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Abstract 

Background Cell transplantation has been demonstrated as a promising approach in tissue regeneration. However, 
the reactive oxygen species (ROS) accumulation and inflammation condition establish a harsh microenvironment 
in degenerated tissue, which makes the transplanted cells difficult to survive.

Methods In this study, we constructed a keep-charging hydrogel microsphere system to enable cells actively prolif-
erate and function in the degenerated intervertebral disc. Specifically, we combined  Mg2+ to histidine-functionalized 
hyaluronic acid (HA-His-Mg2+) through coordination reaction, which was further intercrossed with GelMA to construct 
a double-network hydrogel microsphere (GelMA/HA-His-Mg2+, GHHM) with microfluidic methods. In vitro, the GHHM 
loaded with nucleus pulposus cells (GHHM@NPCs) was further tested for its ability to promote NPCs proliferation 
and anti-inflammatory properties. In vivo, the ability of GHHM@NPCs to promote regeneration of NP tissue and rescue 
intervertebral disc degeneration (IVDD) was evaluated by the rat intervertebral disc acupuncture model.

Results The GHHM significantly enhanced NPCs adhesion and proliferation, providing an ideal platform for the NPCs 
to grow on. The loaded NPCs were kept active in the degenerative intervertebral disc microenvironment as charged 
by the  Mg2+ in GHHM microspheres to effectively support the loaded NPCs to reply against the ROS-induced inflam-
mation and senescence. Moreover, we observed that GHHM@NPCs effectively alleviated nucleus pulposus degenera-
tion and promoted its regeneration in the rat IVDD model.

Conclusion In conclusion, we constructed a keep charging system with a double-network hydrogel microsphere 
as a framework and  Mg2+ as a cell activity enhancer, which effectively maintains NPCs active to fight against the harsh 
microenvironment in the degenerative intervertebral disc. The GHHM@NPCs system provides a promising approach 
for IVDD management.
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Introduction
Intervertebral disc degeneration (IVDD) is a worldwide 
disorder that seriously interferes human’s life quality 
[1–3]. Conservative treatment is always working unsat-
isfactory [3, 4], while surgical treatment is traumatic 
to patients [5, 6]. Therefore, researchers are striving 
to regenerate disc or prevent the disc from collapsing 
through biological approaches [7–9]. The nucleus pul-
posus tissue is located within a relatively closed region 
where no blood vessels or nerves are distributed. With 
the characteristics, the degenerative nucleus pulpo-
sus tissue is not conducive to regenerate [10]. Mean-
while, during the process of IVDD, a cytokine storm 
[11] and excess reactive oxidation from mitochondrial 

failure [8, 9, 12] in the intervertebral disc (IVD) prevent 
researchers to establish the effective way for its regen-
eration. Inhibition of the inflammation locally may slow 
the IVDD progress but does not appear to recover the 
injured tissues [13, 14]. Li et al. constructed an oxygen 
metabolism-balanced engineered hydrogel microsphere 
loaded with black phosphorus quantum dots, which 
attenuates the inflammatory cascade and thus delays 
disc degeneration [15]. Moreover, a high-strength 
hydrogel based on zinc-oxidized sodium alginate-
gelatin as a multifunctional nucleic acid delivery plat-
form was also designed for the treatment of IVDD [16]. 
These biomaterials may reduce the extracellular matrix 
(ECM) anabolic/catabolic imbalance by inhibiting 
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the inflammatory storm, but do not hold the ability to 
regenerate the nucleus pulposus tissue [17].

Cell transplantation has been proved to be a practi-
cal method for tissue regeneration. Sakai Daisuke et al. 
had detailed the effectiveness of cell transplantation 
for IVDD [18, 19]. Hu et al. [20] developed a gene-cell 
combination hydrogel system to treat IVDD. However, 
the confinement and the immunity make it difficult 
for the transplanted cells to proliferate [9]. Peng et  al. 
[21] analyzed the current difficulties of cell transplan-
tation for IVDD, showing the avascular, hypoglycemic, 
hypoxic tension, low pH and nutrient-deficient disc 
environment are some of the unfavorable factors that 
must be overcome for the survival of transplanted cells 
after transplantation [22, 23]. Therefore, it is necessary 
to construct a cell transplantation system that could 
enhance cellular activity in a long term that couple with 
the degenerative microenvironment.

Several studies reported small molecules are pro-
teopeptides that tend to fail in degenerate microen-
vironments because of acidic inflammation, whereas 
metal ions are mostly unaffected [24, 25]. Mineral 
ions (e.g., calcium, copper, zinc, and magnesium) have 
been shown in recent researches to play vital roles 
when combine with biological materials, offering out-
standing anti-bacterial [26, 27], anti-oxidant [28], and 
osteogenic qualities [29]. Magnesium ion  (Mg2+) is an 
essential trace element that plays an important role in 
human metabolism and in cellular aging [30–32].  Mg2+ 
is required for DNA replication and is directly engaged 
in cell fate determination [30, 31]. Moreover,  Mg2+ 
deficiency causes increased inflammation and oxidative 
stress, while adding  Mg2+ in  vitro or in  vivo reduces 
inflammatory response and phagocytic activation [33, 
34]. As a carrier, the injectability and biocompatibil-
ity of hydrogels are attractive, so we aim to combine 
it with  Mg2+ to design a cell delivery material, which 
is capable to maintain the activity of the transplanted 
NPCs to resist the harsh microenvironment and pro-
mote nucleus pulposus regeneration. However, simply 
physical blend would let the  Mg2+ to release quickly. 
Hence, we used the coordination reaction of metal 
coordinate bonds to create histidine-functionalized 
hyaluronic acid (HA-His-Mg2+). Considering the rapid 
degradation of single HA hydrogel, a double-network 
hydrogel microsphere was designed to increase the sta-
bility. Gelatin methacryloyl (GelMA) is commonly used 
injectable hydrogel materials with a three-dimensional 
structure suitable for cell growth and differentiation, 
ideal biocompatibility and cellular reactivity [35, 36]. 
Then, the double-network hydrogel microsphere sys-
tem (GelMA/HA-His-Mg2+, GHHM) was constructed 
with GelMA by using a microfluidic method.

In this study, we used Magnesium ion as a cell activity 
enhancer. After full load of NPCs (GHHM@NPCs), the 
GHHM continuously charged to keep the loaded NPCs 
active. The GHHM@NPCs are integrated and capable 
to regulate the ROS-induced inflammation, rescuing the 
loaded and surrounded NPCs from senescence. Then, the 
GHHM@NPCs continuously proliferate to regenerate 
nucleus pulposus tissue. The constructed keep-charging 
hydrogel microsphere system presents strong potential 
for IVDD regeneration and is expected to translate for 
clinical practice.

Results
Construction and characterization of the GHHM 
microspheres
Firstly,  Mg2+ was successfully encapsulated into histi-
dine-functionalized hyaluronic acid by the coordination 
reaction of metal ion ligands (HA-His-Mg2+). Then, it 
was combined with GelMA to construct a double-net-
work hydrogel microsphere (GelMA/HA-His-Mg2+, 
GHHM), which was produced by a microfluidic system 
combined with UV-light for cross-linking. At the mean-
time, GelMA (G), GelMA/HA-His (GHH) and GelMA/
HA-His-Mg2+ (GHHM) hydrogel microspheres were 
constructed as different groups for the following assays. 
The microspheres appeared with different diameters as 
caused by the various ratios between the oil and water 
phases. It was observed that the hydrogel microspheres 
with different sizes all exhibited excellent dispersion 
and spherical integrity. However, the increased ratio 
made the diameter of the microsphere smaller and less 
uniform (Fig.  1A). Under the flow rate ratios of the oil 
versus water phases with 20:1, 30:1 and 40:1, the diam-
eters of the microsphere were 270 ± 26 μm, 180 ± 15 μm 
and 110 ± 32  μm, respectively (Fig.  1B). Considering 
the requirements of homogeneity and injectability, the 
hydrogel microspheres with a flow rate ratio of 30:1 was 
finally selected (Additional file 1: Figure S1). SEM images 
showed GHHM preserved more sparse porous struc-
tures following lyophilization than GelMA microspheres 
(Fig. 1C). Fourier transform infrared spectroscopy (FTIR) 
revealed the relative intensities of the absorption peaks of 
the samples’ C–OH and COO- structures at 1044   cm−1 
and 1411   cm−1 were significantly weakened, indicating 
the structures such as the hydroxyl and carbonyl groups 
of hyaluronic acid are key cross-linking sites for histidine 
N–H, and hyaluronic acid was successfully cross-linked 
with histidine (Fig. 1D). Both energy dispersive spectros-
copy (EDS) and SEM Mapping showed homogeneous 
distribution of  Mg2+ elements in the GHHM (Fig. 1E, F). 
The GHHM was found to continuously release  Mg2+ for 
more than 21  days (Fig.  1G). By measuring the amount 
of  Mg2+ released from GHHM, it reflected that the 
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degradation of all the three kinds of microspheres lasted 
for more than 8 weeks, with which the curves of the three 
kinds of microspheres were similar (Fig. 1H). Moreover, 
GHHM has the lowest swelling rate, indicating its abil-
ity in maintaining the original shape well along the deg-
radation process (Fig. 1I). Based on the above results, we 
confirmed successful synthesize of the GHHM micro-
spheres, which show suitable properties in solubilization 
and degradation, and also has the ability to release mag-
nesium ions in a steady pace. The GHHM microsphere 
laid down a foundation for the following experiments.

The biocompatibility and cell adhesion property 
of the GHHM microspheres
To test the biocompatibility of the GHHM micro-
spheres, Live/Dead staining and CCK-8 assay were 
performed. The cytotoxicity of  Mg2+ was first assessed 
by Live/Dead staining of NPCs under different 

concentrations of  Mg2+ treatment. After 7  days cul-
ture, the cell density in the 100  mM  Mg2+ group was 
significantly lower than that in the lower concentra-
tion groups, while the NPCs in the 200  mM group 
were almost dead (Additional file  1: Figure S2A, B). 
Furthermore, the proliferation rate of the NPCs after 
1-, 3- and 7-days culture in different concentrations 
of  Mg2+ was tested by CCK-8 kit. The results showed 
that 25  mM and 50  mM groups were less toxic to the 
NPCs, which even present mild enhancing effect 
in proliferation. When the concentration of  Mg2+ 
increased to 100 mM or 200 mM, the proliferation abil-
ity of the NPCs was significantly inhibited (Additional 
file 1: Figure S2C). Therefore, 50 mM  Mg2+ was chosen 
as an appropriate concentration for GHHM micro-
spheres construction. Live/Dead staining and CCK-8 
assays on days 1, 3 and 7 showed the NPCs on all three 
kinds of microspheres presented high survival rates, 

Fig. 1 Construction and characterization of GHHM microspheres. A Microsphere observation in the light field, scale bar = 100 μm. B Distribution 
of particle size at different flow rates ratios. C SEM images of G, GHH and GHHM microspheres, scale bar above = 50 μm, below = 25 μm. D FTIR 
analysis of HA-His. E EDS spectrum of GHHM microspheres. F SEM Mapping of GHHM microspheres, scale bar = 50 μm. G Release curve of  Mg2+. H 
Degradation curves of G, GHH and GHHM microspheres in PBS. I Dissolution curves of G, GHH and GHHM microspheres
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demonstrating ideal proliferation potential (Fig.  2A, B 
and C). Next, the cell adhesion property of the loaded 
NPCs on microspheres was evaluated by immunofluo-
rescence staining (IF) of Vinculin. The results showed 
that NPCs on the GHHM microspheres expressed the 

most abundant fluorescence signal, representing satis-
factory cell adhesion capacity (Fig. 2D, E). Overall, the 
above results showed that the GHHM microspheres are 
biocompatible, providing a viable platform for NPCs 
transplantation.

Fig. 2 The biocompatibility and cell adhesion property of the GHHM microspheres in vitro. A Live/Dead staining of cells on G, GHH and GHHM 
microspheres, scale bar = 50 μm. B CCK-8 assay of different microspheres (compared with G group). C Percentage of live cells on G, GHH and GHHM 
microspheres. D Quantitative analysis of mean fluorescence intensity of Vinculin, scale bar = 50 μm. E Quantitative analysis of Vinculin. **p < 0.01
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The GHHM microspheres keep the loaded NPCs (L‑NPCs) 
active to fight against the degenerative microenvironment 
in IVDD
To imitate the degenerative microenvironment experi-
enced by NPCs during IVDD,  H2O2 was employed to 
establish a highly inflammatory and ROS microenvi-
ronment in vitro [37], Then, the Live/Dead staining and 
CCK-8 assay were carried out to evaluate the cell viability. 
After 72 h culture of NPCs in the medium with different 
concentrations of  H2O2, it showed that the cell viability 
decreased to 70.7 ± 3.7% and 53.77 ± 4.1% at 200 μM and 
400 μM, respectively (Additional file 1: Figure S3A, B), of 
which, the concentration of 200 μM was chosen for the 
following tests. The ROS and inflammation status of the 
L-NPCs on the GHHM microspheres were evaluated 
after 3  days of treatment with  H2O2 (200  μM). ROS kit 
revealed the ROS level of the L-NPCs was increased both 
in the G and GHH groups after  H2O2 treatment, while 
it was significantly decreased back to the baseline in the 
GHHM group (Fig. 3A, B). In vitro, TNF-α staining was 
performed to evaluate the anti-inflammation ability of 
the microspheres. Compare with the G and GHH groups, 
TNF-α expression in the L-NPCs was significantly 
decreased in the GHHM group, which was similar as that 
in the ROS evaluation (Fig. 3C, D). In addition, RT-qPCR 
showed the expression of inflammation-related genes, 
including IL-6, IL-1β and TNF-α, in the L-NPCs was also 
down-regulated in the GHHM group (Fig. 3E–G).

As cellular senescence is the major result of ROS, 
therefore, the anti-senescence ability of GHHM was fur-
ther evaluated in vitro. Data showed that the P16 and P21 
staining of the L-NPCs on the GHHM was less expressed 
than the other groups, indicating the GHHM has an 
ideal ability to resist cellular senescence in the degenera-
tive microenvironment (Fig. 4A, B and Additional file 1: 
Figure S4). Meanwhile, the Western Blot (WB) results 
also revealed similar results as reflected by the IF stain-
ing (Fig.  4C–F). The above results confirmed that the 
GHHM enhanced the viability of L-NPCs to scavenge 
ROS and against ROS-induced inflammation or cellular 
senescence.

The GHHM microspheres maintain the L‑NPCs with original 
bio‑characteristics
To examine if the L-NPCs would lose their original cel-
lular bio-characteristics in the degenerative microenvi-
ronment, Collagen II (COL II) staining was performed. 
The results showed that, in the  H2O2 treated condition, 
only GHHM retained the L-NPCs with high Collagen II 
expression level as that in the physical status (Fig.  5A, 
B). RT-qPCR and WB analysis also revealed the expres-
sion of the nucleus pulposus phenotype-related genes, 
Col2a1, Acan and Krt19, in  H2O2-treated G and GHH 

groups were significantly lowered than that in the control 
group, while it was well maintained or even up-regulated 
in the GHHM group (Fig.  5C–J). In addition, GHHM 
reduced the excessive ECM catabolism caused by MMP3 
and ADAMTS-5 (Fig.  5I, J). These findings suggest that 
GHHM microspheres maintain the metabolism and 
catabolism balance of the nucleus pulposus ECM, as well 
as the homeostasis of the L-NPCs.

GHHM@NPCs rescues the surrounding NPCs (S‑NPCs) 
from degeneration
To investigate the impact of GHHM@NPCs on the sur-
rounding environment, we first placed GHHM@NPCs 
directly into 96-well plates, in which the surrounding 
areas were pictured after 0, 3, 6, 12, 24 and 48 h. It was 
observed that the NPCs on the GHHM showed the abil-
ity to continuously grow and proliferate to the surround-
ing environment (Fig. 6A, B). After that, we went on to 
explore whether GHHM@NPCs could rescue the sur-
rounding NPCs from degeneration in vitro. The GHHM@
NPCs were then co-cultured with S-NPCs within the 
 H2O2 environment for 3 days. The cell proliferation and 
ROS level in the surrounding microenvironment were 
detected by EDU and ROS staining. EDU staining showed 
the GHHM@NPCs significantly promoted the prolifera-
tion of the S-NPCs than the other two groups (Fig.  6C, 
D). At the meantime, the ROS level of the S-NPCs was 
found to lower in the GHHM@NPCs group (Fig.  6E, 
Additional file 1: Figure S5), as well as the reduced senes-
cent cells number of the S-NPCs in the GHHM@NPCs 
group as revealed by the senescence-associated β galac-
tosidase (SA-β-Gal) kit (Fig.  6F, Additional file  1: Fig-
ure S9). The expression levels of ROS-related proteins, 
including SOD2, Nrf2, HO-1 and CAT, in S-NPCs were 
evaluated by WB, which also reduced significantly in 
the GHHM@NPCs group (Fig.  6G–K). Based on these 
results, it was demonstrated the ability of GHHM@NPCs 
to proliferate L-NPCs and rescue the surrounding NPCs 
in the degenerative environment in vitro.

To further explore the ability of GHHM@NPCs to res-
cue the S-NPCs from degeneration in vivo, the cell-laden 
microspheres were injected into the degenerative nucleus 
pulposus (NP) of the needle-punctured rat model (Addi-
tional file 1: Figure S7A, B). The rats were divided into five 
groups, including Sham, Defect, G@NPCs, GHH@NPCs 
and GHHM@NPCs groups. Seven days after punctur-
ing, the ROS-scavenge capacity of materials in vivo was 
measured by photoacoustic (PA) imaging. It showed the 
ROS-level in the Defect group was substantially higher 
than that in the Sham group, while no obvious difference 
was observed in the Defect, G@NPCs and GHH@NPCs 
groups. Remarkably, GHHM@NPCs greatly reduced 
ROS levels in the nucleus pulposus as compared with that 
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Fig. 3 Effects against ROS-induced inflammation of GHHM microspheres in vitro. A ROS analysis of L-NPCs on G/GHH/GHHM microspheres 
after 200 μM  H2O2 treatment, scale bar = 50 μm. B Quantitative analysis of mean fluorescence intensity of ROS. C Immunofluorescence analysis 
of TNF-α, scale bar = 50 μm. D Quantitative analysis of mean fluorescence intensity of TNF-α. E–G RT-qPCR analysis of the relative mRNA expression 
of the inflammatory-related genes after different treatment. *p < 0.05, **p < 0.01



Page 8 of 20Tang et al. Journal of Nanobiotechnology          (2023) 21:453 

Fig. 4 The ability of GHHM microspheres to retard the L-NPCs senescence in vitro. A Immunofluorescence analysis of P21, scale bar = 50 μm. B 
Quantitative analysis of mean fluorescence intensity of P21. C Western blot of the senescence-related proteins in L-NPCs treated with  H2O2. D–F 
Relative protein quantification of grey scale value for senescence-related proteins (ratio to β-actin), compared with the control group. *p < 0.05, 
**p < 0.01, ns no significant difference

Fig. 5 GHHM maintains the L-NPCs original phenotype in vitro. A Immunofluorescence analysis of COL II, scale bar = 50 μm. B Quantitative 
analysis of mean fluorescence intensity of COL II. C–E RT-qPCR analysis of the relative mRNA expression of the L-NPCs phenotype-related 
genes after different treatment. F Western blot of ECM degrading enzymes and ECM proteins in L-NPCs treated with  H2O2. G–J Relative protein 
quantification of grey scale value for phenotype-related proteins (ratio to β-actin), compared with the control group. *p < 0.05, **p < 0.01, ns 
no significant difference

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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Fig. 6 (See legend on previous page.)
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in the other groups (Fig. 7A and Additional file 1: Figure 
S6). The SA-β-Gal kit revealed a significant decrease in 
the number of senescent cells in the GHHM@NPCs 
group in vivo (Fig. 7B, C). Meanwhile, IF staining of P16 
in  vivo showed higher expression in the G@NPCs and 
GHH@NPCs groups, and significantly lower its expres-
sion in the GHHM@NPCs group (Fig. 7D, E). The results 
above suggest that the GHHM@NPCs obtain excellent 
anti-ROS and anti-senescence capacity to rescue the 
S-NPCs from degeneration in IVDD.

GHHM@NPCs inhibited IVDD progression in vivo
The above experiments have shown that GHHM keeps 
the L-NPC active, which also improves the viability of 
the S-NPCs. Then, the potential therapeutic effect of 
GHHM@NPCs for IVDD treatment in  vivo was tested. 
Since intervertebral space and water content of the 
intervertebral disc are key indicators for IVDD, mag-
netic resonance imaging (MRI) analysis and X-ray were 
firstly carried out to assess and analyze the degenera-
tion of the rat intervertebral disc. Disc height reflects 
the change of IVD space and the degree of disc degen-
eration and lower disc height index (DHI) indicates more 
severe disc degeneration. As shown in Fig. 8A, the Defect 
group experienced a rapid collapse of the interverte-
bral space at 4  weeks after needle puncture, as well as 
the G@NPCs and GHH@NPCs groups. The continued 
decrease in intervertebral space at 8  weeks after treat-
ments suggested the poor therapeutic effect of the G@
NPCs and GHH@NPCs. Based on MRI scans, in which 
the higher T2-weighted signal indicates more abundant 
water content in the nucleus pulposus tissue. As showed 
by the MRI data, the T2-weighted signal in the discs of 
the Defect, G@NPCs and GHH@NPCs groups were 
declined after 4  weeks puncture, and it was even worse 
after 8 weeks. While, on the contrary, the GHHM@NPCs 
group well maintained the disc in a high T2-weighted 
signal even after 8 weeks (Fig. 8B). Moreover, disc degen-
eration can be graded on routine T2-weighted MRI scans 
using the grading system and algorithm [38]. As a result, 
DHI changes (Additional file  1: Figure S8) and grade 
analysis all revealed a significant decrease in the degen-
eration degree after GHHM@NPCs treatment as com-
pared to the Defect, G@NPCs and GHH@NPCs groups 

(Fig.  8C, D). These findings implied the GHHM@NPCs 
exerted ideal effect in alleviating the degeneration of 
nucleus pulposus.

In addition to the radiographic assessment, the patho-
logical progress of IVDD were observed by histologi-
cal examination. Hematoxylin and Eosin (H&E) staining 
revealed the clear architecture of the nucleus pulposus 
tissue and the structure of the surrounding fibrous ring in 
the GHHM@NPCs group at 8 weeks after puncture. The 
nucleus pulposus tissue in the Defect group was com-
pletely absent, and it was significantly reduced until to 
completely disappear at 8 weeks after puncture in the G@
NPCs and GHH@NPCs groups (Fig. 9A). Safranin O fast 
green (SO/FG) staining revealed the proteoglycan (red) 
and collagen (green) content of the IVD in the GHHM@
NPCs group exhibited similar morphology as that in the 
Sham group, manifesting abundant proteoglycans in the 
nucleus pulposus. In contrast, the proteoglycans were 
replaced by collagen in the other three groups at 8 weeks 
after puncture, which was accompanied by proteogly-
can loss and disc collapse. G@NPCs and GHH@NPCs 
treatment delayed the progress of IVDD slightly but did 
not reverse this process (Fig.  9B). Moreover, immuno-
histochemistry (IHC) staining revealed the expression 
of Collagen II and Aggrecan in the nucleus pulposus tis-
sue, which was consistent with H&E and SO/FG staining 
results (Fig.  9C, D). The quantitative analysis reflected 
the similar results as that in the images (Fig. 9E–G). The 
IHC staining results showed that MMP13 expression was 
significantly higher in the defect group and slightly lower 
in the G/GHH group, but the expression level of MMP13 
in the GHHM group was significantly lower than the 
other groups (Additional file 1: Figure S10). The GHHM 
microsphere system played a positive role in reducing 
metalloproteases as well as helping the remodeling of 
ECM in the NP tissue. The results above confirm that the 
GHHM@NPCs have the ability to rescue the nucleus pul-
posus tissue from degeneration and structural damage, 
and further promote its regeneration.

Discussion
Multiple activities were found to play roles in IVDD pro-
gression, including overactive inflammatory microen-
vironment, oxidative stress, and the imbalance between 

(See figure on next page.)
Fig. 6 GHHM@NPCs rescues the S-NPCs from degeneration in vitro. A Proliferation of L-NPCs in 96-well plates, scale bar = 200 μm. B Quantitation 
of cell densities (compared with 3 h). C EDU staining of S-NPCs after co-culture with GHHM@NPCs in 200 μM  H2O2, scale bar = 50 μm. D 
Quantitation of the ratio of  EDU+ cells in different groups. E ROS analysis of S-NPCs in each group after 200 μM  H2O2 treatment, scale bar = 100 μm. 
F The SA-β-Gal staining images of S-NPCs in each group after 200 μM  H2O2 treatment, scale bar = 200 μm. G Western blot of ROS-related proteins 
in S-NPCs treated with different groups. H–K Relative protein quantification of grey scale value for ROS-related proteins (ratio to β-actin), compared 
with the control group. *p < 0.05, **p < 0.01, ns no significant difference
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anabolic and catabolic ECM in NPCs [9, 39, 40]. All of the 
above interacting adverse factors make the IVD micro-
environment enter into a vicious cycle. Recent studies 
have tried to find an approach by delivering drugs with 
the function of anti-inflammatory, antioxidant or growth 
factors into IVD directly, which successfully slow down 
the process of IVDD [8, 13, 17]. However, they failed to 
re-boost the nucleus pulposus regeneration as the lack of 
NPCs sources. Considering the special structure of the 
intervertebral disc, cell transplantation is an ideal strat-
egy. However, the degenerative microenvironment makes 
it difficult for the transplanted NPCs to survive, which 
is a key problem that confuse us. In this study, we used 
 Mg2+ to increase the ability of cell survival and prolifera-
tion rate of the NPCs, which may fight against the harsh 
microenvironment in the degenerative IVD. Studies have 
shown that  Mg2+ is a key cofactor for enzyme activation 

and has been implicated in the process of regulating cel-
lular ROS and inflammation levels [41, 42]. Furthermore, 
recent research work has shown that the anti-inflamma-
tory and antioxidant properties of  Mg2+ help in the treat-
ment of inflammatory diseases [43–45]. In according to 
these, we observed that the  Mg2+-charged NPCs exhib-
ited satisfactory anti-ROS, anti-inflammatory, and anti-
senescence abilities both in vitro and in vivo.

We used hydrogel microspheres as a carrier to make 
cell transplantation injectable and better simulate the 
three-dimensional environment of the IVD than tra-
ditional hydrogels [37, 46]. GelMA is a commonly used 
light-crosslinked biomaterial made from gelatin and 
methacrylic anhydride that show good biocompatibil-
ity and high strength [35, 47]. Hyaluronic acid (HA) is 
a polysaccharide presenting in cartilage and interver-
tebral disc tissues, and is sensitive to chemical changes 

Fig. 7 GHHM@NPCs rescues the S-NPCs from degeneration in vivo. A PA images of nucleus pulposus tissue 7 days after injection of different 
groups, scale bar = 2 mm. B The SA-β-Gal staining images of rat intervertebral discs after treatment by different groups, scale bar above = 1 mm, 
below = 300 μm. C Quantitative analysis of SA-β-Gal staining of rat intervertebral discs. D Immunofluorescence analysis of P16 in nucleus pulposus, 
scale bar = 200 μm. E Quantitative analysis of mean fluorescence intensity of P16. **p < 0.01
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[48–51]. Zhou et  al. [52] used HA and GelMA double-
network hydrogels as 3D printing inks for skin regenera-
tion. Nevertheless, microspheres of other materials such 
as PLGA may result in denaturation of growth factors, 
and the acidic degradation products of PLGA may worse 
the poor microenvironment in IVD [53, 54]. Henry et al. 
developed a biphasic injectable hydrogel system that 
serves as a vehicle for sustained release of TGF-β1 and 
GDF-5, allowing their sustained release to prevent the 
growth factors from degradation during the treatment 
of disc degeneration [55]. Liu et  al. [56] co-developed a 
novel injectable nanozyme-functionalized hyaluronic 
acid microspheres designed to provide a suitable micro-
environment for disc tissue repair and regeneration 
through local lactate depletion synthesis. These methods 
for delivering exogenous bioactive factors and drugs to 
improve the intervertebral disc microenvironment have 
achieved some success. However, the disadvantages such 
as easy inactivation of bioactive factors, high cost, and 
lack of cellular sources for nucleus pulposus tissue repair 

are also exists. Francisco et  al. tried to grow immature 
porcine NPCs in polyethylene glycol-laminin hydrogels, 
which was found to promote NPCs aggregation and gly-
cosaminoglycan synthesis. Xia et  al. [57] synthesized a 
polymeric gelatin microsphere for sustained release of 
growth and differentiation factor-5 (GDF-5) and as a cell 
delivery vehicle for NPCs, which showed good ability 
to regenerate IVD in  vivo. Most of the previous studies 
focused on removing inflammatory factors, however, the 
implanted materials may introduce additional deleterious 
factors to the IVD. Alternatively, the cellular sources for 
regeneration of the nucleus pulposus tissue are ignored. 
Our study improves the microenvironment of the IVD 
while transplanting vibrant nucleus pulposus cells to pro-
vide a strong drive for nucleus pulposus regeneration.

Mg2+ is an essential mineral ion that has multiple 
effects and would not be inactivated in the harsh envi-
ronments. Carmen et  al. [58] revealed that increase 
the concentration of  Mg2+ in dialysis fluids protected 
immune cells from oxidative stress and damage. Li et al. 

Fig. 8 Radiological data of animal experiments. A Representative X-ray images of the caudal vertebrae of rats at 4 and 8 weeks (marked 
by red wireframe). B Representative MRI images of the caudal vertebrae of rats. C Changes in DHI at 4 and 8 weeks postoperatively (compared 
with the Sham group). D Changes in MRI grading at 4 and 8 weeks postoperatively (compared with the Sham group). *p < 0.05, **p < 0.01, ns 
no significant difference



Page 14 of 20Tang et al. Journal of Nanobiotechnology          (2023) 21:453 

Fig. 9 Histological evaluation of animal experiments. A The H&E staining images of rat intervertebral discs in each group at 4 and 8 weeks, scale 
bar = 1 mm. B Safranin-O/Fast Green staining images, scale bar = 1 mm. C Immunohistochemical staining images of Aggrecan at 4 and 8 weeks, 
scale bar = 1 mm. D Immunohistochemical staining images of Collagen II at 4 and 8 weeks, scale bar = 1 mm. E Changes in histological grading 
of each group at 4 and 8 weeks (compared with the Sham group). F, G Quantitative analysis of immunohistochemical staining for Aggrecan 
and Collagen II at 4 and 8 weeks (compared with the Sham group). *p < 0.05, **p < 0.01, ns no significant difference
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[45] developed a magnesium micromotor as a hydrogen 
generator that can act as a ROS and inflammatory scav-
enger, alleviating oxidative stress and reducing the lev-
els of inflammatory cytokines. Meanwhile, Xie et al. [59] 
constructed an  Mg2+/polydopamine composite hydro-
gel for accelerating wound healing in infected wounds. 
With the evidence above,  Mg2+ are potential to play as 
a rosy supplier for cell energy. In our experiments, we 
demonstrated that  Mg2+ bonded hydrogel microspheres 
system could continuously charge the L-NPCs to resist 
ROS-induced inflammation and senescence, which also 
modified the surrounding microenvironment to promote 
NPCs regeneration. Therefore, magnesium ions are more 
applicable than other bioactive factors and drugs, which 
can act in a complicated microenvironment. GHHM 
microspheres, as an injectable hydrogel scaffold, have 
great potential to deliver NPCs in  vivo. The GHHM@
NPCs increase the viability of the L-NPCs and provide 
a source of cells for regenerating nucleus pulposus tis-
sue. This transplantation system continuously rescues 
and improves the intervertebral disc microenvironment 
by reducing the oxidative stress and inflammation levels 
to achieve the goal of repairing the degenerated nucleus 
pulposus tissue.

Conclusion
In conclusion, we established a keep-charging system 
with  Mg2+-bounded double-network hydrogel micro-
spheres. The GHHM@NPCs showed strong anti-ROS, 
anti-inflammatory and anti-senescence ability, which 
efficiently regenerate the degenerative IVD both in  vivo 
and in vitro. This cell transplantation approach provides 
a promising therapeutic option for the management of 
IVDD.

Materials and methods
Main materials
Gelatin methacryloyl (GelMA, EFL-GM-60) and Lap 
photo-initiator were obtained from Suzhou Intelligent 
Manufacturing Research Institute (Suzhou, China). Hya-
luronic acid (HA) and L-histidine (His) were purchased 
from Aladdin (Shanghai, China). Magnesium chloride 
was purchased from Sigma-Aldrich (USA). All reagents 
used were of at least ACS grade.

Preparation of HA‑His
1  g of HA was dissolved in 100  ml of deionized water, 
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) and N-Hydroxy succinimide (NHS) were 
added to activate the carboxyl groups, and 400 mg of His 
was added to the HA solution under stirring. After pass-
ing helium gas in the conical flask, the reaction was then 
carried out at room temperature for 24 h. The resulting 

solution was dialyzed with deionized water for 5  days. 
The dialysis bags (molecule weight cut-off of 3.5  kDa) 
were purchased from Shanghai yuanye Bio-Technology 
Co., Ltd. After completion of dialysis, the solution was 
frozen at −80  °C, followed by lyophilization in a freeze 
dryer and prepared for use.

Preparation of GelMA/HA‑His‑Mg2+ microspheres
We prepared GelMA/HA-His-Mg2+ microspheres using 
a microfluidic device as shown in our previous study 
[60]. The microfluidic device was connected to a coaxial 
structure syringe with internal and external dimensions 
of 30 G and 21 G. The oil phase was light oil (Beyotime, 
China), and 5% Span 80 (Aladdin, China) was added as 
a surfactant for the microspheres to make the micro-
sphere structure more stable. The 10 wt % of GelMA and 
2% HA-His were mixed thoroughly, and 0.5% LAP was 
added to the solution, which was used as the aqueous 
phase. Different shear forces were obtained by adjusting 
the appropriate flow rate ratios of oil and aqueous phases 
to form uniform droplets of GelMA/HA-His (GHH), and 
the solid GHH microspheres were formed by irradiation 
at the outlet with ultraviolet (UV) light at a wavelength of 
405 nm. We collected the microspheres and washed them 
repeatedly with 75% ethanol and acetone in order to 
remove mineral oil and surfactants. To prepare GelMA/
HA-His-Mg2+ (GHHM) microspheres, we used 50  mM 
magnesium chloride solution as a solvent and prepared 
composite microspheres using the same method. Then, 
the microspheres were washed using phosphate buffered 
saline (PBS) to remove the unbound magnesium ions. 
Finally, the washed microspheres were frozen at −80  °C 
and then freeze-dried for 48 h.

Characterization of composite microspheres
The physicochemical properties of GelMA, GelMA/
HA-His and GelMA/HA-His-Mg2+ microspheres were 
characterized. The surface morphology of the compos-
ite microspheres before and after lyophilization was 
observed using a bright-field field microscope (Zeiss 
Axiobert 200, USA) and a scanning electron microscope 
(SEM, FEI Scios 2 HiVac, USA). The diameter distribu-
tion of 100 microspheres at different flow rates in coax-
ial were measured and analyzed using Image J software 
(NIH, Bethesda, USA). SEM Mapping (FEI Scios 2 HiVac, 
USA) was used to analyze the surface elements of the 
microspheres, and EDS (Thermo Scientific, USA) was 
used to detect the surface composition of the compos-
ite microspheres. Fourier transform infrared spectros-
copy (FTIR, Thermo Scientific Nicolet iS20, USA) was 
used to characterize whether HA-His was successfully 
synthesized.
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Magnesium ion release
To evaluate the  Mg2+ release behavior, we packed 
GelMA/HA-His-Mg2+ microspheres (10  mg) in dialysis 
bags, immersed in PBS (10  ml), and incubated at 37  °C 
for 21 days. At specific time points (1, 2, 3, 5, 7, 9, 11, 13, 
15, 17, 19 and 21 days), 5 mL of supernatant was taken, 
diluted to 10 mL with PBS, and then analyzed by induc-
tively coupled plasma emission spectroscopy (ICP-OES, 
Thermo Fisher iCAP PRO, USA). Three parallel meas-
urements were performed to perform averaging. To con-
tinue the release, fresh PBS (5 mL) was replenished and 
the system was kept at 37 °C for a longer period of time. 
Finally, the  Mg2+ release curve was completed.

Swelling and degradation rate
Swelling rate: 5 mg of microspheres were placed in a cell 
strainer (70 μm), placed in a 6-well plate and 5 ml of PBS 
was added, removed at 0, 1, 2, 4, 6, 8, 10 and 12 h, dried 
and weighed (Wt). The weight after immersion in PBS 
was W0, and the swelling rate was calculated using the 
formula Wt/W0. The measurements were repeated three 
times for each time point for three samples.

Degradation rate: 5  mg of microspheres were placed 
in a 15 ml centrifuge tube with 10 mL of PBS and incu-
bated at 37  °C in a thermostat. After 0.5, 1, 2, 3, 4, 5, 6, 
7, 8 weeks the microspheres were weighed after lyophi-
lization (Wt), the total initial mass of microspheres was 
W0, and the remaining weight (%) was calculated using 
the formula Wt/W0. Measurements were repeated three 
times at each time for three samples.

Biocompatibility and composite microspheres loading 
NPCs
The biocompatibility of the composite microspheres was 
investigated using rat nucleus pulposus cells (NPCs). 
1  mg of composite microspheres were spread over the 
bottom of 96-well plates, 5 ×  103 NPCs were added to 
each well, and the appropriate amount of medium was 
added and incubated for 1, 3, and 7 days before further 
detection of cytotoxicity using the CCK-8 assay kit (Dojin 
Laboratories, Kumamoto, Japan). To assess the viability 
of NPCs on different microspheres, live/dead cell via-
bility assays were performed using the Live/Dead Cell 
Staining Kit (Inbitrogen, USA). After co-culture of the 
composite microspheres with cells for 5 days, the NPCs 
on the composite microspheres were stained for skel-
eton and the microsphere complex was evaluated using 
a confocal laser microscope (LSCM, LSM800, Zeiss, Ger-
many). In addition, 1 mg of previously prepared GHHM 
microspheres was weighed and added to 1  ml of com-
plete medium and mixed well. It was equally distributed 

into a 96-well plate with 100  μL per well. Then 5 ×  104 
NPCs were added to each well of a 96-well plate and co-
cultured for one day to obtain GHHM@NPCs.

EdU staining
1 ×  104 NPCs were seeded in 48-well plates, and appro-
priate amounts of G@NPCs/GHH@NPCs /GHHM@
NPCs were added to co-culture, respectively. The cells 
were incubated for 12  h in 1X EdU working solution 
according to the EDU kit  BeyoClick™ EdU Cell Prolifera-
tion Kit, followed by the preparation of Click Additive 
Solution to stain the proliferating cells, and finally the 
cells were stained using Hoechst 33,342 was used to stain 
the nuclei.

ROS staining
The NPCs were co-cultured with G@NPCs, GHH@NPCs 
and GHHM@NPCs using 200 μM  H2O2 for 3 days, and 
the composite microspheres were collected into 1.5  ml 
centrifuge tubes and stained for ROS using Reactive Oxy-
gen Species Assay Kit (S0033S, Beyotime).

SA‑β‑Gal staining
1 ×  104 NPCs were seeded in 48-well plates with appro-
priate amounts of G@NPCs/GHH@NPCs /GHHM@
NPCs, respectively, and induced with 200  μM  H2O2 
for 3  days. The cells at the bottom of the well plates 
were stained for SA-β-Gal using senescence-associated 
β-galactosidase Kit. For SA-β-Gal staining of rat IVDD 
paraffin sections, sections were stained using SA-β-Gal 
Kit after dewaxing and hydration, and finally stained with 
nuclear fast red as the background color.

RT‑qPCR
Real-time quantitative PCR (RT-qPCR) was used to 
detect the expression of Col2a1, Acan, Krt19, TNF-α, 
IL-1β and IL-6. Gapdh was the reference gene. Briefly, 
NPCs and G@NPCs/GHH@NPCs /GHHM@NPCs 
were co-cultured for 3  days and then 200  μM  H2O2 
was added to the culture system for 5 days. Next, total 
RNA was extracted from the NPCs using TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA), and then the 
concentration of RNA was measured using a Nan-
oDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Immediately thereafter, 
cDNA was synthesized from the extracted mRNA by 
reverse transcription. cDNA was synthesized from the 
extracted mRNA by reverse transcription reaction. 
Next, RT-PCR was performed using the ABI Step One 
Plus real-time PCR system (Applied Biosystems, USA) 
and SYBR Green RT-PCR kit (Takara, Japan). Each 
sample was repeated 3 times, and all the above experi-
ments were done according to the reagent instructions. 
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Additional file 1: Table S1 shows the primer sequences 
for each gene. The relative mRNA expression of each 
gene was normalized to the housekeeping gene Gapdh 
and analyzed using the  2–ΔΔCt method.

Western blot
Western Blot was used to determine the expression of 
genes associated with ROS and Cellular senescence. To 
detect the concentration of total protein after cell lysis, 
the BCA protein kit (Beyotime, P0012, China) was used. 
Sample proteins were then subjected to SDS electro-
phoresis and transferred to PVDF membranes (0.45 μm, 
Millipore, USA). PVDF membranes were treated with 
5% BSA for 1  h to block non-specific binding of pro-
teins. The relevant primary antibodies are presented in 
Additional file 1: Table S2. After PVDF membranes were 
washed 3 times, the membranes were incubated with 
the corresponding secondary antibody (1:1000) for 1  h. 
After incubation, the secondary antibody is washed 3 
times with TBST to remove the unbound secondary anti-
body. Unbound secondary antibodies are removed and 
then detected and imaged with the chemiluminescence 
system. The system was used for detection and imaging. 
Finally, antigen-quantitative analysis of antigen–antibody 
complexes is performed using ImageJ software.

Isolation and culture of rat NPCs
NPCs were isolated from the caudal intervertebral discs 
of SD rats (6–8  weeks old) and cultured in F12 modi-
fied Eagle’s medium (DMEM/F12, HyClone, USA) sup-
plemented with 10% fetal bovine serum (FBS, HyClone, 
USA). Briefly, the caudal vertebrae of four rats were iso-
lated under aseptic conditions and the nucleus pulposus 
tissue was extracted. The nucleus pulposus tissue was 
then digested in DMEM/F12 with 0.1 w/v% type II colla-
genase (Yeasen, Shanghai, China) for 2 h at 37 °C. During 
digestion, samples were observed and shaken well every 
30  min. And excess tissue debris was filtered through a 
sterile 70  μm cell filter after incubation. After centrifu-
gation to remove the supernatant, the NPCs were resus-
pended in culture medium and equally divided into two 
10 cm cell culture dishes with 10 ml of DMEM/F12 com-
plete medium. The NPCs were placed in the medium and 
maintained at 37  °C in a humidified incubator contain-
ing 5% CO2. The culture medium of NPCs was changed 
every 48 h. In order to ensure the activity of the cells, we 
generally use the P2 generation of NPCs in the subse-
quent experiments. The cells were placed in a humidified 
incubator with 5% CO2 at 37 °C. The medium for NPCs 
was changed every 48  h. Finally, we can obtain about 
6.5 × 107–2.5 × 108 NPCs.

Animal models and surgical procedures
All procedures followed the NIH Guide for the Care and 
Use of Laboratory Animals and were approved by the 
Institutional Animal Care and Use Committee of Soo-
chow University. Adult male rats aged 10–12 weeks and 
weighing approximately 350 g were purchased from the 
Soochow University Experimental Animal Center. The 
rat caudal degeneration model was established using 
the previously described experimental method [57]. The 
rats were anesthetized by intraperitoneal injection of 
pentobarbital, and the puncture sites were routinely dis-
infected and toweled. To avoid effects between adjacent 
degenerated segments, a 21G needle was used to pass 
percutaneously through the caudal 8–9 (Co8-9) seg-
ments into the middle of the NP tissue (depth controlled 
at 5 mm) and confirmed with X-ray (Fig. 6C). The nee-
dle was rotated 360° after passing through the annulus 
and held for 30 s to ensure the degenerative effect. Five 
groups were assigned in this study: (1) no needle penetra-
tion (sham group), (2) needle penetration and PBS injec-
tion (defect group), (3) needle penetration and injection 
of GelMA microspheres loaded with NPCs (G@NPCs 
group), (4) needle penetration and injection of GelMA-
HA-His microspheres loaded with NPCs (GHH@NPCs 
group), (5) needle penetration and injection of GelMA-
HA-His-Mg2+ microspheres (GHHM@NPCs group). In 
animal experiments, all injections were administered by 
micropump. The defect group was injected with 10μL 
of PBS, other than that, the other experimental groups 
were injected with approximately 10μL microspheres 
(G@NPCs/GHH@NPCs/GHHM@NPCs) that contained 
almost no additional liquid. We set up two time points 
to assess intervertebral disc degeneration in the caudal 
spine of rats at week four and week eight, where eight 
rats were in each group at each time point. After sur-
gery, the rats were transferred to a warm and ventilated 
environment.

Fabrication of Lipo@HRP&ABTS nanoprobes and  H2O2 
detection at NP sites
Lipo@HRP&ABTS nanoprobes were prepared accord-
ing to the method established in a previous study [60, 61]. 
Briefly, 1,2-hexadecanoyl-sn-glycero-3-phosphocholine, 
cholesterol, 1, 2-distearoyl-sn-glycero-3- phosphoetha-
nolamine-N-(amino-(polyethylene glycol)-2000) (DSPE-
PEG) and 2,2′-azobis-(3- ethylbenzothiazoline-6-sulfonic 
acid) (ABTS) were dissolved in methanol at a molar ratio 
of 6:4:0. 5:12. The solution was allowed to condense into 
a lipid film by rotary evaporation, after which 1  mL of 
PBS solution containing horseradish peroxidase (HRP) 
was added. The compounds were sonicated at 65  °C, 
followed by rehydration with five freeze–thaw cycles. 
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The suspension was then squeezed 50 times through a 
200  nm filter at 50  °C. An S-300 Sephadex column was 
used to purify the Lipo@HRP& ABTS nanoprobes. On 
postoperative day 7, 10  μL of Lipo@HRP&ABTS nano-
probe was injected locally into the NP tissue site. 15 min 
later, a layer of ultrasound gel was applied to the skin over 
the injured IVDs and a detector from the Vevo LAZR 
imaging system (FUJIFILM VisualSonics Inc.) was placed 
on the skin covering the injured IVDs. The level of  H2O2 
was then measured.

Radiological evaluation
X-ray and MRI imaging operations were performed 
on the caudal spine of rats at 4 and 8 weeks postopera-
tively. All rats were anesthetized and placed in a supine 
position with their tails extended. The disc height index 
(DHI) measured on the X-ray images was calculated 
using ImageJ software for comparison between groups 
(DHI = twice the sum of the anterior, middle, and poste-
rior marginal heights of the intervertebral space/sum of 
the anterior, middle, and posterior heights of adjacent 
vertebral bodies, DHI% = DHI measured at each time 
point/DHI of the sham group × 100%) (Additional file 1: 
Figure S4). T2-weighted images of the caudal spine were 
acquired by a 1.5  T MRI scanner (Magnetom Essenza, 
Siemens Medical Solution, Erlangen, Germany), and 
the nucleus pulposus tissue signal was measured using 
ImageJ software.

Histological and Immunohistochemical analyses
Samples were collected at week 4 and week 8, respec-
tively, and fixed in 10% formaldehyde solution for 24 h. 
After decalcification with 14% ethylenediaminetet-
raacetic acid (EDTA) for 60 days, samples were embed-
ded in paraffin and sectioned to a thickness of 6  μm. 
Further, H&E staining was performed to examine the 
histology of the tissue. Changes and distribution of col-
lagen and proteoglycans were assessed using safranin 
O-fast green (SO/FG) staining. To assess COL II and 
Aggrecan changes in  vivo, sections were stained by 
immunohistochemistry after antigen retrieval. Briefly, 
all sections were placed in a 3%  H2O2 solution and 
incubated without light for 15  min at room tempera-
ture after antigen retrieval. After washing 3 times with 
PBS, the sections were blocked with 10% donkey serum 
plus 0.3% Triton X-100 and 1% BSA for 2  h. Sections 
were incubated overnight at 4 °C with the primary anti-
body against COL II and Aggrecan, followed by incuba-
tion with HRP-labeled secondary antibody for 30  min 

at room temperature. Samples were stained with 
3,3’-diaminobenzidine (DAB), and nuclei were coun-
terstained with hematoxylin. Images were taken and 
observed with a light microscope. Semi-quantitative 
immunohistochemical stain analysis was conducted 
with Image J software.

Statistical analysis
In the research, the mean ± standard deviation of three 
independent experiments was used to represent all of 
the analyzed data. SPSS 22 (SPSS Corp., Chicago, IL, 
USA) was used for statistics. GraphPad Prism soft-
ware (GraphPad Software Inc.) was used to draw all 
figures. Analysis of variance within groups was used, 
and the t test was used to analyze differences between 
groups. P-values less than 0.05 were considered statisti-
cally significant. (*p < 0.05; **p < 0.01; ns, no significant 
difference).
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