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A B S T R A C T   

Intervertebral disc degeneration (IVDD) is commonly caused by imbalanced oxygen metabolism-triggered 
inflammation. Overcoming the shortcomings of antioxidants in IVDD treatment, including instability and the 
lack of targeting, remains challenging. Microfluidic and surface modification technologies were combined to 
graft chitosan nanoparticles encapsulated with strong reductive black phosphorus quantum dots (BPQDs) onto 
GelMA microspheres via amide bonds to construct oxygen metabolism-balanced engineered hydrogel micro-
spheres (GM@CS-BP), which attenuate extracellular acidosis in nucleus pulposus (NP), block the inflammatory 
cascade, reduce matrix metalloproteinase expression (MMP), and remodel the extracellular matrix (ECM) in 
intervertebral discs (IVDs). The GM@CS-BP microspheres reduce H2O2 intensity by 229%. Chemical grafting and 
electrostatic attraction increase the encapsulation rate of BPQDs by 167% and maintain stable release for 21 
days, demonstrating the antioxidant properties and sustained modulation of the BPQDs. After the GM@CS-BP 
treatment, western blotting revealed decreased acid-sensitive ion channel-3 and inflammatory factors. Histo-
logical staining in an 8-week IVDD model confirmed the regeneration of NP. GM@CS-BP microspheres therefore 
maintain a balance between ECM synthesis and degradation by regulating the positive feedback between 
imbalanced oxygen metabolism in IVDs and inflammation. This study provides an in-depth interpretation of the 
mechanisms underlying the antioxidation of BPQDs and a new approach for IVDD treatment.   

1. Introduction 

Reactive oxygen species (ROS), which include superoxide anions 
(O2− ), hydroxyl radicals (OH− ), and hydrogen peroxide (H2O2), are 
metabolic byproducts in the respiratory chain of the inner mitochondrial 
membrane and play critical roles in cell signaling and homeostasis in 
vivo [1]. The imbalance between ROS generation and scavenging is the 
primary cause of oxidative stress-induced injury. In tissue injury, 

cellular mitochondrial respiratory chain transmission is impaired, and 
large amounts of ROS are generated to overflow into the endogenous 
scavenging system. Imbalanced oxygen metabolism leads to the accu-
mulation of succinate and enhances lipid peroxidation in tissues, which 
downregulates proteoglycan synthesis and triggers the degradation of 
the extracellular matrix (ECM) [2]. In addition, ROS act as second 
messengers in concert with Ca2+ enriched in mitochondria to stimulate 
the opening of the mitochondrial permeability transition pore, leading 
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to the release of a large number of apoptotic factors, such as Cytc, AIF, 
and SMAC, and inducing apoptosis [3]. This impairs mitochondrial 
function and activates the nuclear factor kappa B (NF-κB), 
mitogen-activated protein kinase (MAPK), and other inflammatory 
signaling pathways to secrete inflammatory factors such as interleukin 
(IL)-1β and tumor necrosis factor (TNF)-α, thereby inducing the in-
flammatory cascade and various secondary diseases [4,5]. Intervertebral 
discs (IVDs) in the human body are surrounded by upper and lower 
endplates and anterior and posterior longitudinal ligaments, which form 
a confined hypoxic-ischemic microenvironment with the accumulation 
of lactic acid and ROS. This constitutes the structural basis of interver-
tebral disc degeneration (IVDD) [6]. A previous study revealed that 
hydrogen peroxide (H2O2) can enhance the concentration of lactic acid 
and the expression of proton-gated acid-sensitive ion channel-3 (ASIC-3) 
in NS20Y cells and primary cultured mouse cortical neurons [7]. Zhao 
et al. demonstrated that ASIC-3 is involved in the activation of nucleus 
pulposus (NP) inflammatory signals and triggers an inflammatory 
response, which leads to the enhanced expression of matrix metal-
loproteinase (MMP) and degradation of type II collagen (COL-II), 
thereby accelerating IVDD [8]. However, it is unclear whether excessive 
ROS in the IVDD microenvironment can cause an increase in ASIC-3 
expression of NP and form a vicious positive feedback circle. 

In recent years, precision medicine has promoted the rapid devel-
opment of targeted therapies. Local injections in IVDs have been used to 
neutralize ROS and block the positive feedback of the ROS chain [9]. 
However, common antioxidant drugs, such as melanin, are not condu-
cive to binding to biological scaffolds due to their deformability in 
organic solvents [10]. N-acetylcysteine (NAC) has a short half-life, and 
low concentrations of reductive substances remain in target organs 
despite multiple administrations [11,12]. These shortcomings limit the 
clinical applications of these drugs. Therefore, the development of a 
stable and efficient ROS neutralization method to inhibit the patho-
physiological development of injured tissues is urgently needed. 

Recently, the application of nanomaterials has paved the way for the 
in-depth study of pathophysiological development, remodeling, and 
regeneration [13–16]. Black phosphorus (BP), for example, is a phos-
phorus allotrope with a wide and promising application in the 
biomedical field and is an analog of two-dimensional semiconductor 
nanostructures [17–19]. The preparatory process of BP is relatively 
stable, and it degrades into non-toxic phosphate ions in vivo, which 
ensures biological safety [20,21]. Inspired by the strong reductive 
property of BP, Hou et al. applied a BP nanosheet as a ROS scavenger to 
mitigate ROS-triggered acute kidney injury and demonstrated its 
remarkable antioxidant capacity, which is superior to that of the con-
ventional antioxidant NAC [22]. In addition, black phosphorus quantum 
dots (BPQDs) have a larger surface area compared to nanosheets and can 
scavenge excess ROS from degenerated discs more efficiently [23]. 
Therefore, the application of BPQDs may provide a new therapeutic 
platform for IVDD. However, the strong reducibility and smaller nano-
particle sizes of BPQDs make them susceptible to oxidation and hinder 
their long-term effects in regulating the oxygen metabolism balance in 
IVDs [24]. Currently, liposomal and polymeric nanoparticles have 
facilitated the maintenance of the bioactivity of the loadings and pro-
longed the duration of their biological effects, but there remain various 
drawbacks that limit their use for IVDD treatment. For example, lipo-
somes exhibit poor sustained release [25], and poly (lactic-co-glycolic 
acid) (PLGA) has shown a slow degradation rate [26]. Chitosan nano-
particles (CS) are a suitable material for BP protection due to their 
simple preparation, good biocompatibility, and large number of posi-
tively charged functional amino groups on their surfaces that can 
effectively bind to negatively charged BPQDs [27–29]. Therefore, using 
CS as BPQD carriers may improve reducibility and encapsulation rates, 
which would allow the BPQDs to maintain the oxygen metabolic balance 
in IVDD. 

IVDs are load-bearing tissue structures that connect the vertebral 
bodies of the spine. They are pivotal in transmitting ergonomic stress 

and are in a long-term, high-pressure state. Direct local injections of 
nanoparticles may result in needle track leakage, diffusion, and a lack of 
mechanical stress to maintain disc height [30,31]. Therefore, the 
nanoparticles that are currently in use rely on transport carriers to 
improve their injection efficiency and targeting. Organometallic 
frameworks and hydrogels are currently used as transport carriers for 
IVDD treatment; however, there are still significant drawbacks [32,33]. 
For example, compression tends to lead to the collapse of the overall 
structure of large hydrogels and causes subsequent complications [34]. 
Organic molecules, such as PLGA, is prone to forming acidic byproducts 
after degradation, which further deteriorates the microenvironment of 
IVDs and leads to inflammation [35,36]. Therefore, an injectable 
biomaterial with the appropriate mechanical strength and uniform 
loading ability of nanoparticles is required to achieve long-term ROS 
neutralization by BPQDs. Gelatin methacrylate anhydride (GelMA) has 
exhibited excellent biocompatibility and can be fabricated precisely into 
uniform hydrogel microspheres using microfluidic technology. Its 
porous surface formed after freeze-drying can further graft nano-
particles. GelMA hydrogels have therefore become a topic of interest for 
the injectable therapies of IVDD [37,38]. 

Based on the ROS-induced pathological changes in IVDD, we pre-
pared oxygen metabolism-balanced engineered injectable hydrogel mi-
crospheres (GM@CS-BP) by grafting CS loaded with BPQDs onto the 
surfaces of GelMA porous microspheres via amide bonds. The GM@CS- 
BP composite microspheres achieved the efficient and uniform loading 
of nanoparticles and were capable of targeted implantation into the IVDs 
microenvironment through a micro syringe [39]. This allowed for the 
sustained release of the strong reductive BPQDs from CS, neutralized 
ROS in situ, alleviated oxidative stress-induced injury, and improved the 
oxygen metabolism microenvironment in the IVDs. GM@CS-BP inhibi-
ted apoptosis, ameliorated extracellular acidosis, downregulated the 
expression of acid-sensing complexes, and blocked the inflammatory 
cascade triggered by the activation of downstream inflammatory path-
ways. In the rat IVDD model, the GM@CS-BP microspheres provided 
mechanical stress, reduced MMP expression, promoted NP regeneration, 
and remodeled the structure and function of the ECMs of the degen-
erated IVDs. The oxygen metabolism-balanced engineered hydrogel 
microspheres may provide a new theoretical basis for the use of BP as a 
reductive agent to delay IVDD. The microspheres further highlight the 
regenerative application of biomaterials in the local acidic microenvi-
ronment under oxidative stress (Scheme 1). 

2. Results and discussion 

2.1. The relationship between oxidative stress, acid-sensitive complexes, 
and IVDs 

Acid-sensitive ion channels (ASICs) are a subfamily of proton-gated 
channels and are susceptible to activation by extracellular acidosis, 
lactate, and arachidonic acid [6]. The levels of ASIC-1, -2, and -3 were 
significantly increased in degenerated NP cells, with ASIC-3 being pre-
dominant. It has been found that ASIC-1a may increase MMP activity 
through the NF-κB signaling pathway in endplate chondrocytes. At high 
extracellular lactate concentrations, ASIC-3 expression is upregulated in 
NP cells, and NLRP3 inflammatory vesicles are activated, leading to the 
release of IL-1β, which is an important inflammatory factor in IVDD. 
This activates the inflammatory cascade [40]. As the interaction be-
tween acid-sensitive complexes and ROS has rarely been reported, we 
explored the possible positive feedback cycle between ROS and ASIC-3 
in the NP. First, the NP cells were stimulated with different concentra-
tions of H2O2 (Fig. 1A). We then used a lactate detection kit [41] and 
found that, although no significant difference existed between the 
50-μM H2O2 simulation and control groups, the lactate concentration 
increased by 1.83-fold under 400-μM H2O2 stimulation compared to the 
control group (Fig. 1B). ROS can therefore induce the accumulation of 
extracellular lactic acid and an extracellular acidotic environment. The 
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ASIC-3 protein content was detected by western blotting (Fig. 1C), and 
its expression was correlated with the concentration of H2O2 stimulation 
(Fig. 1L). Under 400-μM H2O2 stimulation, the pH value reached 6.53 ±
0.12, which was significantly lower than that of the control group 
(Fig. 1D). Immunofluorescent staining of ASIC-3 was subsequently 
performed (Fig. 1E), and it was found that H2O2 stimulation enhanced 
ASIC-3 fluorescence intensity in NP cells. The semiquantitative results 
showed a 5.8-fold increase in ASIC-3 fluorescence intensity compared to 
the control group (Fig. 1M). An IVDD model was successfully con-
structed by caudal punctures in rats [42], and digital radiography (DR) 
was performed 4 weeks later (Fig. 1F). A significant difference in disc 
height was found between the blank and negative control (NC) groups 
punctured alone (p < 0.01, Fig. 1N, Table S1 Supporting Information). 
Magnetic resonance imaging (MRI) were also performed (Fig. 1G), and 
MRI grading was evaluated according to the Thomson classification 
[38]. The MRI grading in the NC group was higher than that in the 
control group (Fig. 1O). Hematoxylin-eosin (H&E) staining and Safranin 
O/Fast green staining (Fig. 1H and I) showed significant atrophy in the 
NP in the NC group, with indistinguishable borders and a massive 
dissipation of proteoglycans, indicating increased IVDD (Fig. 1P). The 

expression of ROS and ASIC-3 in the degenerated discs was further 
assessed. Heme oxygenase (HO-1) is a major regulatory enzyme 
involved in the intracellular defense against oxidative stress and 
anti-inflammatory, antioxidant, and apoptotic processes [43]. When 
subjected to multiple stimuli, especially oxidative stress, HO-1 expres-
sion is upregulated, indicating that high HO-1 expression demonstrates 
ROS stimulation in tissues. In vivo staining (Fig. 1J) showed a substantial 
increase in HO-1 fluorescence intensity in the NC group compared to 
that in the control group (Fig. 1Q), while ASIC-3 immunohistochemistry 
(Fig. 1K) revealed a 4.6-fold increase in its expression in the NC group 
compared to that in the control group (p < 0.001, Fig. 1R). This indi-
cated the presence of oxidative stress and ASIC-3 in the IVDD model. 
These results show that ROS may induce downstream inflammation 
through the upregulation of acid-sensitive complex expression in NP 
cells and provide new insights into potential anti-ROS therapies for 
IVDD. 

2.2. Preparation and characterization of BPQDs and CS-BP 

BPQDs are easily oxidized in air, and their small particle size 

Scheme 1. Schematic illustration. A) Preparation of BPQDs, CS nanoparticles, and GelMA microspheres. B) Activation and grafting of GelMA and CS-BP nano-
particles. C) Targeted injection of the oxygen metabolism-balanced engineered hydrogel microspheres in rat IVDs and the underlying therapeutic mechanisms. 
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determines their instability during preparation [18]. CS were selected as 
protective agent for BPQDs due to their excellent biocompatibility and 
the abundant amino groups on their surface. BPQDs were first prepared 
via liquid-phase exfoliation, as described in a previous study (Fig. 2A) 
[44,45]. As observed before and after high-intensity sonication 
(Fig. 2B), the simple BP nanosheets were dark black in air and turned 
light yellow after constant centrifugation and sonication. The CS-BP was 
prepared using an ionic cross-linking method. Chitosan molecules have 
abundant NH3 groups that can react with the negatively charged 
phosphoric ions of sodium tripolyphosphate (TPP) to form cross-linked 
CS. During the process of cross-linking and hardening, BPQDs were 
adsorbed, which may help sustain their encapsulation efficiency [46, 
47]. BPQDs and CS-BP were observed using transmission electron mi-
croscopy (TEM) (Fig. 2C). The BPQDs generally presented as circular 
structures of different sizes, whereas in the CS-BP composite structure, 
the BPQDs were uniformly distributed in and around the CS (Fig. 2D) 
[48]. To verify the successful connection between the CS and BPQDs, 
Raman scattering spectroscopy was used on CS-BP (Fig. 2E). In the 
Raman spectrum, the representative peaks of simple BPQDs were 
A1

g:358.4, B2
g:438.2, and A2

g:467.1 cm− 1, and the representative peaks of 
BP were detected in the CS-BP nanoparticles [49,50]. The sizes of the 
BPQDs and CS were further analyzed (Fig. 2F and G, and S1). The di-
ameters of the BPQDs were distributed at 4.8 ± 2.2 nm, and CS and 
CS-BP particles showed a general distribution of 78.56 ± 21.45 nm, 
which was consistent with the morphological results of the TEM 

analysis. The Zeta potential of the nanoparticles was detected (Fig. 2H), 
and the BPQDs exhibited a Zeta potential of − 19.63 ± 2.86 mV due to 
the phosphate anion formed by oxidation on their surface, while the CS 
showed a Zeta potential of 34.43 ± 3.82 mV because of their abundant 
amino groups. The Zeta potential of CS-BP formed by ionic cross-linking 
was 19.37 ± 2.46 mV, which was significantly lower than that of CS. The 
CS were therefore successfully bonded to the BPQDs. 

2.3. Preparation and characterization of GM and GM@CS-BP 
microspheres 

GelMA microspheres are ideal carriers for reductive agents in 
injectable therapies due to their excellent biocompatibility and abun-
dant surface pores [51]. However, simple physical absorption may lead 
to problems such as the uneven distribution or instability of the loaded 
drug in the environment [13]. Therefore, nanoparticle grafting through 
amide bonding was chosen in this study to improve the stable loading 
capacity of hydrogel microspheres for nanoparticles to adapt to the 
high-pressure environment of IVDD. Using the microfluidic technology 
available in our research group, GelMA microspheres were prepared by 
co-flow shearing formed by the continuous and dispersed phases of the 
coaxial electrospinning nozzle (Fig. 3C) [52]. Through simple physical 
adsorption, GM and BP were combined to construct the GM-BP group, 
which was compared with the GM@CS-BP group in subsequent experi-
ments to verify the ability of CS to improve the encapsulation and 

Fig. 1. The relationship between H2O2, acid-sensitive complexes, and IVDD. A) Schematic diagram of extracellular acidosis in the NP induced by H2O2 
stimulation. B–E) The extracellular lactic acid content, Western blot of the ASIC-3 protein, pH value, and immunofluorescent staining of ASIC-3 in NP cells after 
stimulation with different concentrations of H2O2. F–K) DR photos, MR scan, H&E staining, Safranin O/Fast green staining, HO-1 immunofluorescence, and ASIC-3 
immunohistochemistry after 4 weeks in a rat caudal IVDD model. L) Semiquantitative analysis of ASIC-3 protein expression. M) ASIC-3 immunofluorescent intensity. 
N–R) DHI, MRI grading, histological grading, semiquantitative analysis of the HO-1 intensity, and semiquantitative analysis of ASIC-3 histochemistry after 4 weeks 
(n = 3; all data are presented as the mean ± standard deviation; *p < 0.05; **p < 0.01; ***p < 0.001; the comparison of the groups with different H2O2 con-
centrations and the blank control group was performed using a one-way ANOVA and Tukey’s test, respectively; ns, not significant). 
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sustained release of the BPQDs. The amino group in CS was reacted with 
the carboxyl group of the microspheres under the 1-ethyl-3-[3-dimethy-
laminopropyl] carbodiimide hydrochlorid e (EDC)/N-hydrox-
ysuccinimide (NHS) system (Fig. 3A, B) to complete the nanoparticle 
grafting [39]. The GM@CS-BP microspheres possessed relatively uni-
form surface pores with a distribution of 5.6 ± 4.05 μm (Fig. 3K), which 
enabled the GM microspheres to fully combine with the CS-BP nano-
particles and provided the morphological basis for the effective 
drug-loading of the GM microspheres (Fig. 3D). The size distribution of 
the microspheres was 68.7 ± 21.25 μm (Fig. 3L), which did not change 
significantly between the simple GM and GM-BP microspheres (Fig. S2). 
The local magnification of the pores on the microsphere surfaces showed 
the presence of uniformly dense CS-BP nanoparticles (marked by red 
arrows), which proved the connection and effective loading. The suc-
cessful injection of the microspheres through a needle syringe provided 
the basis for the planned IVDD treatment. A micro syringe with a small 
needle tip was therefore chosen to simulate the injection apparatus for 
rat IVDD. The microspheres were successfully injected with uniform 
dispersion while maintaining their intact morphology (Fig. 3F). The 
GelMA microspheres were uniformly arranged in the oil phase and did 
not exhibit significant changes in size and structure for 30 min (Fig. 3G). 
Infrared spectroscopy (FT-IR) and energy dispersive spectroscopy (EDS) 
analyses were performed to verify the binding between the GM micro-
spheres and CS. As shown in the FT-IR spectra (Fig. 3H), specific 
chemical groups of both GelMA and CS were observed in the GM@CS-BP 
spectra, indicating that GelMA and CS formed a good mixture [53]. 
Compared to the GelMA microspheres alone, GM@CS-BP showed a 
significant downward shift at the 3300 cm− 1 peak, indicating the pres-
ence of –OH, whereas the decrease in the peak at 1640 cm− 1 represented 
the presence of C––C vibrations. The comparison with the IR spectrum of 

CS revealed a decrease in the peak at both 1620 and 1530 cm− 1, which 
may have been related to the NH3 on CS [54]. There were no significant 
changes in the GM@CS-BP and GM@CS groups. The elemental contents 
of GM and GM@CS-BP were compared using EDS (Fig. 3I). As expected, 
the phosphorus (P) element in GM@CS-BP was substantially elevated by 
10.2% compared to that in the GM group. This indicated the successful 
grafting of the CS on the microsphere surfaces and the presence of 
released BPQDs. A small amount of nitrogen (N) was also detected on the 
surfaces of the GelMA microspheres as some of the amino groups had not 
been completely replaced in the preparation of the GelMA [55]. In 
summary, the successful grafting of GelMA microspheres and CS-BP 
nanoparticles was demonstrated by FT-IR and EDS. 

The ability of GM@CS-BP to release BPQDs is also crucial for treating 
IVDD. Partial BP nanosheets were likely to be oxidized to P–O–P and 
terminated with oʹ-P2O5 or phosphoric acid. These functional groups 
can stabilize the BP nanosheets for biomedical applications. As BP is not 
a conventional drug, plotting its release profile is challenging. To verify 
the consistent and effective release of BP, P was measured in solution 
using inductively coupled plasma optical emission spectrometry (ICP) 
[56]. The encapsulation efficiency was calculated using Equation (1). 
Owing to the simple preparation process, the CS-BP group exhibited the 
highest encapsulation efficiency (the average encapsulation rate was 
67.83%). The average encapsulation rate of GM@CS-BP to BP (60.63%) 
was much higher than that obtained using physical adsorption (the 
average encapsulation rate of GM-BP was 36.31%), which confirmed a 
1.67-fold increase in the encapsulation rate (Fig. 3J). To delineate the 
release curve of the BPQDs, the supernatants of the microspheres at 
specified timepoints were detected, and the cumulative release of P was 
calculated to represent the BP release pattern. The release profiles of the 
microspheres and BP by physical adsorption exhibited a rapid abrupt 

Fig. 2. Preparation and characterization of BPQDs and CS. A) Schematic diagram of BPQDs prepared by liquid-phase exfoliation. B) BPQDs before and after 
sonication. C) Morphology of BPQDs under TEM. D) Morphology of CS-BP under TEM. E) Raman spectra of BPQDs, CS, and CS-BP. F) Particle sizes of the BPQDs. G) 
Particle size of CS-BP. H) Zeta potential. 
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release within five days. In contrast, although the release of BP after 
encapsulation by CS was lower within five days, a more regular and 
continuous release was maintained in the latter process. The GM@CS-BP 
and CS-BP groups showed decent release ability in both the early and 
late stages. This may be because CS protected BP from oxidative loss 
during preparation, whereas the break of the electrostatic force formed 
by the CS and BPQDs was able to release BPQDs continuously and effi-
ciently. These results demonstrate the encapsulation and sustained 
release capabilities of the oxygen metabolic-balance functionalized 
hydrogel microspheres. 

2.4. The anti-apoptotic and antioxidant capacities and biocompatibility of 
GM@CS-BP 

Given the long-term ischemic and hypoxic microenvironment of 
IVDs, the dynamic balance between the generation and scavenging of 
ROS is disrupted, triggering the accumulation of a large number of ROS 
products inside IVDs [12]. The accumulation of ROS products causes an 
increase in the level of tissue lipid peroxidation, triggering changes in 
the mitochondrial membrane potential, an increase in the permeability 
of the outer mitochondrial membrane, and a large outflow of apoptotic 
factors that eventually lead to apoptosis [3]. In addition, ROS product 

accumulation activates downstream inflammatory pathways, leading to 
the release of large amounts of inflammatory factors inside IVDs. The 
most representative H2O2 in ROS was therefore chosen to simulate the 
oxidative stress environment inside IVDs, and the required H2O2 con-
centration was verified using the Cell Counting Kit (CCK)-8 assay. As 
shown in Fig. 4B, when stimulated with 50 μM of H2O2, NP cell activity 
was not significantly inhibited, whereas when stimulated with 200 μM 
of H2O2, NP cell growth was significantly inhibited compared to the 
control group, with its activity being nearly half that of the control 
group. In contrast, H2O2 stimulation at 400 μM resulted in cell death in 
more than half of the NP cells. Based on previous studies, an H2O2 
concentration of 200 μM was screened as an intervention condition to 
simulate the oxidative stress environment in IVDs [57]. In this study, the 
anti-ROS ability of GM@CS-BP was a key factor for assessment, and the 
DCFH-DA probe was chosen to verify the H2O2 scavenging ability of the 
material [58] and validate its appropriate ratio. In brief, CS-BP solutions 
and GM microspheres of different volume ratios (1:1, 1:2, 1:4, 1:8, and 
1:16) were chemically linked through amide bonds, and the composite 
microspheres were co-cultured with NP cells. The co-culture system was 
stimulated with H2O2 for 6 h, after which a DCFH-DA fluorescent probe 
was used to detect ROS levels. Intra-environmental ROS fluorescence 
intensity was significantly reduced when the volume ratio of the CS-BP 

Fig. 3. Preparation and characterization of GelMA 
microspheres and GM@CS-BP. A) Schematic dia-
gram of the grafting of CS-BP and GelMA. B) GelMA 
and CS-BP. C) Morphology of GelMA microspheres 
under SEM. D) Morphology of GM@CS-BP micro-
spheres under SEM. E) Local magnification of 
GM@CS-BP. F) GM@CS-BP microspheres injected 
through the micro syringe. G) Morphology of oil- 
phased GM@CS-BP under a light microscope. H) FT- 
IR analysis. I) EDS analysis. J) Cumulative release 
curve of BPQDs detected by ICP. K) Pore sizes of the 
GM@CS-BP microspheres. L) Particle sizes of the 
GM@CS-BP microspheres.   
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nanoparticle solution to GM microsphere solution was 1:2 (**p < 0.01, 
compared to the control and volume ratio 1:8 and 1:16 groups) and 1:4 
(***p < 0.001, compared to the control and volume ratio 1:8 and 1:16 
groups) (Fig. 4F). The lowest H2O2 intensity was detected at a volume 
ratio of 1:4 (**p < 0.01, compared with the volume ratio 1:2 group), 
indicating that the anti-ROS ability of the material had reached its 
highest peak (Fig. 4C) with a 2.29-fold decrease in fluorescence intensity 
compared with the control group. Additionally, increasing or decreasing 
the volume ratio reduced the anti-ROS ability of the material. The reason 
for this may have been the lack of an antioxidative capacity of the ma-
terial at a low BPQD content, while the composite microspheres may 
have over-reduced O2 when the BPQDs were excessive, thereby resulting 
in an unimproved hypoxic environment. The total antioxidant capacity 
(T-AOC) of CS-BP, GM, GM-BP, and GM@CS-BP was also detected 6 h 
after preparation [59] and was presented as the Trolox-equivalent 
antioxidant capacity (Fig. 4D). Notably, CS-BP showed strong antioxi-
dant capacity. This is due to the fact that CS-BP can directly and effec-
tively release BPQDs. The GM microspheres exhibited almost no 
antioxidant capacity, whereas the antioxidant capacity of GM-BP and 
GM@CS-BP substantially increased. The 6 h T-AOC results indicated 
that GM-BP had a considerable antioxidant capacity due to the rapid 
abrupt release of GM-BP. As shown in the fluorescence semiquantitative 
results of the DCFH-DA probe, the materials possessed a satisfactory ROS 
scavenging ability, and the proper volume ratios of the GM microspheres 
and CS-BP nanoparticle solution were screened, which established the 
basis for subsequent experiments. 

A live/dead cell assay was then performed (Fig. 4G, S3). At first, the 
cells were evenly distributed on the microspheres. On day 7, an increase 
in live cells on the microspheres was observed, while the increase in 
dead cells was not significant. This indicated that the composite 

microsphere scaffold may be a suitable biological scaffold for the growth 
of NP cells. The mitochondria are the main sites of ROS production. ROS 
induce a decrease in mitochondrial transmembrane potential at the site 
of the mitochondrial respiratory chain complex, allowing apoptosis- 
related proteins to translocate across the membrane into the cyto-
plasm and trigger apoptosis. Membrane potential was verified using the 
JC-1 kit. The JC-1 probe was present in mitochondria as polymers (J- 
aggregates) and exhibited a red color under a fluorescence microscope at 
a high mitochondrial membrane potential, while its monomer exhibited 
green fluorescence at a low mitochondrial membrane potential (Fig. 4H) 
[60]. Without intervention with H2O2 as the control, CS-BP, GM, GM-BP, 
and GM@CS-BP were compared by co-culturing the microspheres and 
cells after H2O2 treatment (Fig. 4E). The CS-BP group showed strong 
anti-apoptotic ability owing to the biological effects triggered by the 
release of reductive BPQDs. The H2O2 and GM groups mainly showed 
green fluorescence, with no significant difference in their relative fluo-
rescence intensity (RFI; RFI = J-aggregates/monomer) compared with 
the control group. This indicated a low mitochondrial membrane po-
tential in the H2O2 and GM groups, and that the cells were in the early 
stages of apoptosis. The CS-BP, GM-BP, and GM@CS-BP groups exhibi-
ted red fluorescence, and the RFI was close to that of the control group. A 
possible reason for this may have been that the BPQDs released from the 
hydrogel microsphere scaffold successfully blocked the peroxidation of 
the mitochondrial membrane by ROS, which is important for blocking 
the mitochondrial apoptotic pathway. 

2.5. Regulation of ASIC and inflammation by GM@CS-BP 

ASICs are cation channels directly activated by extracellular H+. 
They not only participate in neural functions, such as touch, 

Fig. 4. The biocompatibility and antioxidant and 
anti-apoptotic capacities of GM@CS-BP. A) Sche-
matic diagram of GM@CS-BP against oxidative stress 
in NP cells. B) CCK-8 assay of NP cells after stimula-
tion with different concentrations of H2O2 for 6 and 
24 h. C) Semiquantitative analysis of the anti-ROS 
ability of materials at different GM-to–CS–BP ratios 
detected by a DCFH-DA fluorescent probe. D) Total 
antioxidant capacities of CS-BP, GM, GM-BP, and 
GM@CS-BP. E) Semiquantitative analysis of the 
relative fluorescence intensity of JC-1 mitochondrial 
membrane potential in a co-culture of materials and 
cells after H2O2 stimulation. F) DCFH-DA fluorescent 
probe to detect intracellular ROS. G) Live/dead 
staining of microspheres and cells co-cultured after 4 
and 7 days. H) Detection of JC-1 mitochondrial 
membrane potential in the co-culture of materials and 
cells after H2O2 stimulation. Yellow circles represent 
different microspheres. (n = 3; all data are presented 
as the mean ± standard deviation and were compared 
by a one-way ANOVA and Tukey’s test; *p < 0.05; 
**p < 0.01; ***p < 0.001; ns, not significant).   
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nociception, learning, and memory, but are also involved in patho-
physiological processes, such as inflammation, ischemia, and hypoxia. 
ASICs are involved in IVDD processes, which are characterized by NP 
cell reduction and ECM destruction (Fig. 5A) [8]. A recent study showed 
that ASIC-3 expression is significantly increased in degenerated NP cells. 
Extracellular acids activate downstream signaling pathways and regu-
late gene expression, stimulating the production of multiple 
pro-inflammatory factors such as TNF-α, IL-1β through the NF-κB 
signaling pathway [5]. This further enhances MMP activity and induces 
inflammation. In IVDs tissue, MMP13 is capable of specifically degrad-
ing COL-II, a major component of the ECM in IVDs. The imbalance be-
tween ECM synthesis and degradation is a major cause of IVDD. 
Therefore, using biomaterials to block the oxidative stress process, 
activation of ASICs, and onset of the downstream inflammatory cascade 
to promote the reconstruction of the ECM is an important therapeutic 
option for IVDs. In this study, the ability of GM@CS-BP microspheres to 
block ASIC-3 was assessed using immunofluorescent staining (Fig. 5C). 
In the H2O2 and GM groups, the expression of ASIC-3 was higher, 
whereas the CS-BP group was able to reduce the fluorescence intensity of 
ASIC-3 by 56%, compared to the H2O2 group (Fig. 5B). The GM@CS-BP 
microspheres were able to inhibit ASIC-3 fluorescence intensity by 49%, 
which demonstrated that the GM@CS-BP composite microspheres could 
negatively regulate ASIC-3 expression. The immunofluorescent staining 
of COL-II (Fig. 5D) showed that the expression of COL-II was increased 
by 85%, 63% and 79% in the CS-BP, GM-BP and GM@CS-BP groups, 

respectively, compared to the control group (Fig. 5B, p < 0.001). 
The semi-quantitative results of western blotting were as expected 

(Fig. 6A). The expression of ASIC-3 was significantly inhibited (Fig. 6B), 
whereas GM@CS-BP decreased the expression of pro-inflammatory 
factors such as TNF-α, cleaved IL-1β and IL-6 by 2.79-, 1.41 and 1.94- 
fold, respectively (Fig. 6C–E) and downregulated MMP13 synthesis 
(Fig. 6F). This reduced the degradation of the ECM in the NP cells, 
resulting in a 3.35-fold increase in COL-II (Fig. 6G). The quantitative 
real-time polymerase chain reaction (qRT-PCR) results (Figs. S5A–F) 
showed that the gene expression levels of ASIC-3, IL-1β, TNF-α, and IL-6 
were significantly downregulated and that the expression of the 
catabolism-related gene MMP13 was reduced, while the expression of 
COL-II, a representative gene of the ECM in NP cells, was significantly 
increased. This further demonstrated that the ECM metabolic disorder 
caused by the chronic inflammatory response had improved. We further 
verified the activation of inflammation-related signaling pathways such 
as MAPK and NF-κB. The phosphorylation of p38 and p65 was inhibited 
by 1.78- and 1.53-fold in the GM@CS-BP group compared to the control 
group (Fig. 6H and I). Notably, CS-BP exhibits a similar effect to 
GM@CS-BP. These results demonstrate that the intervention of antiox-
idant BPQDs released from the oxygen metabolism-balanced engineered 
hydrogel microspheres or CS successfully attenuated the acidic 
environment-induced inflammatory cascade within the IVDs, thus 
reversing the imbalance of ECM synthesis and degradation. In conclu-
sion, GM@CS-BP was able to regulate the oxidative stress 

Fig. 5. A) Schematic diagram of cells co-cultured with microspheres after H2O2 intervention. B) Semiquantitative analysis of the immunofluorescent staining of 
ASIC-3 and COL-II. C–D) Immunofluorescence of ASIC-3 and COL-II. (n = 3; the results were compared with the control group by a one-way ANOVA and Tukey’s test; 
*p < 0.05; ***p < 0.001). 
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microenvironment within the NP cells, providing proliferative capacities 
for the NP cells and successfully remodeling the ECMs of the NP by 
regulating local inflammation. However, IVDD is a complex and dy-
namic pathological microenvironment. The function of GM@CS-BP in 
neutralizing ROS, inhibiting the acid-sensing complex, and reducing the 
inflammatory response must be further explored in vivo. 

2.6. In vivo anti-IVDD efficacy of GM@CS-BP microspheres 

Improving the oxidative stress environment within IVDs and pro-
moting the reconstruction of the ECM within NP in vivo were the ulti-
mate aims of this study. To investigate the ability of oxygen metabolic 
balance-engineered hydrogel microspheres to delay IVDD in vivo, a rat 
caudal IVDD model was established (Fig. 7A) [39]. Imaging and histo-
logical sectioning are useful methods to assess IVDs degeneration and 
regeneration. As shown in Fig. 7B, there was a significant difference in 
disc height between the blank control and simple puncture groups at 4 
and 8 weeks (Fig. 7D–E, p < 0.001). A significant decrease was observed 
at 8 weeks compared with that at 4 weeks, which proved the successful 
construction of the IVDD model. There was no significant difference 
between the CS-BP, GM and simple puncture groups at 4 and 8 weeks, 
whereas a significant recovery of disc height was observed in the GM-BP 
and GM@CS-BP groups compared to the CS-BP, GM and NC groups (p <
0.001). Owing to the long-term high pressure in the intervertebral disc, a 
large amount of leakage and loss occurred after the injection of nano-
particles, resulting in the CS-BP group performing worser in the in vivo 
experiment than in the in vivo experiment. A more significant increase in 
the GM@CS-BP group was observed compared to the GM-BP group (p <
0.05), indicating an improved loading rate and sustained release due to 

the CS encapsulation of the BPQDs. The higher T2-weighted signal on 
the MRI scan indicated a higher water content in the NP (Fig. 7C). As 
IVDD progresses, the high loss of proteoglycans reduces the water con-
tent of the IVDs, which gradually “darken” in contrast to the healthy 
water-bearing tissue that appear white on MRI scans [38]. At 4 and 8 
weeks, the NP of the NC group showed a significantly low T2-weighted 
signal (Fig. 7F), whereas the NP in the control group maintained a 
high-water content (p < 0.001), demonstrating irreversible damage 
after disc puncture. Compared to the CS-BP, GM and NC groups, a sig-
nificant improvement in MRI grading based on the Thomson classifi-
cation was found in the GM@CS-BP and GM-BP groups at 8weeks. The 
GM@CS-BP group showed improved MRI grading compared with the 
GM-BP group (p < 0.01). This further indicated that the BPQDs could 
regulate the local oxidative stress environment to repair the water 
content and collapse of IVDs and delay IVDD progression, whereas the 
introduction of CS further enhanced the repairing effects of the oxygen 
metabolic balance engineered hydrogel microspheres. 

Tissue sections were collected 4 and 8 weeks after surgery. The 
morphology of the NP was observed using H&E staining (Fig. 8A) [61]. 
The NP area in the GM@CS-BP group was lower than that in the control 
group, but distinct tissue margins were observed. In contrast, the atro-
phy of the NP was not significantly improved in the GM group compared 
to the NC group, and the NP borders were difficult to distinguish. 
Although an NP area was observed in the GM-BP group, it was insuffi-
cient to represent NP regeneration. Safranin O/Fast green staining was 
used to assess the proteoglycan (orange) and collagen (blue) contents in 
the IVDs (Fig. 8B). The NP in the IVDs completely ruptured in the NC 
group and remained unimproved at 8 weeks. Significant orange aggre-
gation was observed in the GM@CS-BP group compared to that in the 

Fig. 6. Protein expression of NP cells following H2O2 stimulation. A) Western blot of ASIC-3, TNF-α, cleaved IL-1β, pro IL-1β, IL-6, MMP13, COL-II, and the NF- 
κB and p38 MAPK signaling pathways. B–G) Semiquantitative analysis of ASIC-3, TNF-α, cleaved IL-1β/pro IL-1β, IL-6, MMP13, and COL-II protein expression. H–I) 
Semiquantitative analysis of p65, p-p65, p38, and p-p38 protein expression. (n = 3; all data are presented as the mean ± standard deviation; *p < 0.05; **p < 0.01; 
***p < 0.001; the comparisons between CS-BP, GM, GM-BP, GM@CS-BP, and the control group were performed by one-way ANOVAs and Tukey’s test; ns, 
not significant). 
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NC group, indicating proteoglycan remodeling. Proteoglycans were 
observed in the GM-BP group but did not form an intact structure. They 
also did not lead to significant repairs in the degeneration or structural 
loss of the IVDs. At 4 and 8 weeks after surgery, the Masuda histological 
grading in the GM@CS-BP and GM-BP groups was significantly 
decreased compared to that in the NC, CS-BP and GM groups (p < 0.001) 
and further decreased with time, indicating the onset of regenerative 
processes (Fig. 8G). In addition, significantly enhanced repair was found 
in the GM@CS-BP group compared to the GM-BP group (p < 0.05). It 
was worth noting that although the anti-oxidation ability of the CS-BP 
group in the in vitro experiment was excellent, the therapeutic effect 
of CS-BP in vivo was limited. This may be because the IVDD is in a 
long-term high-pressure environment, and the excessive pressure load 
leads to continuous leakage and loss of nanoparticles, which ultimately 
leads to the inability of CS-BP to effectively play its biological role. This 
phenomenon was also observed in subsequent experiments. HO-1 is 
susceptible to induction by multiple stimuli, and the products yielded 
from the degradation of heme play an important protective role in cells. 
A slight increase in the intensity of HO-1 immunofluorescence was 
observed in the NC group compared to the control group (Fig. 8C), 
which was likely due to the oxidative stress environment activating the 
Nrf2/HO-1 pathway and triggering self-defense in the NP. The fluores-
cence intensity of HO-1 was significantly enhanced after treatment with 
GM-BP and GM@CS-BP compared to the simple puncture and GM 
groups, demonstrating that the composite microspheres were able to 

upregulate HO-1 expression and attenuate oxidative stress-induced 
injury (Fig. 8H). To verify the ability of GM@CS-BP to block 
ROS-triggered ASIC activation and inhibit local ECM degradation, an 
immunohistochemical analysis of COL-II and ASIC-3 was performed 
(Fig. 8D, E). The immunofluorescent intensity of COL-II at 4 and 8 weeks 
was significantly enhanced in the GM@CS-BP group compared to the 
NC, GM, and GM-BP groups, and was 10.22- and 13.47-fold higher than 
that in the NC group, respectively (Fig. 8I). This indicated ECM 
remodeling induced by the slow sustained release of BPQDs from the 
material. The immunofluorescent intensity of ASIC-3 at 4 and 8 weeks in 
the GM@CS-BP group decreased by 1.91- and 4.31-fold compared to 
that in the NC group (Fig. 8J). ASIC-3 expression in the GM@CS-BP and 
GM-BP groups was significantly lower than that in the NC, CS-BP and 
GM groups at 4 weeks (p < 0.001). It was further found that ASIC-3 
expression in the GM@CS-BP group was significantly inhibited 
compared to that in the GM (p < 0.001), NC (p < 0.001), and GM-BP (p 
< 0.01) groups at 8 weeks. Finally, we found that the immunofluores-
cent intensity of IL-1β (Fig. 8F) at 4 and 8 weeks in the GM@CS-BP group 
decreased by 2.45- and 3.87-fold, respectively, compared to that in the 
NC group (Fig. 8K). However, the CS-BP, GM and GM-BP groups were 
less effective than GM@CS-BP group. This may be due to the structure of 
GM@CS-BP, which can uniformly, effectively, and sustainably release 
antioxidant-type BPQDs and block the expression of acid-sensitive 
complexes by inhibiting oxidative stress, a trend that has become 
more significant over time. In summary, the in vivo results demonstrated 

Fig. 7. Schematic diagram and MRI analysis of the IVDD model. A) Schematic diagram of the rat IVDD model and surgical photos. B) X-ray photos. C) MRI scans. 
D–E) DHI changes at 4 and 8 weeks. F) MRI grading 4 and 8 weeks after surgery. (n = 3; all data are presented as the mean ± standard deviation; *p < 0.05; **p <
0.01; ***p < 0.001; the comparison of NC, CS-BP, GM, GM-BP, and GM@CS-BP was performed by a one-way ANOVA and Tukey’s test, respectively; ns, 
not significant). 
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that although the disc height index (DHI%) and MRI signals in the 
GM-BP group were superior to those in the GM and NC groups, the 
GM@CS-BP group showed significantly better outcomes, and the im-
provements in DHI% and MRI signals were more pronounced after 8 
weeks. Histological staining showed a significantly larger amount of 
residual NP tissue and proteoglycan deposition in the GM@CS-BP group, 
and the ROS-scavenging ability and HO-1 expression exceeded those of 
the other microspheres. Increased COL-II and decreased ASIC-3 in-
tensities in the immunohistochemistry analyses also suggested that 
anti-ROS treatment could modulate the imbalance between ECM syn-
thesis and degradation. The analyses further provided evidence for the 
inhibition of ASIC and blocking of the subsequent inflammatory 
cascade. These results demonstrate that the composite microspheres 
formed using GelMA microspheres and CS are capable of the sustained 
and targeted release of BPQDs into IVDs, inhibiting local overactive 
inflammatory responses, and promoting the regeneration of NP cells by 
blocking oxidative stress. 

3. Conclusion 

We found that ROS stimulation directly upregulated the expression 
of the ASIC-3 protein in NP cells and further activated the release of 
inflammatory factors, such as TNF-α and IL-1β. This not only proves that 
the imbalance of oxygen metabolism leads to the degradation of the 
ECM in NP tissue and accelerates IVDD, but also explores the positive 

feedback between ROS and acid-sensitive complexes. These findings 
further provide new insights into anti-ROS therapy for IVDD. On this 
basis, novel oxygen metabolism-balanced engineered hydrogel micro-
spheres were constructed to regulate the imbalance of ROS in IVDD 
precisely by the uniform loading and targeting and sustained release of 
strong antioxidant BPQDs from CS. The composite microspheres were 
found to downregulate the expression of the acid-sensing complex in NP 
cells under high-intensity ROS stimulation; block the activation of 
downstream inflammatory pathways; and block the vicious cycle be-
tween oxidative stress and inflammation to achieve ECM stability in 
IVDD, restore tissue function, and promote NP regeneration. The oxygen 
metabolism-balanced engineered hydrogel microspheres constructed in 
this study therefore represent a new approach for IVDD treatment 
through a local anti-oxidative stress strategy to regulate the expression 
of acid-sensing complexes. 

4. Experimental section 

4.1. Materials 

All chemical reagents were purchased from Aladdin Reagent Co. 
(China) unless otherwise specified. Black phosphorus crystals were 
purchased from Xianfeng Nanomaterial Technology Co., Ltd. (China). 
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum 
(FBS), trypsin, and penicillin/streptomycin were purchased from Gibco 

Fig. 8. Histological evaluation in vivo. A) H&E staining results at 4 weeks and 8 weeks. B) Safranin O-Fast Green staining. C) HO-1 immunofluorescence. D-E) 
COL-II and ASIC-3 immunohistochemical staining. F) IL-1β immunofluorescence. G) Histological grading at 4 weeks and 8 weeks. H) Semiquantitative analysis of HO- 
1 immunofluorescence. I-J) Semiquantitative analysis of COL-II and ASIC-3. K) Semiquantitative analysis of IL-1β immunofluorescence. (n = 3; all data are presented 
as mean ± standard deviation; *p < 0.05; **p < 0.01; ***p < 0.001; the comparison of NC, CS-BP, GM, GM-BP, GM@CS-BP in the blank control group and simple 
puncture group was performed by one-way ANOVA and Tukey’s test, respectively; ns, not significant). 
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(USA). 

4.2. Detection of lactate concentrations and pH 

First, the NP cells were stimulated with different concentrations of 
H2O2 for 30 min, after which the cells were washed three times using 
DMEM/F12 medium and incubated in a cell incubator for 24 h. Ac-
cording to the manufacturer’s instructions for the lactate detection kit 
(Sigma-Aldrich, lot:7G16K06070), a 1-nmol/μL lactate standard solu-
tion was prepared and used to plot the standard curve. The solution was 
then centrifuged and deproteinated using a 10-kDa MWCO spin filter to 
remove lactate dehydrogenase. The lactate concentration was measured 
using a colorimetric assay. The pH of the sample solution was deter-
mined using a pH microelectrode meter. 

4.3. Western blot 

The NP cells were stimulated with different concentrations (50, 100, 
200, and 400 μM) of H2O2 for 30 min and then incubated for 24 h. The 
expression of the ASIC-3 (Abcam, ab49333) protein was detected by 
western blotting. Proteins were extracted by adding RIPA lysate con-
taining a protease inhibitor. The protein concentration was quantified 
using a BCA protein quantification kit (Solarbio, China). After electro-
phoresis, membrane transfer, blocking, and incubation with the primary 
and secondary antibodies, the gel was scanned and photographed using 
a gel imaging system. The grayscale values of the bands in the images 
were quantified using ImageJ software. 

4.4. Immunofluorescence detection of ROS-ASIC-3 

The NP cells were treated with 0, 50, 100, 200, and 400 μM of H2O2 
for 30 min, cultured for 24 h, fixed in 4% paraformaldehyde, and per-
meabilized with 0.3% Triton-X 100 (Sigma-Aldrich, USA). They were 
then incubated overnight with 5% bovine serum albumin (BSA; Bio-
sharp, Shanghai, China) and the primary antibody against ASIC-3 
(Novus Biologicals, NBP1-46288) overnight, washed, and then incu-
bated with the secondary antibody at room temperature for 2 h. Phal-
loidin (Yearsen, China) and DAPI (Abcam, USA) were used for staining, 
and the cells were observed under an inverted fluorescence microscope. 
A semiquantitative fluorescence analysis was performed using ImageJ 
software. 

4.5. In vivo experiments and animal screening 

Male SD rats with an average weight of 300–350 g were purchased 
from Soochow University Laboratory Animal Center. Good surgical and 
therapeutic outcomes were achieved. This study was approved by the 
Ethics Committee of the First Affiliated Hospital of Soochow University. 

4.6. Establishment of rat caudal IVDD models 

The rats were injected intraperitoneally with 10% (wt%) chloral 
hydrate. After the rats had been anesthetized, their tails were sterilized. 
The rats were then continuously punctured with a needle in Co7–9 IVDs 
to induce degeneration. To ensure IVDD induction, the internal tissue of 
the IVDs was destroyed by suction after the needle punctures. Approx-
imately 15 μL of the GM and GM@CS-BP microsphere solutions were 
injected using a micropump syringe and 15 μL of phosphate-buffered 
saline (PBS) were injected into the NC group. After surgery, the rats 
were placed in a warm and ventilated area. 

4.7. Radiographic evaluations using X-rays and MRI 

Four and eight weeks after the surgeries, three rats were randomly 
selected from each group and underwent X-rays and MRI before being 
sacrificed. Each rat was placed in the supine position, and its tail was 

placed on a mammography device. The acquired X-ray images were 
assessed using ImageJ software, and the DHI% was calculated. MRI was 
performed using a 1.5T system (GE). T2-weighted images were acquired 
in the coronal plane. Radiologists who were blinded to the grouping 
assessed the T2-weighted signal intensities and scored the MRI with 
grades from I to IV according to the modified Thomson classification. 

4.8. Histological evaluation, immunofluorescence, and 
immunohistochemistry 

Four and eight weeks after the surgeries, the rats were sacrificed, and 
the IVDs were removed and immersed in formalin. They were decal-
cified in 10% EDTA for 30 days and embedded in paraffin. The speci-
mens were sectioned at a thickness of approximately 5 μm. The changes 
in tissue structure and collagen within the discs were observed by H&E 
staining and Safranin O/Fast green staining, respectively. Histological 
grading was performed using the scale established by Masuda et al. 
(Table S2), which was scored from 4 (normal) to 12 (severe degenera-
tion). Immunohistochemical staining for COL-II (ab34712), and ASIC-3 
(Novus Biologicals, NBP1-46288), HO-1 (Servicebio, GB11104) and IL- 
1β (ab283818) fluorescence was also performed on the sections for 
comparison with the NC group. 

4.9. Preparation of BPQDs 

The BPQDs were prepared using the established liquid-phase exfo-
liation technique (the process was carried out under nitrogen protec-
tion). First, 20 mg of BP crystals were dispersed in 20 mL of N-methyl-2- 
pyrrolidone (NMP) solution and sonicated in an ice water bath at 1200 
W for 3 h (Nanjing Saifei Co., Ltd., China; ultrasonic frequency: 19–25 
kHz, 2 s on/3 s off), after which the obtained solution was sonicated 
again in an ice water bath for 12 h. The dispersion was centrifuged at 
7000 rpm for 20 min to remove undispersed BP. The supernatant was 
collected in a new tube and centrifuged at 15,000 rpm for 2 h. After 
centrifugation, the supernatant was discarded, and the residue was 
resuspended in deionized water. 

4.10. Preparation of CS-BPQDs 

CS (40 mg, 200–400 mPa s) was dissolved in 20 mL of 1% (w/v) 
acetic acid solution at room temperature with magnetic stirring. When 
the solvent was clear and transparent, the pH was adjusted to 5.0 using a 
10 M NaOH solution and filtered three times with a 0.45-μm filter 
membrane (to prepare the CS-BPQDs, the BPQDs (0.2 mg/mL) were 
resuspended in CS nanoparticles with a BPQDs/CS mass ratio of 1:10). 
Trimeric phosphate (TPP) solution (0.7 mg/mL) was then added drop-
wise under magnetic stirring at 720 rpm to achieve a CS/TPP mass ratio 
of 4:1. At this point, the solution produced a transparent, opalescent 
color, indicating that TPP and CS had undergone ion crosslinking 
polymerization. The solution was then sonicated for 5 min using an 
ultrasonic crusher with 900 W power. This was repeated 2–3 times. The 
obtained CS nanoparticles were then filtered through a 0.22-μm filter 
membrane three times. 

4.11. Preparation of GelMA 

First, 20 g of gelatin were weighed in 200 mL of PBS, placed in a 
water bath, and stirred at 60 ◦C for 1 h until complete dissolution to 
obtain a 10% (w/v) transparent yellowish gelatin solution. Subse-
quently, 16 mL of MA were added dropwise to the gelatin solution using 
a micropump at a rate of 0.25 mL/min under light-proof conditions. The 
solution was then stirred continuously at 60 ◦C for 2 h, 800 mL of pre-
heated PBS were added to the above reaction, and stirring was continued 
for 15 min. The solution was then dialyzed in 12–14-kDa dialysis bags 
for 2 weeks. The PBS was replaced every 2 days to obtain the GelMA 
solution, which was freeze-dried and stored in a − 80 ◦C refrigerator. 
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4.12. Preparation of GelMA hydrogel microspheres and GM-BP 

The GelMA hydrogel microspheres were prepared using a water-in- 
oil microfluidic technique. First, coaxial electrospinning nozzles (inner 
and outer needles with diameters of 30G and 21G, respectively) were 
connected to two micropumps through silicone tubes. The outer needle 
of the coaxial electrospinning nozzle was used as a continuous phase for 
co-flow shearing and was connected to an isopropyl myristate solution 
containing 10% (w/w) Span80. The inner needle was connected to the 
dispersed phase with a 7% (w/v) GelMA aqueous solution and 0.5% (w/ 
v) I2595 photoinitiator. The flow rate of the aqueous (GelMA) phase to 
the oil phase was adjusted to 15:500 μL/min by adjusting the micro-
pump. Continuous monodisperse spherical microdroplets were pro-
duced at the interface. After the droplets were uniform in size, they were 
placed in a beaker with a prefilled oil solution under light-proof con-
ditions. The beaker was removed every 10–20 min, fully irradiated with 
UV light, and replaced (the entire system was maintained at a certain 
temperature to prevent cross-linking blockage in the needle). The 
collected cross-linked hydrogel microspheres were then washed three 
times with 75% ethanol and five times with PBS. The PBS was then 
changed every 3 h to remove the photoinitiator and oil. The purified 
microspheres were frozen overnight at − 80 ◦C and freeze-dried imme-
diately after removal to obtain porous hydrogel microspheres. The 
prepared freeze-dried GelMA microsphere redissolved-solution was 
blended with 1.25 mL BPQDs solution (0.2 mg/mL) and stirred at 37 ◦C 
for 5 min under nitrogen protection. 

4.13. Grafting of microspheres with nanoparticles and concentration 
screening 

Lyophilized microspheres, 16 mg of EDC, and 24 mg of NHS were 
added sequentially to 2 mL of MES buffer (pH 6.0). The cells were then 
activated in a thermostatic shaker at 37 ◦C for 15 min. The prepared CS- 
BP solution was added to the microspheres in different volumes so that 
the volume ratios of the CS-BP to microsphere solutions were 1:1, 1:2, 
1:4, 1:8, and 1:16. They were incubated overnight at 37 ◦C in a ther-
mostatic shaker, centrifuged, and rinsed three times with deionized 
water. To explore the microsphere-to-nanoparticle volume ratio that 
possesses the most suitable ROS-scavenging capacity, approximately 
200 of the obtained purified microspheres were placed in 24-well plates, 
sterilized with alcohol and UV, washed three times with PBS, and soaked 
in culture medium for 6 h. Approximately 4 × 104 of the NP cells 
stimulated with 200 μM of H2O2 were inoculated into microspheres and 
co-cultured overnight. DCFH-DA fluorescent probes were diluted in 
serum-free medium at 1:1000. The microsphere–cell co-culture system 
was washed with PBS, and an appropriate volume of diluted DCFH-DA 
fluorescent probes was added and incubated in a 37 ◦C cell incubator 
for 30 min. Morphological observations were made by fluorescence 
microscopy and semiquantitative fluorescence analyses using ImageJ 
software. 

4.14. Nanoparticle and microsphere characterization 

The particle sizes and Zeta potentials of the CS nanoparticles were 
measured using a Zetasizer (Malvern Zetasizer Nano zs90, UK). The 
morphologies of the CS nanoparticles, BPQDs, and CS-BP were examined 
by TEM (Hitachi HT7700, Japan) at 200 kV. The GelMA and GM@CS-BP 
microspheres were immobilized using a conductive adhesive and plated 
with gold for 45 s (Quorum Technologies, SC7620, UK). The morphol-
ogies were observed by scanning electron microscopy (SEM; Hitachi S- 
4800 SEM, Japan) at an accelerating voltage of 10 kV. A surface 
elemental analysis of the microspheres was performed using EDS (Ox-
ford), and the elemental compositions of the microspheres, nano-
particles, and BPQDs were examined using IR (Thermo Scientific, 
Nicolet 6700, USA) and Raman spectroscopy (Renishaw, InVia 
Spectrometer). 

4.15. Encapsulation and release efficiency measurements of composite 
microspheres 

The constructed CS-BP, GM-BP, and GM@CS-BP (the volume ratio of 
the GM microsphere solution to CS-BP nanoparticle solution was 4:1) 
were prepared according to Sections 4.10, 4.12, and 4.13, respectively, 
and free BPQDs in the suspension were collected after centrifugation at 
1400 rpm for 5 min. The mass of BPQDs was calculated (W1) using an 
inductively coupled plasma emission spectrometer (7400 DUO, Thermo 
Fisher), the total amount of phosphorus was 0.25 mg (W2), and the 
encapsulation efficiency was calculated according to Equation (1). The 
samples were prepared in triplicates. The remaining materials were 
placed in 10 mL of pure water in a 37 ◦C thermostatic shaker at 100 rpm. 
The supernatant was collected after 1, 2, 3, 5, 7, 9, 12, 15, 18, and 21 
days and resuspended in 10 mL of pure water (under nitrogen protec-
tion). The obtained supernatants were analyzed using ICP to determine 
the concentration of elemental phosphorus in each solution. 

Encapsulation efficiency=
W2 − W1

W2
ⅹ100% Equation (1)  

4.16. Preparation for the in vitro experiments 

The NP cells used in the experiments were extracted from the caudal 
vertebrae of the SD rats. The rat caudal vertebrae were isolated under 
aseptic conditions. The NP tissue at each stage was finely removed using 
ophthalmic forceps; 0.25% type II collagenase was added; and the cells 
were incubated in a 37 ◦C cell culture incubator for 2 h. The cell sus-
pension was filtered using a cell filter. The supernatant was discarded by 
centrifugation, and DMEM/F12 medium with 10% FBS was added after 
three washes with sterile PBS. The cells were incubated in a cell culture 
incubator at 37 ◦C with 5% CO2. The medium was changed every 2–3 
days, and the cells were passaged or frozen for approximately 1 week. 

4.17. Co-culture of microspheres and cells and screening of H2O2 
concentrations 

Approximately 200 of the obtained purified microspheres were 
placed into 24-well plates, sterilized with alcohol and UV, washed three 
times with PBS, and soaked in microspheres for 6 h. Approximately 4 ×
104 of the NP cells, which had been pre-stimulated with 0, 50, 100, 200, 
and 400 μM of H2O2 for 30 min, were inoculated into the microspheres 
and co-cultured overnight. Incubation was continued in a cell incubator 
at 37 ◦C for 6 and 24 h. The CCK-8 assay kit (Dojindo, Japan) was added 
to the medium at 10% (v/v) for 4 h. The medium (100 μL) was trans-
ferred into 96-well plates. Absorbance was measured at 450 nm using an 
enzyme marker. 

4.18. Total antioxidant capacity of the materials 

Approximately 200 GM, GM-BP, GM@CS-BP microspheres and CS- 
BP were resuspended in 2 mL of PBS. After 6 h, the supernatant was 
collected according to the manufacturer’s instructions for the T-AOC 
assay kit (Beyotime, Shanghai, China). The Trolox-equivalent antioxi-
dant capacity was determined using the 2,2′-azido bis (3-ethyl-
benzothiazoline-6-sulfonic acid) method and was presented in mmol/L. 

4.19. Cell viability 

A live/dead staining assay was performed. After 4 and 7 days of co- 
culturing the microspheres and cells, live/dead kits (Invitrogen, USA) 
were added to 24-well plates and incubated for 30 min at room tem-
perature. Cell morphology was observed using an inverted fluorescence 
microscope. 

Z. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 24 (2023) 346–360

359

4.20. Immunofluorescence 

The microspheres and cells were co-cultured using a previously 
described method and intervened with 200 μM of H2O2. After being 
cultured for 3 days, they were incubated overnight with primary anti-
bodies against ASIC-3 and COL-II. They were then fixed, permeabilized, 
blocked, washed, and incubated with secondary antibodies at room 
temperature for 2 h. They were stained with phalloidin (Yearsen, China) 
and DAPI (Abcam, USA) and were then observed by confocal micro-
scopy. A semiquantitative fluorescence analysis was performed using 
ImageJ software. 

4.21. Mitochondrial membrane potential 

The microsphere–cell co-culture system was established using the 
above method. JC-1 staining working solution was prepared according 
to the manufacturer’s instructions for the JC-1 kit (Solarbio, China). An 
appropriate amount of working solution was added and incubated in a 
37 ◦C cell incubator for 20 min. The solution was then washed twice 
with JC-1 staining buffer and culture medium. An inverted fluorescence 
microscope was used to observe the staining, and ImageJ software was 
used for the semiquantitative fluorescence analysis. 

4.22. Western blot 

Based on the above co-culture system, incubation was continued for 
4 days after stimulation with 200 μM of H2O2. The protein expression of 
ASIC-3, IL-1β (ab9722), IL-6 (ab9324), TNF-α (ab66579), MMP-13 
(ab39012), COL-II (ab34712), p65 (ab16502), p-p65 (ab28856), p38 
(ab31828), p-p38 (ab45381), and GAPDH (ab8245) was measured by 
western blotting. The images were assessed using ImageJ for a gray 
value analysis of the bands. 

4.23. qRT-PCR analysis 

Based on the above co-culture system, incubation was continued for 
4 days after stimulation with 200 μM of H2O2. The gene expression of 
COL-II, ASIC-3, IL-1β, TNF-α, IL-6, MMP-13, and GAPDH in GM, GM-BP, 
and GM@CS-BP was detected by qRT-PCR. Primer sequences were 
designed using Genewiz and are summarized in Table S3 as supporting 
information. 

4.24. Statistical analysis 

All data are expressed as the mean ± standard deviation. Statistical 
analyses and images were processed using Origin and assessed using a 
one- or two-way ANOVA. Tukey’s multiple comparisons test was used to 
further assess the differences between the groups (n = 3; *p < 0.05; **p 
< 0.01; ***p < 0.001; ns, not significant). 
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