary 
to the above-mentioned expression of p-YAP.

Next, we investigated the impact of the CAV1-YAP 
signaling pathway on the expression of proteins in the 

Figure 6. The substrate topography of fucoidan-DexMA composite hydrogel modulates the mechanotransduction process of 
NPCs through CAV1-YAP regulation: (a) immunofluorescence imaging of CAV1 (green), YAP (red), and DAPI (blue) in cells 
cultured in fucoidan-DexMA, (b) quantitative analysis of YAP nuclear translocation ratios in cells, (c) expression of CAV1, p-YAP, 
YAP, Aggrecan, Col II, and β-actin in NPCs cultured in composite hydrogel scaffolds of various concentrations, (d–h) protein 
expression result of CAV1, P-YAP, YAP, Aggrecan, Col II, and β-actin in NPCs by semi-quantification of western blot cultured in 
composite hydrogel scaffolds (compared with the control group, *p < 0.05. **p < 0.01. ***p < 0.001).
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outer matrix of NPCs, by incubating NPCs on scaffolds of 
different levels of stiffness and pore sizes and assaying the 
protein expression of Col II and Aggrecan, the products of 
the CAV1-YAP signaling pathway, both of which are also 
major components of the ECM, where NPCs are embed-
ded. First, we performed immunofluorescence staining 
(Figure 7(a)) and quantified the optical densities of 
Aggrecan and Col II (Figure 7(b)). The results of this sug-
gested that the expression of Aggrecan and Col II also 
increased significantly in parallel with an increase in 
fucoidan concentration (p < 0.05). In subsequent ELISA 
assays (Figure 7(d) and (e)) and western blot analysis 
(Figure 6(g) and (h)), the same commonality was con-
firmed. This indicated that stiffer scaffolds induced CAV1 
activation and contributed to YAP translocation to the 

nucleus, which in turn regulated the expression of down-
stream genes, promoting Aggrecan and Col II protein 
expression, and subsequently the increase in ECM 
content.

In vivo evaluation

X-ray examination and MRI analysis. Experimental in vitro 
studies previously determined the ability of the fucoidan-
DexMA composite hydrogel to regulate cell proliferation 
and the expression of exosomal proteins in NPCs through 
its anti-inflammatory mechanism, as well as the CAV1-
YAP signaling pathway. To evaluate the in vivo potential 
of fucoidan-DexMA composite hydrogel treatment, an 
IDD model was constructed, and five groups of hydrogel 

Figure 7. Protein expression of NPCs encapsulated in composite hydrogel scaffolds in the inflammatory microenvironment at 
5 days in vitro: (a) immunofluorescence imaging of Aggrecan (red), Col II (green), and DAPI (blue) in cells cultured in fucoidan-
DexMA. Scale bar 100 μm. (b and c) protein expression of Aggrecan (b) and Col II (c) in NPCs by semi-quantification of 
immunofluorescence staining. Protein expression of Aggrecan (d) and Col II (e) in NPCs by semi-quantification of ELISA (compared 
with the control group, *p < 0.05. **p < 0.01. ***p < 0.001).
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materials were injected into the NP site to cure the gel: 
sham, control, fucoidan, DexMA, and Fuc-Dex groups. 
Throughout the study period, no adverse reactions to 
implantation were observed in any animal. Imaging was 
performed after 4 and 8 weeks using radiography and MRI, 
respectively.

As shown in the radiographs (Figure 8(a)), the IVD 
height was significantly lower in the control group after 
the formation of the disc defect than in the sham group. 
The IVD height was restored to some extent in the fucoidan 
implantation, DexMA, and Fuc-Dex groups. The results of 
the assessment using the DHI % (Figure 8(b)) showed that 
the decrease in disc height observed in the fucoidan and 
DexMA groups were less than that of the control group. 
Degenerative disc height recovery was optimal for the 
Fuc-Dex group, whilst the height at week 8 was signifi-
cantly greater than that at week 4.

MRI analysis is the gold standard technique used for 
diagnosing IVD (Figure 8(c)). Healthy discs with a high 
water content NP were observed to have a high T2-weighted 
signal in MRI analysis and appear as white healthy disc tis-
sue; however, the destruction of NP led to a significant loss 
of proteoglycan that disrupted water retention in the IVD, 
with severe tissue degeneration and “black discs.” At weeks 
4 and 8, the control group showed a significantly lower 
T2-weighted signal in the NP, while the sham group main-
tained high water. As mentioned previously, the T2-weighted 
signal can reflect the water content of the NP and thus assess 
the degree of damage to the NP to some extent, with the 
results of its quantitative analysis being shown in 
Supplemental Figure S5. MRI images were further scored 

according to Pfirrmann MRI grading (Table S1), the most 
commonly used for the degree of disc degeneration, yield-
ing a more accurate indication of the recovery of degener-
ated discs for the different groups (Figure 8(d)). Significantly, 
the Fuc-Dex group showed the least difference in MRI grad-
ing from the sham group at week 8, with no significant dif-
ference (p > 0.05), demonstrating superior recovery.

Macrophage polarization and secretion of inflammatory 
cytokines. To assess the aggregation and polarization of 
macrophages in degenerative IVD tissues, we used sec-
tions of rat caudal IVDs at week 4 for immunohistochemi-
cal analysis to determine the expression of CCR7, Arg1, 
and CD68 that label M1, M2, and M0 macrophages, 
respectively (Figure 9(a)–(c)). Metric analysis revealed 
that the ratio of CCR7- and CD68-positive cells in the tis-
sue samples of the control group was significantly higher 
than that of the sham group (p < 0.01. p < 0.001). How-
ever, unlike the control group, the Fuc-Dex group showed 
a significant decrease in the CCR7- and CD68-positive 
cell ratio (p < 0.01. p < 0.001, Figure 9(a), (c), (d), and 
(f)), while the Arg1-positive cell ratio was significantly 
higher, Figure 9(b) and (e)). These results indicated that 
the infiltration and aggregation of M1 and M2 polarized 
macrophages were observed in the IVDs of the remaining 
modeling groups, unlike the sham group, whereas fewer 
M1 polarized macrophages and more M2 polarized mac-
rophage aggregates were present in the IVD tissues of the 
Fuc-Dex group.

On this basis, we further examined the secretion of 
inflammatory mediators four weeks after puncture by 

Figure 8. X-ray and MRI evaluation of each group at 4 and 8 weeks post-operation: (a) representative X-ray images of 
postoperative Co6/Co7 intervertebral discs, (b) DHI %, (c) representative MRI showing the IVD signal intensity, (d) MRI grade 
statistics. (*p < 0.05. **p < 0.01. ***p < 0.001 vs sham group, #p < 0.05. ##p < 0.01. ###p < 0.001 vs control group, ns indicates no 
significant difference).
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Figure 9. Immunohistochemical (IHC) staining at 4 weeks post-surgery in vivo: (a–c) representative images of CCR7, Arg1, and 
CD68 staining, (d–f) Quantitative analysis of CCR7, Arg1, and CD68-positive cells at 4 weeks after the operation (*p < 0.05. 
**p < 0.01. ***p < 0.001, ns indicates no significant difference).

IHC staining (Figure 10). Compared with the sham group, 
the percentage of cells positive for the pro-inflammatory 
mediators IL-1β and IL-6 was significantly higher in the 
tissue samples of the control group, whereas the percent-
age of cells positive for the anti-inflammatory mediators 
IL-10 and IL-4 showed no significant changes (p < 0.01, 
Figure 10(a) and (b)). In contrast, the ratio of IL-1β and 
IL-6 positive cells was significantly reduced for the Fuc-
Dex group compared with that of the control group 
(p < 0.01, Figure 10(c) and (d)), whereas the ratio of 
IL-10 and IL-4 positive cells significantly increased. It 
can be inferred that the fucoidan-DexMA composite 
hydrogel scaffold promoted M2 macrophage polarization 
whilst inhibiting M1-type polarization in IVD tissues with 
IDD, which in turn enhanced the secretion of anti-inflam-
matory mediators and inhibited the secretion of  
pro-inflammatory mediators, thereby creating an anti-
inflammatory microenvironment.

Evaluation of IVD regeneration in vivo by composite hydro-
gel. Histological sections were collected at 4 and 8 weeks 
postoperatively, and the ability of the fucoidan-DexMA 
composite hydrogel scaffold to promote disc regeneration 
was further confirmed using IVD histological analysis.

Initially, the IVD morphology was observed using H&E 
staining (Figure 11(a) and (b)), which showed that from 4 
to 8 weeks, the NP of the disc gradually fractured with 
indistinguishable borders, whilst the NP region was gradu-
ally replaced by the fibrous ring in the control and fucoidan 

groups. The repair of disc tissue degeneration and struc-
tural damage in the DexMA group was better than that 
observed in the first two groups. Remarkably, the Fuc-Dex 
group showed a clearer boundary between the NP and the 
fibrous ring, alongside a significantly higher NP content 
than that in the other experimental groups. The contrast 
between the distribution of proteoglycan (blue) and colla-
gen (Sirius red) in the NP of the IVD and the microscopic 
tissue could be seen more clearly with Safranine O/fast 
green staining (Figure 11(a) and (b)), which also revealed 
that NP was gradually being replaced by collagen (Sirius 
red) in the fucoidan groups. In contrast, the boundary 
between the Fuc-Dex and Dex groups, especially the Fuc-
Dex group, was obvious, which showed the NP regenera-
tion of the IVD. Furthermore, histological scoring of the 
degenerative changes showed no significant difference 
between the Fuc-Dex and sham groups after the eighth 
week of recovery, although the Fuc-Dex group scored sig-
nificantly higher than the sham group in the fourth week. 
This further clarified the powerful repair effect of the 
fucoidan-DexMA composite hydrogel scaffold on degen-
erated discs.

Finally, the expression of two major components, 
Aggrecan and COL-II, in NP cells of IVD tissue was fur-
ther assessed by immunohistochemical staining of histo-
logical sections at 4 and 8 weeks postoperatively, with the 
results consistent with the histological analysis (Figure 
12). The levels of Col II and Aggrecan in the Fuc-Dex 
group were significantly higher at 4 weeks than those in 
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the control, fucoidan, and Dex groups, but lower than 
those in the sham group (Figure 12(a) and (b)). At 8 weeks, 
Col II and Aggrecan levels in the Fuc-Dex group were no 
longer significantly different from those in the sham group 
(Figure 12(c) and (d)). These results show the promoting 
effect of the fucoidan-DexMA composite hydrogel scaf-
fold on the tissue regeneration of degenerative discs.

Discussion

The IVD is important in the movement and essential sta-
bility of the spine and thus is irreplaceable. Currently, the 
available mainstream invasive surgical treatments have 
limited effectiveness alongside a risk of injury; therefore, 
an alternative, simple, and effective treatment is urgently 
needed. Tissue engineering of NP provides a viable avenue 
for the treatment of IVD degeneration, owing to the avas-
cular nature of NP tissues and the unsuitability of oral 
administration for IDD treatment.18,37 In recent years, 
encouraging achievements have been reported in terms of 
the promotion of disc tissue regeneration with the 

assistance of tissue-engineering approaches.38–40 Given 
that the inflammatory microenvironment plays a crucial 
role in the development and progression of IDD, the local 
injection of anti-inflammatory hydrogels appears to pre-
sent a promising therapeutic strategy.41–43 This study con-
structed a fucoidan-DexMA polysaccharide composite 
hydrogel that could be injected into the NP and thus effec-
tively repaired the IVD structure based on the mechanical 
and anti-inflammatory properties of the material.

From the results of the material characterization tests, 
1H NMR spectra confirmed the successful synthesis of 
DexMA. We then mixed fucoidan into DexMA hydrogels 
to synthesize fucoidan-DexMA polysaccharide composite 
hydrogels. Fucoidan contains a sulfate group, which is 
mainly substituted on C-2 and C-4, and occasionally  
on C-3, giving fucoidan a negative charge.44 To some  
extent, this mimics the natural NP organization which  
contains negatively charged sulfated glycosaminoglycans 
(sGAGs).45 The SEM photograph shows the classical 
porous honeycomb structure of the fucoidan-DexMA pol-
ysaccharide composite hydrogel, where the encapsulated 

Figure 10. IHC staining at 4 weeks after the operation in vivo: (a) representative images of IL-1β and IL-6 staining. (b) quantitative 
analysis of IL-1β and IL-6 staining positive cells. (c) representative images of IL-10 and IL-4 staining. (d) quantitative analysis of IL-10 
and IL-4 staining positive cells. (*p < 0.05. **p < 0.01. ***p < 0.001, ns indicates no significant difference).
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of fucoidan into the DexMA gels can be observed to 
exhibit smaller and tighter honeycomb structures. This can 
probably be ascribed to the hydrogen bonding structure 
formed between the hydroxyl group of fucoidan and dex-
tran.46,47 Meanwhile, the WCA assay confirmed the hydro-
philic properties of the fucoidan-DexMA polysaccharide 
composite hydrogels. The classical porous structure and 
strong hydrophilicity of this hydrogel have been proven to 
facilitate nutrient exchange, thus contributing to a highly 
favorable microenvironment for the encapsulated cells. 
Moreover, this provides space for cell proliferation and 
cytosolic extension, thus facilitating the growth of NP cells 
and the regeneration of IVD tissues.

A high density of negatively charged proteoglycan (PG) 
molecules offers the ability to absorb approximately triple 
their weight in water, thereby allowing NP to be mechani-
cally resilient under compressive loading.48 The fucoidan-
DexMA polysaccharide composite hydrogel scaffold, 
which is also negatively charged, should theoretically pos-
sess similar mechanical properties. As predicted, in the 
compression modulus test performed on the composite 
hydrogel scaffold, the composite hydrogel scaffold mixed 
with 4 mg/ml had a compression modulus of 
10.42 ± 2.07 kPa, which also reached the mechanical 
strength required for natural discs (5–35 kPa),49–51 thus 
demonstrating favorable mechanical properties. The com-
pression modulus of the composites showed a decrease 
when the fucoidan was incorporated at a concentration of 
8 mg/ml, which may be due to the excess of fucoidan, 

resulting in the repulsion of the negatively charged sulfate 
groups contained therein, hence playing a negative role in 
the binding of the composite material and thus its 
properties.

Interestingly, when cell viability assays were performed 
on fucoidan-DexMA polysaccharide composite hydrogel 
scaffolds mixed with different concentrations of fucoidan, 
we found that the 4 mg/ml group of scaffolds with the 
highest compression modulus displayed the greatest domi-
nance in terms of cell proliferation capacity and cell viabil-
ity. Thus, we concluded that the stiffness and structure of 
the matrix may have affected the proliferation and activity 
of NPCs. Previous studies have indicated that cells can 
sense the mechanical strength of the ECM through the 
Hippo pathway effector YAP and its transcriptional coacti-
vator PDZ-binding motif (TAZ), which profoundly influ-
ences cell behavior. YAP is present in the cytoplasm in an 
inactivated phosphorylated form under mechanical condi-
tions that produce low contractile forces in the cells.52,53 
Conversely, it is dephosphorylated and relocalized to the 
nucleus, where it can regulate gene expression and thus 
remodel the ECM. Furthermore, CAV1, an integral mem-
brane protein that coordinates multiple signals on the cell 
surface, has been reported to control actin contraction and 
organization through Rho and responds to different types 
of mechanical stimuli such as shear stress, stretching, and 
substrate stiffness, whilst participating in mechanical 
transduction processes. It has been previously reported 
that annulus fibrosus-derived stem cells induced by 

Figure 11. Histological staining at 4 and 8 weeks after a puncture in vivo: (a) representative paraffin section with H&E and Safranine 
O/fast green staining at 4 weeks, (b) Histological grading was determined at 4 weeks, (c) representative paraffin section with H&E 
and Safranine O/fast green staining at 8 weeks, (d) Histological grading was determined at 8 weeks. (In H&E staining, the collagen 
deposits are shown as a darker pink color, while in Safranin O/fast green staining, the collagen deposits are shown as a Sirius red 
color; *p < 0.05. **p < 0.01. ***p < 0.001, ns indicates no significant difference).
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stiffness and structure, among others, modulated YAP 
activity through CAV1 by controlling the nucleoplasmic 
shuttle of YAP, which in turn regulated the cellular activity 
and ECM expression.30

Therefore, we propose that altering the mechanical 
strength and structure of scaffolds may regulate cell prolif-
eration and outer matrix protein expression in NPCs 
through the CAV1-YAP signaling pathway. We also 
assayed the protein expression of CAV1, YAP, p-YAP, Col 
II, and Aggrecan in cells cultured on scaffolds with differ-
ent levels of stiffness and pore sizes. The results verified 
our assumption that the YAP content localized in the 
nucleus increased by approximately 56% when the com-
pression modulus was changed from 7.31 ± 1.88 kPa (con-
trol group) to 10.42 ± 2.07 kPa (4 mg/ml group; Figure 
6(a)). Additionally, the corresponding YAP protein expres-
sion was shown to have significantly increased by western 
blot assay, whilst the expressions of CAV1, Aggrecan, and 
Col II were all significantly increased. Aggrecan and Col 
II levels were also significantly increased simultaneously 
(p < 0.05; Figure 6(d)–(h)). This indicated that the stiffer 
scaffold induced CAV1 activation and YAP translocation 

to the nucleus, which in turn regulated the expression of 
downstream genes and promoted the protein expression of 
Aggrecan and Col II. The expression of p-YAP gradually 
decreased with increasing scaffold stiffness during this 
process, further confirming the validity of this 
conclusion.

One previous study suggested that fucoidan decreased 
the mRNA expression levels of inflammation-related genes 
and increased the expression of ECM genes such as Col 
IIa1 and Acan in IVD-derived fibroblasts in an inflamma-
tory environment.18 However, it is unclear whether fucoidan 
had the same effect on NPCs in IVD. IL-1β is one of the 
most critical pro-inflammatory factors associated with the 
initiation and progression of DDD that triggers higher lev-
els of pro-inflammatory mediators (including TNF-α, IL-6, 
and some matrix-degrading enzymes),33,54,55 which disrupt 
ECM metabolic homeostasis and impair metabolism.56,57 
We simulated the tissue environment of degenerating IVD 
using an in vitro environment containing IL-1β and per-
formed a cell live/death assay, which demonstrated that the 
cell proliferation and activity of NPCs positively correlated 
with the concentration of fucoidan in the scaffold below 

Figure 12. IHC staining of Agg and Col II at 4 and 8 weeks after the operation in vivo: representative images of Agg and Col II 
staining at 4 (a) and 8 weeks (c) postoperatively. (b) Analysis of average optical density (AOD) values at 4 (b) and 8 weeks (d) 
postoperatively. (*p < 0.05. **p < 0.01, ***p < 0.001, ns indicates no significant difference).
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4 mg/ml. This implied that an appropriate concentration of 
this composite hydrogel could promote the proliferation 
and ECM recovery of NPCs in the inflammatory environ-
ment after IL-1β treatment through an anti-inflammatory 
effect. Consequently, the subsequent western blotting 
results showed that after IL-1β treatment, NPCs encapsu-
lated in the fucoidan-DexMA polysaccharide complex 
hydrogel showed not only decreased expression of IL-1β 
and IL-6 pro-inflammatory factors but also elevated protein 
levels of anti-inflammatory factors IL-10 and IL-4. These 
results indicated that appropriate concentrations of 
fucoidan-DexMA hydrogel scaffolds could inhibit inflam-
matory effects and regulate cell behavior, which in turn, 
would promote proliferation and ECM protein expression 
in NPCs.

In subsequent animal experiments and histological 
analyses, the mechanisms by which fucoidan-DexMA pol-
ysaccharide complex hydrogels counteracted inflamma-
tion were investigated in detail. During DDD, macrophage 
infiltration, differentiation, and secretion of cytokines 
complement or synergize with the regulatory effects of 
NPCs.58 Resting-state macrophages (M0) undergo two dif-
ferent polarizations in this environment: M1 and M2. 
Specifically, M1 inhibits NPC proliferation and exacer-
bates IDD degeneration, whereas M2 attenuates DDD 
development.6,59,60 M1 exacerbates IDD by inhibiting cell 
proliferation and cellular anabolism and contributes to the 
secretion of pro-inflammatory mediators, in contrast to 
M2, which exhibits protective effects by inhibiting inflam-
matory factor-induced ECM degradation and inflamma-
tory responses. Immunohistochemical staining showed 
that CCR7 (a marker of M1) expression was significantly 
increased at 4 weeks post-operation, whereas Arg1 (a 
marker of M2) expression significantly decreased at this 
time. This confirmed the ability of fucoidan-DexMA poly-
saccharide complex hydrogels to regulate the inflamma-
tory microenvironment associated with macrophage 
polarization. Moreover, as reflected by the immunohisto-
chemical staining analysis of Aggrecan and Col II in ECM, 
Fuc-Dex groups showed significantly higher levels of 
expression than did all other groups. The collagen content 
recovered by week 8 and was not significantly different 
from that observed in the sham group. It was concluded 
that the fucoidan-DexMA polysaccharide complex hydro-
gel effectively regulated the inflammatory microenviron-
ment of the IVD during degeneration to maintain the 
metabolic balance of the ECM within the NP, which in turn 
promoted the regeneration of IVD tissues.

The imaging analysis showed that gradual recovery of 
the degenerated disc height in the Fuc-Dex group was 
observed, whilst the T2-weighted signal in the MRI of the 
Fuc-Dex group was able to maintain a higher level. In 
addition to the subsequent histological staining, it was 
found that the composite hydrogel scaffold could not only 
maintain and restore the high water content of the NP cells 

but also effectively promote the regeneration of the degen-
erated disc, with the histological score progressively 
approaching that of the sham group. All these results pro-
vided considerable visual proof that the fucoidan-DexMA 
composite hydrogel scaffold was able to reverse disc tissue 
degeneration and structural damage, thus promoting 
degenerative disc regeneration.61

The MRI images demonstrated a high T2-weighted sig-
nal similar to that of the sham-operated group, indicating a 
healthy disc with a high water-content nucleus pulposus. 
Moreover, by H&E staining and Safranine O-fast green 
staining, collagen tissue ingrowth was observed, implying 
the reconstruction of the nucleus pulposus tissue with 
favorable compression properties. The primary function of 
the IVD is to conduct the mechanical stress to the spine, 
holding the active junction for spinal flexion, stretching, 
and other activities.62 And the compression properties are 
largely related to the function of IVD, such as bending and 
compression function.48 Having favorable compression 
properties indicates a good functional recovery of the IVD.

In-depth cellular and animal studies in this experiment 
demonstrated the superior performance of the fucoidan-
DexMA composite hydrogel scaffold. In addition, this tis-
sue engineering material, which can be injected directly 
into the NP, avoids the necessity for complex and risky 
surgical procedures. Compared with previous hydrogel 
research strategies, in which the importance of the anti-
inflammatory microenvironment to promote integrated 
disc repair in natural tissues was frequently overlooked, 
this unique hydrogel strategy not only combines the immu-
nomodulatory properties of fucoidan gels, but also lever-
ages the advantages of tissue-engineered scaffold bionic 
structures to restore the structure of the NP and disc height 
in spinal segments. The incorporation of the negatively 
charged fucoidan component gives the hydrogel scaffold 
similar rheological properties to NP, and experiments have 
also demonstrated its excellent biocompatibility and 
safety. So it may provide new insight into the clinical 
repair of disc degeneration. Nevertheless, the limitations 
and drawbacks of this study still exist. We used the rat IDD 
model in which the pathological progression is more rapid 
than that in humans, and the pathogenesis of DDD is a 
complex process involving many relevant factors; there-
fore, the simulation of clinical disc degeneration recovery 
is not perfectly accurate. Therefore, the in vivo therapeutic 
efficacy of this scaffold for DDD in the inflammatory set-
ting remains to be further explored.

Conclusion

In this study, as a result of adding fucoidan with a negative 
charge and anti-inflammatory effects to DexMA, we suc-
cessfully assembled a fucoidan-DexMA composite hydro-
gel scaffold to regulate ECM metabolic homeostasis, 
inhibit inflammation, and restore tissue function. In vivo 
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and ex vivo experiments showed that the scaffold increased 
the proliferation of NPCs whilst enhancing the synthesis of 
ECM on NPCs via the CAV1-YAP signaling pathway. 
Specifically, it upregulated the expression of Aggrecan and 
Col II and enhanced ECM deposition in the long term. In 
addition, it promoted the M2 polarization of infiltrating 
macrophages and effectively alleviated the inflammatory 
microenvironment. These processes significantly inhibited 
IDD and promoted tissue regeneration. Moreover, the 
recovery effect on the degenerated discs was fully vali-
dated in animal experiments. Therefore, it can be con-
cluded that this injectable polysaccharide-composite 
hydrogel scaffold presents a new strategy for the regenera-
tion of IDD tissues in a hyperinflammatory local microen-
vironment. These results provide new ideas for the tissue 
engineering approach to IDD repair, but the prospects of 
their clinical application still should be further explored.
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