Materials Today Bio 31 (2025) 101537

Contents lists available at ScienceDirect =i
materialstoday

_ _ BIO
Materials Today Bio ;

journal homepage: www.journals.elsevier.com/materials-today-bio

materilstoday

ELSEVIER

Chitin nanocrystal-reinforced chitin/collagen composite hydrogels for
annulus fibrosus repair after discectomy

a,l

Mingzhi Liu™'®, Zhiyong Cui"™'®, Derong Xu®, Chenguang Liu" ®, Chuanli Zhou® "

2 The Affiliated Hospital of Qingdao University, 266035, Qingdao, China
Y College of Marine Life Sciences, Ocean University of China, 266003, Qingdao, China

ARTICLE INFO ABSTRACT

Keywords:

Hydrogel patch

Annulus fibrosus defect repair
Chitin

Collagen

Chitin nanocrystal

Discectomy is a widely utilized approach for alleviating disc herniation; however, effective repair of post-
operative annulus fibrosus (AF) defects remains a significant challenge. This study introduces a hydrogel patch
with enhanced mechanical properties for AF repair fabricated using chitin (Ch), collagen (Col), and chitin
nanocrystals (ChNCs) through a freeze-thaw cycling technique. The Ch and Col components constitute the matrix
of the hydrogel patch, while uniformly dispersed ChNCs act as a nanofiller, markedly improving the mechanical
performance (compression strain: 95 %; compression modulus: 0.27 MPa) of the resulting Ch/Col@ChNCs
hydrogel patch. The patch demonstrates advantageous properties, including high porosity, superior water ab-
sorption, thermal stability, and biodegradability in simulated body fluid. In vitro assessments reveal excellent
biocompatibility with AF cells and enhanced collagen deposition. Furthermore, in vivo studies confirm that the
patch effectively repairs postoperative disc defects, exhibiting strong integration with surrounding tissues and
facilitating the orderly regeneration of fibrous tissue. This innovative hydrogel patch, combining exceptional
properties with a straightforward fabrication process, presents a viable strategy for advancing clinical bio-

materials for postoperative AF repair.

1. Introduction

Lower back pain is the leading cause of disability globally [1,2], with
Lumbar disc herniation being its most revalent underlying cause [3,4].
This condition is primarily attributed to intervertebral disc (IVD)
degeneration (IDD) [5]. Degenerated discs experience significant
structural changes, including reduced elasticity and hydration capacity
of the nucleus pulposus (NP), alongside the formation of annulus
fibrosus (AF) fissures. These changes compromise the stress-bearing
capacity of the disc. Furthermore, the NP often breaches the AF and
compresses adiacent spinal nerves, leading to pain and associated
neurological symptoms [6,7]. In cases where conservative management
fails, Surgical intervention becomes necessary to alleviate symptoms
and restore function [8]. Discectomy is a widely used surgical technique
that relieves nerve root compression by removing degenerated and
herniated disc tissues, effectively addressing symptoms such as lower
back pain [9]. However, this procedure leaves behind AF defects, which
gradually form scar tissue. These defects allow NP material to reherniate
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easily, causing recurrent nerve compression and pain. Therefore, inno-
vative strategies are critically needed to repair AF defects and restore NP
hydration, aiming to improve long-term outcomes following discectomy
[10].

Currently, physical sutures and rigid metallic implants are the pri-
mary materials utilized to address AF and NP issues [11]. While these
materials can reduce the recurrence of surgeries, their application is
largely limited to physical repairs and does not facilitate the biological
healing of AF tissue [12,13].In contrast, tissue-engineering biomaterials
have emerged as a promising approach for IVD repair [14,15]. These
biomaterials can effectively seal postoperative AF defects while simul-
taneously promoting tissue healing and repair. Maintaining NP hydra-
tion prevents further IDD and significantly reduces the risk of
reherniation following discectomy [16,17]. Various natural and syn-
thetic biomaterials have been extensively investigated for annulus
fibrosus (AF) repair. Natural biomaterials, such as collagen, chitosan,
and alginate, are highly valued for their biocompatibility and resem-
blance to the native extracellular matrix (ECM).
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In contrast, synthetic materials, including polycaprolactone (PCL),
polyglycolic acid (PGA), and poly(lactic-co-glycolic acid) (PLGA), offer
customizable mechanical properties and controlled degradation rates.
These materials are often incorporated into hydrogels, scaffolds, or
composite systems to provide structural support and facilitate tissue
regeneration.For instance, porcine fibrin gels have been shown to
enhance AF suture closure, maintain NP hydration, and delay the pro-
gression of postoperative IDD [18]. Similarly, Degradable polyglycolic
acid-hyaluronan scaffold implants have demonstrated effectiveness in
promoting AF repair in a sheep lumbar disc defect model [19]. Elec-
trospun PCL-supported type I collagen (Col) hydrogels have also been
utilized for AF repair and regeneration in degenerated IVD [20]. In
addition, nanofiber scaffolds derived from collagen self-assembly and
electrospinning closely mimic AF architecture, promoting AF cell pro-
liferation, ECM secretion, and NP hydration [21]. Despite their advan-
tages, natural hydrogels face limitations such as low mechanical
strength, which can lead to material displacement and compromised
structural integrity. Furthermore, their production often involves com-
plex manufacturing processes that rely on toxic crosslinking agents,
presenting significant obstacles to clinical translation [22].

Nanomaterials have been extensively evaluated as delivery systems
for IVD repair. However, their complex designs limit their potential for
clinical translation [23,24]. Despite this, nanomaterials can be utilized
to enhance the mechanical properties of other materials. For instance,
while chitosan is a natural and soft biomaterial, its inherent elasticity is
insufficient to effectively repair AF. To address this limitation, Cellulose
nanofibers have been incorporated into chitosan hydrogels to improve
their mechanical properties, making them more suitable for repairing AF
defects and providing enhanced support for AF regeneration [25].
Nevertheless, a mismatch persists between the material composition and
the structural and functional requirements of the fibrous ring. Despite
significant advancements in AF repair, developing a biomaterial that
simultaneously satisfies the mechanical and biological demands of AF
repair while ensuring clinical applicability remains a formidable chal-
lenge. Existing solutions frequently fail to provide the necessary me-
chanical support and to facilitate effective tissue regeneration.

Chitin (Ch) is a natural marine polysaccharide found in crustacean
shells and fungal cell walls. It offers several advantages, including
nontoxicity, nonimmunogenicity, and biocompatibility, making it a
valuable material for biomedical applications [26]. Additionally, Ch can
be processed into nanofibers [27]. It is commonly employed in fabri-
cating three-dimensional (3D) hydrogels to support cell growth by
providing attachment points for cells, although its structural limitations
necessitate combination with other materials [28,29]. Collagen (Col),
the primary ECM protein in the human body, offers excellent biocom-
patibility, high porosity, and ease of processing, making it an ideal
candidate for tissue-engineering scaffolds [30]. Specifically, Type I Col,
a major component of AF tissue, forms fibrous structures that impart
elasticity to the AF, which can compensate for the limitations of Ch as a
biomaterial [31]. Chitin nanocrystals (ChNCs), characterized by their
highly ordered crystalline structure, exhibit exceptional mechanical
properties, including high strength and stiffness, significantly enhancing
composite materials’ mechanical performance. Consequently, ChNCs
are increasingly recognized as key components in developing advanced
tissue -engineering biomaterials [32]. Research has demonstrated that
incorporating ChNCs into hydrogel composites substantially improves
the mechanical properties of the chitosan hydrogel network [33].

Furthermore, studies have shown that ChNCs promote the ordered
aggregation of protein molecules by improving molecular conforma-
tions. This process involves the transformation of a-helices into p-sheets,
the exposure of tryptophan residues, and an increase in overall crys-
tallinity, which collectively enhance the structural integrity of the ma-
terial. The inclusion of ChNCs within hydrogel systems enhances
mechanical properties through increased hydrophobic interactions,
electrostatic interactions, and hydrogen bonding within the gel matrix
[34]. Consequently, the combination of Ch, Col, and ChNCs is
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anticipated to produce a composite hydrogel that synergistically in-
tegrates the structural and biological advantages of each component.
This hydrogel is expected to exhibit excellent biocompatibility and
mechanical strength by leveraging simple physical interactions, making
it highly suitable for IVD repair applications.

In this study, a composite hydrogel incorporating chitin Ch, Col, and
ChNCs, referred to as Ch/Col@ChNCs, was developed to overcome the
limitations of existing materials for AF repair. Building on our prior
success with chitosan-hydroxyapatite-collagen composite scaffold for
tibial defect repair [35], the mechanical strength of this hydrogel was
significantly improved by the addition of ChNCs (Fig. 1). The efficacy of
the hydrogel in promoting AF repair was assessed through a combina-
tion of in vitro cell experiments and in vivo animal studies, which
confirmed its feasibility and therapeutic potential. This study offers a
promising and  straightforward approach for developing
biomaterial-based solutions to address AF defects and reduce the risk of
IVD reherniation, potentially paving the way for innovative clinical
strategies.

2. Materials and methods
2.1. Materials

Chitin (Ch; CAS 1398-61-4) was purchased from Qingdao Red Sea
Biotechnology Co., Ltd. (Qingdao, China), and collagen (Col; CAS 9064-
67-9) was obtained from Kramar Company (Shanghai, China). Human
annulus fibrosus (AF) cells (HUM-iCELL-s012) were sourced from Sai-
baikang Biotechnology Co., Ltd. (Shanghai, China). Jinan Pengyue
Experimental Animal Breeding Co., Ltd. (Jinan, China) provided New
Zealand white rabbits for use in this study. All other reagents utilized in
the experiments were commercially available and of analytical grade.

2.2. Preparation of Ch/Col@ChNCs composite hydrogels

Ch powder was dissolved in a solution containing 3.5 M KOH and 0.6
M urea and subjected to repeated freeze-thaw cycles at —80 °C and 25 °C
to produce a 4 % Ch solution. Separately, Col was dissolved in 0.05 M
acetic acid to prepare a 4 mg/mL Col solution. The Ch solution was
dialyzed against deionized water at 37 °C to form the chitin hydrogel
(Ch-gel). A composite hydrogel of Ch and Col (Ch/Col-gel) was prepared
by mixing the Ch and Col solutions in a 3:1 vol ratio and dialyzing the
mixture in deionized water at 37 °C. Chitin nanocrystals (ChNCs), pre-
pared using the method described in the Supporting Information, were
suspended in the Ch/Col solution (Vcp:Veo) = 3:1) and ultrasonicated at
40 % power with 2-s intervals for 5 min. This process produced a 0.5 %
ChNCs suspension (Fig. 1) [36]. The suspension was subsequently dia-
lyzed against deionized water at 37 °C for 24 h, resulting in the final
chitin nanocrystal-enhanced collagen/chitin composite hydrogel
(Ch/Col@ChNCs-gel).

2.3. ChNCs characterization

Copper grids were coated with the ChNCs suspension, and one side of
the grid was placed on a staining solution for 3 min, followed by air
drying for an additional 3 min [33]. This process was repeated three
times to ensure uniform staining. After complete drying, images were
captured using a transmission electron microscope (TEM) (DU-650,
BECKMAN Co., USA). To prepare a 0.5 % ChNCs suspension, ChNCs
powder was dispersed in deionized water and ultrasonicated for 5 min at
40 % power with 2-s intervals. The zeta potential of the ChNCs under
neutral conditions was measured using a laser particle-size analyzer
(Nano ZS90, Malvern Instruments LimitedUK) [37].

2.4. Ch/Col@ChNCs composite hydrogel characterization

The characterization of the Ch/Col@ChNC composite hydrogel,
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Fig. 1. Schematic of the ChNCs-reinforced Ch/Col composite hydrogels (Ch/Col@ChNCs) for postoperative AF repair. (A) Preparation of ChNCs, (B) Preparation of

Ch/Col@ChNCs hydrogels, (C) The schematic of the AF postoperative repair.

including structural analysis, phase composition, thermal stability,
mechanical properties, microstructure, porosity, and water-absorption
rate, is provided in the Supporting Information.

2.5. In vitro biocompatibility evaluation

Ch-gel, Ch/Col-gel, and Ch/Col@ChNCs hydrogels were sterilized
under ultraviolet (UV) light and cultured in a complete medium for 1, 3,
and 7 days. The viability of human annulus fibrosus cells (hAFCs) grown
on the hydrogel surfaces was assessed using a Cell Counting Kit-8 (CCK-
8) assay, and absorbance was measured at 450 nm using a microplate
reader (Multiskan Go 1510, Thermo Fisher Scientific Inc., USA). hAFC
viability and cytotoxicity were further evaluated using the Propidium
Iodide (Calcein/PI) Cell Viability/Cytotoxicity Assay Kit and observed
under an inverted fluorescence microscope. Live cells stained green with
Acetoxymethyl Ester (Calcein AM) were detected under excitation at
488 nm, while dead cells stained red with propidium iodide (PI) were
observed under excitation at 555 nm [38]. The methods for blood-
compatibility testing and extracellular matrix (ECM) deposition analysis
are detailed in the Supporting Information.

2.6. In vivo efficacy evaluation of Ch/Col@ChNCs

The experiment included 12 healthy male New Zealand rabbits aged
three months, with body weights ranging from 1.0 to 1.5 kg. The rabbits
were sourced from the Animal Center of Qingdao University, and all
Animal experiments were approved by the Animal Ethics Review
Committee of Qingdao University (Approval No.
20240229NZR1220240610074). The procedures adhered to the
ARRIVE guidelines and were conducted in compliance with the U.K.
Animals (Scientific Procedures) Act, 1986, and associated guidelines, as
well as the EU Directive 2010/63/EU for animal experiments. After 12 h
of fasting and water deprivation, the rabbits received pretreatment with
atropine injections, followed by anesthesia with sodium pentobarbital
and local lidocaine administration. The intervertebral disc (IVD) seg-
ments were identified based on palpable spinous processes, and the
L3-L6 discs were exposed using a posterolateral approach. The discs
were divided into three groups: control (L3/4), untreated (L4/5), and
treatment (L5/6). For The untreated and treatment groups, AF defect
models were created by puncturing the discs with an 18G needle to a
depth of approximately 5 mm, while healthy discs served as controls. In
the treatment group, the defects were filled with sterile Ch/Col@ChNCs
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hydrogels. The wounds were irrigated and sutured in layers, and infec-
tion prophylaxis was administered with 800,000-unit injections of
penicillin sodium for three consecutive days. The wounds were dis-
infected with iodophor, and the dressings were changed every three days
for a total of three changes [39]. Detailed methods for magnetic reso-
nance imaging (MRI) and histological analyses are provided in the
Supporting Information.

2.7. Statistical analysis

All quantitative data are presented as the mean + standard deviation
(SD). Differences between study groups were analyzed using one-way
analysis of variance (ANOVA) followed by multiple comparison tests
by Newman-Keuls. A p -value of <0.05 was considered statistically
significant. All statistical analyses were performed using GraphPad
Prism 9.

3. Results
3.1. Preparation and characterization of ChNCs

As shown in Fig. 2A, chitin nanocrystals (ChNCs) were prepared
through acid hydrolysis, a process that involves the selective cleavage of
f-1,4-glycosidic bonds in the amorphous regions of chitin. This step
effectively removes the non-crystalline domains. ultrasonic treatment
was subsequently applied to separate the amorphous and crystalline
regions and promote the dispersion of ChNCs [32]. The ChNCs interact
with the hydrogel via hydrogen bonding. The morphology of ChNCs,
illustrated in Fig. 2B, reveals sharp, elongated, needle-like structures
that are uniformly dispersed without visible aggregation. The average
length and diameter of the ChNCs, as shown in Fig. 2C and detailed in
Table S2, are 272.01 + 40 nm and 14 + 3 nm, respectively, consistent

Materials Today Bio 31 (2025) 101537

with previously reported values for ChNCs [27,33,40,41]. A high aspect
ratio of 19.43 was calculated, indicating the suitability of the material
for reinforcement applications. The zeta potential of ChNCs under
neutral conditions was measured as (36 &+ 0.8) mV, with an absolute
value exceeding 30, indicating a relatively stable suspension. This sta-
bility is primarily due to the protonation of the cationic amino groups on
ChNCs under acidic conditions, which generates electrostatic repulsion
[41-44]. The higher zeta potential helps prevent the aggregation of
ChNCGs particles, ensuring uniform dispersion. This stable dispersion is
critical for enhancing the mechanical properties of the hydrogel, thereby
ensuring its structural integrity and mechanical performance in practical
applications. In summary, the characterization of the zeta potential not
only provides a theoretical foundation for optimizing the mechanical
properties of the hydrogel but also establishes the utility of ChNCs as
reinforcing fillers for composite hydrogels.

3.2. Preparation and characterization of Ch/Col@ChNC

The Ch/Col hydrogel matrix was prepared by dialysis, and ChNCs
suspension was subsequently added to form the Ch/Col@ChNCs com-
posite hydrogel (Fig. 1). Fourier transform infrared (FTIR) spectroscopy
was employed to characterize the chemical structures of the hydrogels
(Fig. 2D). The spectrum of The Ch-gel exhibited characteristic Ch ab-
sorption peaks, consistent with previously reported values [34,45]. The
introduction of Col into the Ch-gel matrix led to the appearance of both
Ch and Col peaks, including a peak at 1255 cm™! in the spectrum.
Following the addition of ChNCs, the intensities of the amide I (1652
cm_l), amide II (1567 cm_l), and amide IIT (1380 cm 1) bands were
enhanced [46], indicating hydrogen bond (H bond) formation between
the N-H groups of Ch and the C=0 groups of Col. The small size and
large surface area of ChNCs facilitate these interactions, explaining the
increased intensity of the amide II and III bands in the Ch/Col@ChNCs
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composite hydrogel [47]. This enhancement in H bonding validates the
role of ChNCs in reinforcing the composite hydrogel.

The X-ray diffraction (XRD) patterns of ChNCs, Ch-gel, Ch/Col-gel,
and Ch/Col@ChNCs structures are shown in Fig. 2E. The spectrum of
ChNCs, characterized by a highly ordered crystalline structure, exhibi-
ted prominent peaks at 20 values of 9.3° and 19.3°, indicative of strong
hydrogen bonding and van der Waals interactions [48]. In contrast, the
spectrum of Ch/Col-gel, which contains relatively more amorphous re-
gions, displayed weaker and less distinct peaks [46]. These structural
differences significantly influence the mechanical properties of the
hydrogels, a critical factor for tissue engineering applications. High
crystallinity enhances mechanical strength, whereas increased amor-
phous regions can diminish it [49]. The incorporation of ChNCs mark-
edly improved the crystallinity of the hydrogel matrix, thereby
enhancing its suitability for IVD implantation.

The thermal stabilities of the hydrogels were evaluated using ther-
mogravimetric analysis (TGA, Fig. 2F). At 100 °C, the observed hydrogel
mass loss was attributed to water evaporation [43]. The decomposition
of Ch-gel and Ch/Col-gel began at 180 °C, primarily due to the thermal
degradation of Ch and Col. In contrast, Ch/Col@ChNCs exhibited
delayed decomposition at 210 °C [50]. This delay arises from two key
factors: the tighter molecular packing within the ordered nanocrystals
reduces the thermal decomposition rate, and the formation of additional
hydrogen bonds (H bonds) with collagen (Col) and chitin (Ch) increases
the decomposition temperature. Differential thermogravimetric (DTG)
analysis (Fig. 2G) reveals that the maximum decomposition temperature
of all samples occurs at approximately 280 °C. The more prominent
maximum decomposition of Ch/Col-gel can be attributed to the lower
thermal stability of Col [51]. In contrast, the higher maximum decom-
position temperature observed for Ch/Col@ChNCs demonstrates that
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the incorporation of ChNCs significantly enhanced thermal stability
[44]. These findings indicate that Ch/Col@ChNCs exhibit superior
performance compared to the natural Ch/Col hydrogel matrix.

3.3. Compressive properties

The compressive properties of the hydrogel samples were tested to
evaluate their mechanical performance. Fig. 3A illustrates the maximum
deformation of 60 % for the Ch-gel. In Ch/Col-gel, the flexibility pro-
vided by the introduced Col network intertwines with the rigid Ch
structure, enhancing the deformation capability of the hydrogel to 90 %
and improving its resistance to deformation [52]. The Ch-gel itself
withstands a maximum stress of 1.54 MPa. However, the introduction of
Col to form Ch/Col-gelreduces the stiffness of the network due to
increased elasticity, leading to cracks and fragmentation at maximum
stress of 0.50 MPa. In contrast, the Ch/Col@ChNCs-gel achieves a
maximum strain of 96 %, retaining the excellent elasticity of Ch/Col-gel
while withstanding a maximum stress of 1.33 MPa, thereby compen-
sating for the reduction in mechanical strength observed in Ch/Col-gel.

Fig. 3B highlights the significant variations in the compressive
modulus of the hydrogel samples. The Ch-gel has a compressive modulus
of 0.14 MPa, while the introduction of Col results in a modulus of 0.12
MPa, indicating no significant change. In contrast, incorporating ChNCs
into Ch/Col@ChNCs-gel increases the modulus to 0.27 MPa, repre-
senting a 93 % enhancement over Ch-gel. This increase is attributed to
the reinforcing effect of nanocrystals, which form additional cross-
linking points [53]. In the Ch/Col@ChNC-gel, the uniform dispersion of
ChNCs within the Ch/Col matrix creates rigid components that
contribute to the overall structural integrity. Under compression, the
hydrogel polymer network undergoes elastic deformation, aligning the
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ChNC clusters and fibers along the compression axis due to their higher
modulus compared to the polymer matrix. Upon unloading, the elas-
ticity of the Ch/Col network facilitates the restoration of ChNC align-
ment [54]. Additionally, In Ch/Col@ChNC-gel with pre-existing cracks,
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the aligned ChNC clusters effectively transfer stress from the crack tips,
reducing stress concentration and promoting crack deflection (Fig. 3C).
This mechanism enhances the resistance of hydrogel to crack propaga-
tion, mimicking the behavior of AF under cyclic loading conditions [55].
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Thus, the incorporation of ChNCs significantly enhances the mechanical
properties of the natural hydrogel, aligning its mechanical performance
with the requirements for IVD applications.

3.4. Morphology of hydrogels

Fig. 4A-C illustrates the appearance of three distinct gel samples: Ch-
gel, with a smooth and translucent structure; Ch/Col-gel, showing
increased opacity; and Ch/Col@ChNCs, exhibiting optimal opacity and
a dense texture, which indicates the successful incorporation of chitin
nanocrystals. The internal structures of the hydrogels were observed
using scanning electron microscopy (SEM) after freeze-drying.

The SEM images show that all freeze-dried gels exhibit a porous
structure (Fig. 4D-F). Among the three types, the pure Ch-gel (Fig. 4D)
has the most compact pore structure, with an average pore size of 48.17
+ 16.21 pm. It features solid and complete pore walls with no apparent
interconnectivity between pores, which is unfavorable for cell infiltra-
tion and migration. The Ch/Col-gel (Fig. 4E) also possesses a relatively
compact pore structure, with an average pore size of 50.05 + 19.37 pm.
some pore walls contain holes, increasing interconnectivity between
pores. The fibrous structure of collagen is observable in the cross-
section, a result of collagen introduction. This structural change im-
proves biocompatibility and enhances cell adhesion [35]. The
Ch/Col@ChNCs hydrogel (Fig. 4F) has larger pore sizes, averaging
89.40 + 22.46 pm, due to the introduction of ChNCs into the natural
hydrogel matrix. This larger pore size is expected to improve water
absorption. Furthermore, The specific cell adhesion properties of
collagen promote cell attachment, while the crystalline structure and
surface charge of ChNCs further enhance cell adhesion. The inter-
connected structure of the Ch/Col@ChNCs hydrogel creates an optimal
environment for cell infiltration, proliferation, and migration, fulfilling
the requirements for tissue engineering scaffolds [56].

3.5. Porosity and water absorption

We measured the porosity (Fig. 4H) and water absorption capacity
(Fig. 41) of the three hydrogels to evaluate the impact of ChNCs on these
properties. A clear trend was observed: the porosity increased from 21 %
in the Ch-gel to 30 % in the Ch/Col-gel and significantly to 67 % in the
Ch/Col@ChNCs hydrogel. This finding suggests that ChNCs play a
crucial role in enhancing porosity, aligning with the observations from
the SEM results. The nanoscale crystalline structure and charge distri-
bution of ChNCs likely contribute to creating additional voids and pro-
moting the formation of larger pores within the hydrogel matrix,
thereby increasing porosity [57].

Similar to the porosity behavior, the water absorption capacity of the
hydrogels increases progressively across the three types. The Ch-gel
exhibits a water absorption ratio of 4.8 times its dry weight, while the
Ch/Col-gel demonstrates a higher absorption ratio of 7.6 times its dry
weight. The most significant water absorption capacity was observed in
the Ch/Col@ChNCs hydrogel, which absorbed up to 15 times its dry
weight. This remarkable increase can be attributed to the high porosity
and synergistic effects of Ch, Col, and ChNCs. The interconnected pores
formed by the Ch, Col, and ChNC structures provide abundant space for
water molecules to infiltrate the hydrogel matrix, while the electrostatic
interactions and numerous adsorption sites within the structure facili-
tate water retention [58]. These findings emphasize the influence of
hydrogel structure on its functional properties. The introduction of
ChNCs and the interactions between Col and Ch not only increased
porosity but also significantly enhanced the waterabsorption capacity of
the hydrogels. This excellent water absorption property mimics the
characteristics of NP and AF in IVD, which are essential for promoting
AF repair. By absorbing moisture within tissues, the hydrogels can
facilitate tissue regeneration and maintain NP hydration [7].
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3.6. Biodegradability and stability analysis

The stability and biodegradability of hydrogels are critical parame-
ters for their application in tissue engineering.The degradation of the
hydrogels was evaluated both in vitro and in simulated in vivo envi-
ronments, providing comprehensive insights into their stability and
biodegradability. Ch is inherently biodegradable in vivo due to the
enzymatic degradation of its B-(1 — 4)-glycosidic bonds by lysozyme
[59,60]. Lysozyme, a cationic protein, is abundantly present in various
body fluids such as urine, serum, saliva, and tears [61], with concen-
trations ranging from approximately 2 pg/L in urine to 2 mg/L in serum.
To mimic the in vivo degradation environment, We prepared a simu-
lated body fluid with a lysozyme concentration of 1.5 pg/mlL.
Phosphate-buffered saline (PBS) was used as the control to simulate the
in vitro environment. Additionally, different pH values were employed
to represent varying degenerative conditions similar to those found in
IVD microenvironments.

We monitored the mass loss of the hydrogels at 37 °C over four weeks
in both environments, assessing stability and degradation at specified
intervals. As shown in Fig. 5A and D, the Ch-gel exhibited continuous
mass loss in vitro, with no significant differences observed across pH
values. In the simulated in vivo environment, over 50 % of the mass was
lost on the first day, with no significant differences across pH values,
contrasting with the in vitro environment. This accelerated degradation
can be attributed to lysozyme breaking down the p-(1 — 4)-glycosidic
bonds in the Ch chain, indicating that Ch-gel is less stable in vivo. As
depicted in Fig. 5B and E, the Ch/Col-gel exhibited significantly lower
mass loss than Ch-gel, with Approximately 20 % mass loss occurring
within the first three days and no significant differences between the in
vitro and in vivo environments. In contrast, As shown in Fig. 5C and F,
Ch/Col@ChNCs initially maintained relative stability, with almost no
mass loss before day 19. however, degradation began in the simulated in
vivo environment, resulting in approximately 30 % mass loss by the
fourth week. When Comparing the degradation profiles of the hydrogels
over four weeks, Ch/Col@ChNCs demonstrated relative stability during
the initial stages, followed by controlled biodegradation at an appro-
priate time. This behavior aligns with its mechanical strength and
thermal stability, making it particularly advantageous for post-disc
surgery recovery. the hydrogel can provide structural support within
AF during the early healing phase and gradually degrade as tissue
regeneration occurs, ultimately being replaced by native tissue.

3.7. Hemolysis assay for evaluating biocompatibility

A hemolysis assay was conducted to evaluate the biocompatibility of
the hydrogels and determine their suitability for biomedical applications
involving direct blood contact [62]. As shown in Fig. 6A, all hydrogels
exhibited hemolysis rates below 5 % when normalized to the Triton
group, which served as the positive control. In Fig. 6B, the supernatants
of the hydrogel groups display a light-yellow color, similar to the PBS
control group, in contrast to the red color observed in the Triton group.
These results indicate that the hydrogels possess excellent biocompati-
bility and meet the acceptable standards for blood-contacting bio-
materials, as defined by ISO 10993-4 [63].

Following the hemolysis test, red blood cells were resuspended for
morphological analysis using an optical microscope. Fig. 6B highlights
severe cell rupture and debris in the Triton group, emphasizing its
cytotoxicity. In contrast, red blood cells in all hydrogel groups retained
their circular shape without rupture, consistent with the morphology
observed in the PBS group. This finding further validates the biocom-
patibility of the hydrogels, demonstrating no significant damage to cell
membranes [64]. The low hemolysis rate and preserved red blood cell
morphology highlight the excellent biocompatibility of the hydrogels for
direct blood-contact applications.
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Fig. 5. Biodegradability of Ch-gel, Ch/Col-gel, and Ch/Col@ChNCs. (A, B, C) Degradation rates of Ch-gel, Ch/Col-gel, and Ch/Col@ChNCs-gel hydrogels in PBS
simulated body fluid at different pH levels. (D, E, F) Degradation rates of Ch-gel, Ch/Col-gel, and Ch/Col@ChNCs-gel hydrogels in lysozyme-containing PBS

simulating body fluid at different pH levels (n = 3).

3.8. Biocompatibility and ECM production of hAFCs co-cultured with
hydrogel-patch

Human annulus fibrosus cells (hAFCs) were co-cultured within the
composite hydrogels, and their proliferation was measured (Fig. 6C and
D). On day 1, no significant differences were observed in cell viability
across all groups, including the control, indicating similar initial inte-
gration of AF cells with the scaffolds. By day 3, cell viability in the
control group increased to 2.1 times the initial level, reflecting the ex-
pected progression of AF cell activity under standard conditions. In
contrast, the Ch/Col@ChNCs hydrogel demonstrated a remarkable in-
crease in cell viability to 5.8 times the initial value. Additionally, Ch-gel
and Ch/Col-gel supported varying degrees of cell proliferation due to
their biocompatible 3D structures, which facilitate cell attachment [65].
By day 7, cell viability in the control group increased to six times the
initial value, indicating a sustained positive proliferation response.
Notably, the Ch/Col@ChNCs hydrogel exhibited continuous improve-
ment, with cell viability reaching 10.3 times the initial value, demon-
strating its superior biocompatibility.

Ch hydrogels are widely used as cell culture scaffolds due to their
biocompatible 3D structure. Col contains specific cell adhesion motifs,
such as the arginylglycylaspartic acid (RGD) sequence [66], which bind
to integrins on the cell surface and activate signaling pathways such as
focal adhesion kinase and extracellular signal-regulated kinase, pro-
moting cell proliferation [67,68]. Thus, the Ch/Col@ChNCs hydrogel
supports AF cell proliferation, confirming its excellent cellular compat-
ibility and potential for tissue engineering applications.

The nanoscale size of chitin nanocrystals (ChNCs) provides distinct
advantages over traditional chitin (Ch) particles. First, their increased

surface area enhances the inherent positive charge of Ch, which, As the
only natural polysaccharide with this property, can attract negatively
charged cells to Ch-gel [69]. The expanded surface area also offers more
adhesion points, facilitating interactions between cells and biomolecules
that are essential for cell growth and proliferation, thereby improving
bioactivity and overall efficacy [70]. Furthermore, the mechanical
properties of the hydrogel matrix significantly influence cell behavior
[71]. The unique crystalline structure of ChNCs improves the mechan-
ical properties of the materials, thereby promoting surface cell prolif-
eration [72]. The Ch/Col@ChNCs hydrogel provides a complex 3D
microenvironment, as confirmed by SEM analysis. This interconnected
structure fosters a supportive environment for cell infiltration, prolif-
eration, and migration, effectively enhancing the number and activity of
surface cells. These findings highlight the critical role of the implanted
material in promoting AF tissue healing in vivo.

hAFCs were cultured on the prepared hydrogel in a 2D system
(Fig. 6E). Immunofluorescence analysis was conducted to detect ECM
expression levels in hAFCs grown on the Ch/Col@ChNCs hydrogel. As
shown in Fig. 6F, no pink fluorescence of type II collagen (COL-II) was
observed around the nuclei of hAFCs in the control group. In contrast, a
substantial distribution of pink fluorescence, indicative of COL-II
expression, was observed within the cells cultured on the Ch/
Col@ChNCs hydrogel. This demonstrates that Ch/Col@ChNCs effec-
tively enhance ECM COL-II protein expression in hAFCs. Thus, in vitro
cell experiments highlight the effectiveness of this material in promoting
AF repair.
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3.9. MRI analysis method standardizes the evaluation of disc degeneration By assessing
signal intensity and structural integrity. Using this system ensures con-

The repair effectiveness of Ch/Col@ChNCs was evaluated by affixing sistency in analyzing therapeutic efficacy and facilitates quantitative

a small hydrogel piece to AF defect with medical glue after disc punc- comparisons with results from previous studies. These standardized
ture. MRI scans were performed at three, six, and nine weeks. New evaluations are critical for validating the clinical relevance of Ch/
Zealand white rabbits were chosen as the model species because their Col@ChNCs and its potential as a biomaterial for annulus fibrosus
spine anatomy, lacking the upright characteristics of the human spine, repair. As shown in Fig. 7D, NP tissue in the intact control group
makes them suitable for puncture injury modeling (Fig. 7A-C). consistently appeared as a high signal (white), indicating preserved
MRI images provided a preliminary assessment of the in vivo repair highwater content and physiological activity without signs of degrada-
effectiveness of Ch/Col@ChNCs by observing signal intensity and tion. In the untreated group, the NP tissue exhibited a non-uniform
structural changes in NP. The modified Pfirrmann grading system texture and appeared as a low signal, indicating degeneration with no
(Table S1) was employed for scoring. This MRI-based classification improvements from weeks 3-9. This observation highlights the
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progressive degenerative trajectory in the absence of treatment. In
contrast, NP tissue in the Ch/Col@ChNCs group displayed a uniform
white texture and a relatively intact structure. Although the signal in-
tensity was slightly lower than that of the control group, both signal
strength and tissue integrity were significantly higher than those in the
untreated group. These results indicate that the implantation of Ch/
Col@ChNCs preserved the physiological hydration state within the NP
region, effectively mitigating degeneration. Based on the modified
Foreman grading scores (Fig. 7E), Ch/Col@ChNCs repair achieved a
lower IVD Foreman grade.

The repair observed with Ch/Col@ChNCs can be attributed to
several key factors. First, the highly ordered crystalline structure of
ChNCs enhanced the mechanical strength of the Ch/Col@ChNCs
hydrogel, enabling IVD to maintain its original pressure and prevent
further tissue damage. Additionally, Col and Ch are biocompatible ma-
terials that seamlessly integrate with natural tissues. The surface prop-
erties and 3D structure of ChNCs improve cell adhesion, while Col
facilitates cell proliferation and deposition. Together, these properties
support post-surgical AF tissue healing and prevent further NP moisture
loss.

Ch/Col@ChNCs function on two levels: providing macroscopic me-
chanical support and promoting microscopic cellular proliferation. This
dual-action mechanism drives IVD growth and repair. MRI results
demonstrated that both signal strength and tissue integrity in the Ch/
Col@ChNCs-treated group were significantly superior to those in the
untreated group, confirming the in vivo effectiveness of this hydrogel.
These findings highlight the potential of Ch/Col@ChNCs and highlight
their potential for clinical applications in IVD repair.

3.10. Histological analysis

Histological analyses were performed at the defect site to assess the
effectiveness of the repair interventions. Fig. 8A-C presents schematic

Intact

schematic

Fast green HE

Safranin O-

Masson

Defect
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illustrations depicting a healthy, intact intervertebral disc, the induced
defect, and the repaired state with a hydrogel patch (blue). HE-stained
sections (Fig. 8D-F) provided a comprehensive overview of tissue
structure, cellular changes, and immune response within the IVD. In
Fig. 8D, dense, pink-stained collagen in the AF and a uniform NP indi-
cate no damage or signs of inflammation. Conversely, Fig. 8E reveals a
clear gap in the AF structure, characterized by disruption and reduced
tissue density. Fig. 8F demonstrates defect filling by the hydrogel patch,
restoring AF continuity. The minimal inflammatory cell infiltration
observed suggests a mild immune response [24].

Safranin O-Fast Green sections (Fig. 8G-I) specifically highlight
proteoglycan distribution and matrix integrity. Fig. 8G reveals strong,
uniform red staining in the AF and NP, indicating high proteoglycan
content [73]. In contrast, Fig. 8H shows significant proteoglycan loss at
the injury site, characterized by reduced staining and matrix disruption.
Fig. 8I demonstrates restored red staining at the defect site, suggesting
increased proteoglycan levels and partial matrix recovery, which reflect
successful hydrogel integration. Notably, the hydrogel appears to pro-
mote ECM production in the AF, consistent with findings from in vitro
cell experiments.Masson-stained sections (Fig. 8J-L) provide insights
into collagen integrity and fibrosis. Fig. 8J shows dense blue staining in
the AF, indicating normal collagen distribution and structural integrity.
In Fig. 8K, a marked absence of blue staining at the injury site signifies
collagen disruption and structural damage. In contrast, Fig. 8L high-
lights regenerated collagen with uniform blue staining, indicating suc-
cessful hydrogel patch integration and controlled fibrosis, underscoring
collagen-specific restoration.

The Ch/Col@ChNCs hydrogel demonstrates a greater number of
intersection points and a more complex network structure, facilitating
cell infiltration, proliferation, and migration. This architecture better
mimics the microenvironment of the natural IVD. Additionally, Col in-
teracts with specific receptors on the cell surface, promoting cell pro-
liferation and adhesion to support the formation of new tissue. the

Repair

Fig. 8. Six-week histological evaluation results of IVDs. (A, B, C) Schematic of the intact (control), untreated, and treated IVDs. (D, E, F) Representative HE his-
tological sections. (G, H, I) Representative safranin O- fast green histological sections. The red and green color refers to the cartilage and bone formation, respectively.
(J, K, L) Representative bright-field Masson histological sections. The blue color refers to the Col fibers (scale bar = 2000 pm).

11



M. Liu et al.

combined effects of Ch, Col, and ChNCs facilitate tissue regeneration and
partially restore the hydration function of the IVD.

4. Discussion

Discectomy remains a widely utilized procedure for managing her-
niated intervertebral discs; however, repairing AF defects following
surgery remains a significant clinical challenge [9,10]. Existing AF
repair materials, such as sutures and metallic implants, provide tem-
porary closure of defects but fail to effectively promote AF tissue
regeneration [11,12]. The limitations of current biomaterials, including
insufficient mechanical strength, suboptimal biocompatibility, and
complex fabrication processes, restrict their broader adoption in clinical
practice [11]. This study presents a novel composite hydrogel, inte-
grating Ch, Col, and ChNCs, designed to enhance the mechanical
properties and cell compatibility of the material, thereby promoting AF
tissue regeneration and repair.

Materials developed for post-surgical AF defect repair must exhibit
mechanical properties closely aligned with those of native tissue to
endure physiological mechanical stresses [31]. The combination of Col
and Ch in hydrogel form represents a promising biomedical material, as
Col, a natural component of AF tissue, provides excellent biological
compatibility [30]. However, the gel matrix formed by non-covalent
interactions between Col molecules is inherently soft and fails to meet
the stringent mechanical demands of AF tissue. ChNCs were incorpo-
rated into the hydrogel matrix to create a Ch/Col@ChNCs composite
hydrogel patch to address this limitation. This composite hydrogel
demonstrates a compression modulus of 0.27 MPa, closely matching the
reported values for cellulose nanocrystal-reinforced hydrogels
(approximately 0.3 MPa). Furthermore, the composite achieves a
maximum compressive strength of 1.45 MPa, significantly exceeding
that of cellulose nanocrystal-reinforced hydrogels (approximately 0.46
MPa) [25]. These enhanced mechanical properties ensure the structural
integrity of the hydrogel under intradiscal pressure, effectively
mimicking the mechanical characteristics required for AF tissue repair.

In addition, compared to previously reported polycaprolactone
(PCL)-based organized type I collagen patches [20], the Ch/Col@ChNCs
hydrogel demonstrated superior water absorption. This property is
critical for maintaining disc hydration, thereby preventing further NP
dehydration and degeneration. Despite its impressive mechanical
strength and water retention capabilities, the material exhibits relatively
low adhesive strength, necessitating the use of medical adhesives to
secure it to AF tissue. Unlike other bioadhesives used in AF repair [74],
the Ch/Col@ChNCs composite lacks intrinsic adhesiveness. However,
applying medical adhesives mitigates challenges such as unwanted
adhesion to surgical instruments, thereby reducing procedural
complexity. Additionally, the fabrication process of this hydrogel patch
is simpler than other reported approaches, enhancing its potential for
clinical translation—another distinct advantage of this material.

In vitro cell experiments further confirmed the excellent biocom-
patibility of the composite hydrogel. This material is intended for post-
surgical tissue repair and is designed to interact directly with blood cells.
Experimental findings demonstrated that the Ch/Col@ChNCs hydrogel
exhibits high hemocompatibility, ensuring its safe application in clinical
settings. Additionally, the hydrogel does not inhibit AF cell prolifera-
tion, highlighting its outstanding biocompatibility, consistent with
previously reported biomaterials. Notably, the hydrogel patch signifi-
cantly enhances ECM production. Scanning electron microscopy (SEM)
revealed its porous structure, which provides an ideal three-dimensional
scaffold for cell adhesion, migration, and proliferation. This porous ar-
chitecture shows strong potential for promoting tissue regeneration in
vitro. compared to traditional materials [11], Ch/Col@ChNCs demon-
strated superior efficacy in enhancing cell activity and supporting tissue
remodeling.

To further evaluate in vivo reparative efficacy of the material, a
rabbit IVD puncture defect model was employed. Compared to
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commonly used rodent models, rabbit IVDs are closer in size and
physiological structure to human discs, with mechanical loading con-
ditions that more accurately reflect clinical scenarios. Additionally, the
larger size of the rabbit model allows for a more realistic assessment of
the performance of the material under in vivo conditions [40]. The
increased disc size also provides more reliable data, particularly when
evaluating the long-term stability and tissue integration of the material.
This model effectively replicates the biomechanical environment of an
IVD defect, enhancing the findings’ clinical relevance. Experimental
results demonstrated that the Ch/Col@ChNCs composite hydrogel
effectively repaired AF defects and maintained NP hydration
post-surgery, preventing further degeneration. MRI and histological
analyses revealed that after 6-9 weeks of repair, the hydrogel formed a
structure in the defect area that closely resembled native tissue.
Compared to the untreated group, the Ch/Col@ChNCs group exhibited
significant improvements in both AF and NP structural integrity. These
findings indicate that the Ch/Col@ChNCs composite hydrogel not only
effectively seals AF defects but also preserves disc function over an
extended period, preventing post-surgical degeneration.

Nonetheless, several challenges must still be addressed. First, the low
adhesive strength of the material could introduce complexity during
clinical application, underscoring the need for further research to
enhance its adhesive properties. Second, while the material exhibited
favorable degradation characteristics in both in vitro and in vivo studies,
its long-term stability in larger animal models remains to be thoroughly
investigated. Future studies should prioritize evaluating the perfor-
mance of the material under diverse physiological loads and environ-
mental conditions to ensure its broad applicability in clinical settings.
Additionally, the underlying mechanisms driving tissue repair should be
explored in greater detail to optimize the material further for clinical
use.

5. Conclusion

This study demonstrated the successful preparation of Ch/
Col@ChNCs using a simple fabrication process to repair damaged
annulus fibrosus (AF) following discectomy. The biomaterial exhibited
excellent biocompatibility, owing to the inherent properties of chitin
(Ch) and collagen (Col). The incorporation of chitin nanocrystals
(ChNCs) significantly enhanced the mechanical strength of the hydrogel,
reducing nucleus pulposus (NP) dehydration after AF rupture. With a
compressive modulus of 0.27 MPa, Ch/Col@ChNCs provided sufficient
mechanical support for the intervertebral disc (IVD) load-bearing con-
ditions in a lying position post-discectomy. While Ch/Col@ChNCs show
substantial potential for clinical applications in AF repair, further
research should focus on optimizing its long-term stability and inte-
gration with native tissues. Evaluating its performance under varied
mechanical loading conditions, understanding its role in immune envi-
ronment regulation, and elucidating the mechanisms underlying cellular
responses will offer deeper insights into its therapeutic potential and
guide its clinical translation.
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