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A B S T R A C T   

Chronic low back pain and dyskinesia caused by intervertebral disc degeneration (IDD) are seriously aggravated 
and become more prevalent with age. Current clinical treatments do not restore the biological structure and 
inherent function of the disc. The emergence of tissue engineering and regenerative medicine has provided new 
insights into the treatment of IDD. We synthesized biocompatible layered double hydroxide (LDH) nanoparticles 
and optimized their ion elemental compositions to promote chondrogenic differentiation of human umbilical 
cord mesenchymal stem cells (hUC-MSCs). The chondrogenic differentiation of LDH-treated MSCs was validated 
using Alcian blue staining, qPCR, and immunofluorescence analyses. LDH-pretreated hUC-MSCs were differen
tiated prior to transplantation into the degenerative site of a needle puncture IDD rat model. Repair and 
regeneration evaluated using X-ray, magnetic resonance imaging, and tissue immunostaining 4–12 weeks after 
transplantation showed recovery of the disc space height and integrated tissue structure. Transcriptome 
sequencing revealed significant regulatory roles of the extracellular matrix (ECM) and integrin receptors of focal 
adhesion signaling pathway in enhancing chondrogenic differentiation and thus prompting tissue regeneration. 
The construction of ion-specific LDH nanomaterials for in situ intervertebral disc regeneration through the focal 
adhesion signaling pathway provides theoretical basis for clinical transformation in IDD treatment.   

1. Introduction 

The intervertebral disc (IVD) is the fibrous cartilage structure con
necting adjacent vertebral bodies in the spine. IVD mainly contains the 
elastic and gelatinous constitute of nucleus pulposus (NP) in the central 
part, and the surrounding annulus fibrosus (AF) to support the NP 
function and provide nutrition [1,2]. The entire function of IVD has the 
function of buffering shock, protecting spinal cord and maintaining the 
motor function between vertebral bodies [3,4]. With increasing age, the 
proportion of components in the IVD become unbalanced, such as 

decreased water content and collagen contents. The resulting decrease 
in disc elasticity eventually leads to the occurrence of IVD degeneration 
(IDD) [5]. Clinically, low back pain and symptoms of nerve root 
compression caused by IDD seriously affects the quality of life in pa
tients, which affected 80% people at least once in their life [6,7]. Current 
IDD therapeutic strategies include artificial IVD replacement and 
transplantation of autologous and allogeneic materials transplantation, 
while neither of these strategies could reverse the pathological state of 
IDD [8–10]. 

The interaction mechanism of IDD is complicated and caused by 
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many factors [11], mainly including the reduction of collagen and tissue 
extracellular matrix (ECM) components, which effectively resist 
external compression and maintain the ability of AF and NP tissues [12, 
13]. When the ECM is affected during the IDD process, the function of 
NP is extensively disrupted owing to reduced water storage, retention 
capacity, and nutrient transportation. These reductions accelerate the 
devastating effects of degeneration [14,15]. Effective enrichment of 
collagen and ECM has been recognized as a potential strategy for the 
treatment of IDD [16]. Therefore, transplantation of stem cells that 
proliferate, self-renew, and differentiate has become a research focus 
[17,18]. Mesenchymal stem cells (MSCs) can be acquired from many 
sources and are thus considered a potential biological means of IDD 
therapy. Relevant attributes of MSCs include their self-renewal ability, 
potential for chondrogenic differentiation and production of ECM to 
refill the disc and restore the damaged tissue, and secretion of growth 
factors that regulate the inflammatory response and enhance tissue 
regeneration [19,20]. Commonly used MSCs include bone marrow MSCs 
(BMSCs), adipose stem cells (ASCs) and umbilical cord MSCs 
(UC-MSCs). Of these, UC-MSCs are more primitive and have a more 
pronounced ability to proliferate and differentiate [21–24]. Evidence 
showed that UC-MSCs could differentiate into cartilage faster than other 
MSCs. Compared with MSCs from other sources, MSCs derived from 
umbilical cords have the characteristics of easy collection, low immu
nogenicity, rapid self-renewal, stable multiplication rate and high pro
liferation capacity. Therefore, UC-MSCs are suitable for clinical research 
and application, and are preferred for cell therapy and regenerative 
medicine [25]. 

With the advanced use of MSCs in stem cell-mediated trans
plantation, effective functional optimization can improve the applica
tion outcomes [26–29]. Regulation of the fate of MSCs by bioactive 
materials could enable new theoretical strategies. Layered double hy
droxide (LDH) is an anion-exchange nano clay with excellent biocom
patibility, low cytotoxicity, anti-inflammatory, and degradation 
properties [30,31]. The physicochemical characteristics of LDH facili
tate the binding of genes, drugs, and other biomaterials, which have 
been widely used in biomedical and tissue regenerative research 
[32–34]. Most studies have focused on the nanocarrier function of LDH. 
Our latest studies have shown that LDH can regulate the pluripotency 
and differentiation fate of stem cells, implicating LDH as an excellent 
tool for tissue regeneration and microenvironment regulation in 
regenerative therapy [35,36]. As the biological functions of LDH 
nanoparticles may differ under specific elemental compositions, further 
knowledge of the effect of optimized LDH on cell fate regulation of MSCs 
and IVD regeneration outcomes is needed. 

In this study, LDH nanoparticles with different ions were synthe
sized, and co-cultured with human UC-MSCs (hUC-MSCs) to determine 
the optimal components of LDH that maximize the efficiency in pro
moting chondrogenic differentiation. Notably, the in vivo repair and 
regeneration efficacy of selected LDH pretreated hUC-MSCs in a rat IDD 
model was evaluated after in situ transplantation. Transcriptome anal
ysis and subsequent experimental investigations were performed to 
elucidate the molecular mechanism of LDH-mediated promotion of the 
chondrogenesis of MSCs and facilitated tissue regeneration. By 
exploring the specific mechanisms of relevant intervention pathways in 
the regeneration and repair processes, the enhanced differentiation 
potential of treated MSCs can be fully utilized, thus providing new ideas 
and a scientific basis for the treatment of patients with IDD. 

2. Materials and methods 

2.1. LDH synthesis and characterization 

Chemicals used for synthesizing LDH nanoparticles with elemental 
composition changes, including sodium hydroxide, magnesium chlo
ride, aluminum chloride, ferric chloride, magnesium nitrate, aluminum 
nitrate and ferric nitrate were purchased from Sinopharm Chemical 

Reagent Co., Ltd (Shanghai, China). The LDH nanoparticles were syn
thesized based on previously reported hydrothermal and co- 
precipitation methods [36]. For the different composition of MgAl–Cl, 
MgFe–Cl, MgAl–NO3 and MgFe–NO3 LDH, the initial respective reagents 
used were listed as follows: 0.6099 g magnesium chloride and 0.2414 g 
aluminum chloride (MgAl–Cl LDH), 0.6099 g magnesium chloride and 
0.2703 g ferric chloride (MgFe–Cl LDH), 0.7692 g magnesium nitrate 
and 0.3751 g aluminum nitrate (MgAl–NO3 LDH), and 0.7692 g mag
nesium nitrate and 0.303 g ferric nitrate (MgFe–NO3 LDH). 

The following procedures were the same for the four types of LDH 
nanoparticles. Briefly, 0.272 g sodium hydroxide was added to a three- 
necked round-bottomed flask and dissolved in 40 mL boiled distilled 
deionized water (ddH2O) under an N2 atmosphere to avoid the inter
ference of CO2. Each group of mixed powders was dissolved in 10 mL 
ddH2O. After complete dissolution, the solution was poured into 
different three-necked flasks and stirred at 1000 rpm for 20 min. After 
stirring, the suspension was centrifuged at 8500 rpm for 10 min. The 
supernatant was discarded and the material was washed twice with 
ddH2O. The final product was dissolved in 40 mL ddH2O and placed in a 
hydrothermal kettle for a 16-h hydrothermal reaction at 100 ◦C. The 
obtained solution was centrifuged at 12,000 rpm for 15 min to collect 
the sediment and then washed three times with ddH2O. Finally, the 
obtained four colloidal LDH was stored at 4 ◦C. 

For the characterization of LDH materials, the samples were dropped 
onto a copper grid, the size and morphology of the particles were 
observed using a JEOL 1230 transmission electron microscope (TEM) 
with an accelerating voltage of 200 kV. For X-ray diffraction (XRD) 
analysis, LDH nanoparticles were freeze-dried and ground into homo
geneous powder, the diffraction pattern of the sample was analyzed by 
Miniflex X-ray diffractometer from Rigaku (Japan). X-ray photoelectron 
spectroscopy (XPS) (ESCALAB 250XI, Thermo Fisher) was performed to 
analyze the elemental content of the samples. For fourier transform 
infrared spectroscopy (FTIR) analysis, the samples were pressed with 
potassium bromide (KBr) into flakes, and the stretching vibration peaks 
of different groups were detected by molecular devices FTIR. The sur
face zeta potential of LDH was measured with Malvern nano Zetasizer. 
The material was dissolved in ddH2O with a concentration of 0.5 mg/mL 
and ultrasonically dispersed. 

2.2. Culture of hUC-MSCs 

The hUC-MSCs were purchased from Cyagen Co. Ltd. (Guangzhou, 
China). The number of passages of cells used for the in vitro and in vivo 
experiments was controlled to within eight. Proliferation and differen
tiation medium were used. The proliferation culture medium was Dul
becco’s modified Eagle’s medium (DMEM)/F12 medium supplemented 
with 5% fetal bovine serum (Gibco, Franklin Lakes, NJ, USA) and 1% P/ 
S (Gibco). The medium used for hUC-MSC chondrogenic differentiation 
was purchased from Cyagen, with DMEM high-glucose supplemented 
with dexamethasone (100 nM), ascorbic acid (50 mg/mL), and sodium 
pyruvate (100 mg/mL). And 10 ng/mL TGF-β3 was added in fresh cell 
culture medium ready to use. 

2.3. Phenotypic identification of hUC-MSCs 

The phenotypic identification kit of hUC-MSCs was purchased from 
Cyagen. Cells were seeded in a 6-well plate at a density of 2 × 105 cells/ 
mL and cultured in the proliferation medium for 24 h. The cells were 
digested with trypsin, collected, incubated with primary antibodies to 
CD29, CD73, CD44, CD166, CD105, CD11b, CD34, and CD45 under dark 
conditions, and incubated at 4 ◦C for 30 min. After centrifugation at 
3000 rpm for 5 min, the cells were washed twice and the corresponding 
secondary antibodies were added and incubated at 4 ◦C in the dark for 
30 min. Goat anti FITC secondary antibody was used to label CD29, 
CD44, CD73, CD105, and CD166. Goat anti PE secondary antibody was 
used to label CD11b, CD14, CD34, and CD45. The sample was 
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centrifuged for the last time, resuspended in 500 μL of flow cytometry 
buffer, and then immediately examined using a model LSRFortessaa 
flow cytometer (BD, Santa Clara, CA, USA). 

2.4. Alcian blue staining 

hUC-MSCs were seeded in a 24-well plate at 2 × 105 cells/mL with 
chondrogenic differentiation medium (Cyagen). When the cell density 
reached 80% after approximately 2 days, the cells were cultured with 
different LDH nanoparticles for 10 and 14 days of stimulation, and the 
medium was changed to maintain the differentiation environment. 
Samples were fixed with 4% paraformaldehyde (PFA) for 30 min and 
then treated with Alcian blue dye solution (KeyGEN BioTECH, Nanjing, 
China) for 30 min. The samples were examined using an optical mi
croscope (Olympus, Tokyo, Japan). Stained sections were observed for 
chondrogenic differentiation and photographed according to cell 
morphology and staining depth. 

2.5. Immunofluorescence staining 

hUC-MSCs were cultured with different LDH (MgAl–Cl or 
MgFe–NO3) for 14 days. Then, the cells in each group were fixed with 
4% PFA (Sigma-Aldrich, St. Louis, MO, USA), permeabilized with 0.25% 
Triton X-100 (Amresco, Cleveland, OH, USA), blocked with 5% donkey 
serum (Jackson ImmunoResearch, West Grove, PA, USA), and primary 
SOX9 antibody (Abcam, Cambridge, MA, USA) was incubated at 4 ◦C 
overnight. The next day, the samples were conjugated with a fluorescent 
secondary antibody (Invitrogen, Carlsbad, CA, USA) at room tempera
ture and nuclei were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI; 
Abcam). The expression of key genes during chondrogenic differentia
tion was observed and photographed using a confocal microscope (Carl 
Zeiss). The excitation wavelength of DAPI was 405 nm and that of SOX9 
was 488 nm. 

For the pathway inhibition study, hUC-MSCs were cultured with 
MgFe–NO3 LDH, Ac-PHSCN-NH2 (ATN; Selleck, TX, USA), and LDH +
ATN for 7 days. Immunofluorescence staining was performed after 7 
days of culture. The staining steps were the same as above, and the 
primary antibody to integrin, was purchased from Abcam. Fluorescence 
was observed using a confocal microscope (Carl Zeiss). The excitation 
wavelengths were 405 nm for DAPI, 488 nm for SOX9, 647 nm for 
integrin, and 594 nm for F-actin. 

2.6. Total mRNA extraction, cDNA reverse transcription and qPCR 
analysis 

To detect the expression of chondrogenic genes and cell migration 
related genes, three repeated experiments were repeatedly performed 
for each group and qPCR. Total mRNA (500 ng) was extracted from hUC- 
MSCs using Trizol (Takara Bio, Shiga, Japan), and cDNA was reverse 
transcribed using the PrimeScript RT Kit (Takara Bio), followed by qPCR 
of 10 μL reaction volume (5 μL TB Green, 0.2 μL primer, 0.2 μL Rox 
reference dye, 1 μL cDNA, 3.6 μL H2O) using TB Green Premix Ex Taq 
(Takara Bio, Japan). The qPCR primers are listed in Supplementary 
Table S1. 

2.7. Cell proliferation evaluation and by cell viability detection 

For cell proliferation evaluation, hUC-MSCs were cultured with 
either MgAl–Cl or MgFe–NO3 LDH for 24 h and 48 h. The cells were then 
incubated with EdU (Beyotime, Shanghai, China) for 2 h in the dark. The 
other steps were the same as those used for immunofluorescence stain
ing. The excitation wavelength of EdU was 594 nm. 

For cell viability analysis, hUC-MSCs were cultured with different 
LDH (MgAl–Cl or MgFe–NO3) for 24 h and 72 h. The LDH solutions were 
prepared in fresh culture medium at concentrations of 1.0, 2.5, 5, 10, 20, 
and 50 μg/mL. Phosphate-buffered saline (PBS) was added to the blank 

control group. Five replicates were performed for each group. 20 μL cell 
counting kit 8 (CCK8) solution was added to the orifice plate and 
incubated for 2 h in the dark. The optical density (OD) at 450 nm was 
detected using an enzyme-labeling instrument. The viability rate of the 
hUC-MSCs was calculated as follows: 

Cell ​ viability ​ %=
OD ​ (Experimental ​ group)

OD ​ (Control ​ group)
× 100  

2.8. Mitochondrial membrane potential detection 

The mitochondrial membrane potential was detected using a JC-10 
apoptosis detection kit purchased from KeyGEN. The cells were 
cultured for 1 day and 3 days under the treatment of MgAl–Cl and 
MgFe–NO3 LDH. The cells were incubated with JC-10 working solution 
for 15 min at 37 ◦C in a 5% CO2 incubator, and the fluorescence of FITC 
and PI was observed by a confocal fluorescence microscopy (Carl Zeiss). 

2.9. Sequential changes of phagocytosis live-dead cell staining 

The living and dead cell staining kit was purchased from Beyotime. 
hUC-MSCs were co-cultured with MgAl–Cl or MgFe–NO3 LDH for 24 h 
and 48 h, respectively. The concentration of LDH nanoparticles was 
measured by gradient dilution method and set to 2.5, 5, 10, 20 and 40 
μg/mL. The cells were collected by trypsin digestion and centrifugation 
and suspended in 400 μL of assay buffer. The cell suspension was added 
to 200 μL staining working solution and incubated at 37 ◦C for 15 min. 
Living (green fluorescence) and dead (red fluorescence) cells were 
detected using a confocal fluorescence microscope (Carl Zeiss). 

2.10. hUC-MSC cell cycle detection 

For cell cycle analysis, hUC-MSCs were seeded at 5 × 104/mL in a 6- 
well plate, and the cells were treated with LDH (MgAl–Cl or MgFe–NO3, 
10 μg/mL) for 48 h. Then the cells were digested and dissociated into 
single cells with 0.25% ethylenediaminetetraacetic acid (EDTA) and 
placed in 70% cold ethanol at 4 ◦C overnight for 4 h. The cells were 
centrifuged (300×g, 5 min) and resuspended in a mixture of 100 μL 
RNaseA and 400 μL propidium iodide solution for 30 min. The cell cycle 
stage was detected immediately using flow cytometry. The cell cycle 
identification kit was purchased from KeyGEN. 

2.11. Cellular uptake analysis 

To detect the uptake efficiency of hUC-MSCs after LDH treatment, 
LDH was incubated 1:1 with FITC overnight one day in advance of the 
experiment. hUC-MSCs were cultured with MgAl–Cl or MgFe–NO3 LDH 
for 0.5, 1, 2, 4, 6, 8, 24, and 48 h. Cellular uptake was evaluated using 
fluorescence-activated cell sorting (FACS) and confocal microscopy. For 
FACS analysis, cells in the 6-well plate were collected at defined times 
and transferred to a flow tube through a 200-mesh filter. The fluores
cence intensity of FITC in each group was detected using flow cytometry. 
Blank cells were the control (Ctrl) group. For confocal analysis, cells in 
24 well plates were collected after 24 h and processed as described 
above for immunofluorescence staining. The excitation wavelengths 
were 405 nm for DAPI, 488 nm for FITC, and 594 nm for both Lyso red 
used to label lysosomes and Mito red used to label mitochondria. 

2.12. Animal model 

An IVD needle puncture degeneration model was established in 8- 
week-old male Sprague–Dawley rats purchased from Tongji University 
(Shanghai, China). The procedures were approved by the ethics com
mittee of Tongji Hospital affiliated with the Tongji University (ID: 
[2019] gxb-01). All surgical instruments were sterilized by autoclaving, 
and rats were anesthetized and placed at the intervertebral disc position 
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between S4–S5 on the caudal vertebra. After cutting the skin layer and 
exposing the intervertebral disc, a needle (20 g) puncture was conducted 
with at the depth 5 mm and rotated 360◦ for 15 s, which was approxi
mately the distance that can penetrate the NP. The rats were randomly 
divided into sham, control, cell, and LDH groups. The rats in Sham group 
were only incised the outer layer of skin at the corresponding site 
without needle puncture. For cell and LDH group, hUC-MSCs were 
counted as 105/mL and seeded in T75 Petri dish, and allowed for dif
ferentiation under control medium or MgFe–NO3 LDH treated (10 μg/ 
mL) differentiation medium for 7 days. After cell digestion, 106 cells 
were counted and placed in 10 μL in differentiation medium for each rat 
through a micro-needle injection 10 min after needle puncture. For 
Control group, 10 μL differentiation medium was injected into the defect 
area. 

2.13. X ray and magnetic resonance imaging (MRI) 

At 4, 8, and 12 weeks after surgery, three rats were randomly 
selected from each group for X-ray and MRI examinations. Each rat was 
placed in the supine position with its tail in a straight line on the mo
lybdenum target radiation-imaging device. The exposure parameters of 
the X-ray machine (M − 20 X-ray-specific radiograph system; Faxtron, 
Tucson, AZ, USA) were set to 32 kV and 10 s duration. The disc height 
index (DHI) of the IVD in each group was calculated by dividing the disc 
height by the average of two adjacent vertebral body heights, and 
analyzed using the ImageJ software (NIH, Bethesda, MD, USA). MRI was 
performed using a Vero 1.5T system (Siemens, Munich, Germany). T2- 
weighted images were obtained on the coronal plane with the 
following parameters: visual field, 80 × 80 mm; slice thickness:1.4 mm; 
repetition time, 4000 ms; echo time, 96 ms. 

2.14. Histological analysis 

IVD samples from each group were collected 12 weeks after the 
surgery. They were fixed with 4% PFA for 48 h in a 4 ◦C refrigerator. The 
solution was then replaced with EDTA decalcification solution once 
every 3 days. The decalcification effect was identified once a month until 
the IVD specimen was easily pierced using a needle. After decalcifica
tion, graded ethanol dehydration, xylene penetration, and paraffin 
embedding were performed. Sections (6 mm in thickness) were stained 
with hematoxylin and eosin (H&E) and Safranin O-fast green (S&O), and 
conducted with immunochemistry and immunofluorescence staining of 
COL1A1 (Cell Signaling Technology, CST, MA, USA), COL2A1 (Abcam), 
and Ki67 (Abcam). 

2.15. Transcriptome sequencing and data analysis 

Samples were divided into three groups: hUC-MSCs (undifferentiated 
cells), Ctrl, and LDH. The Ctrl and LDH groups were cultured for 7 days 
to permit chondrogenic differentiation of hUC-MSCs. Each group had 
three replicates. The cells were detached using trypsin, suspended to 
remove the supernatant, and stored in liquid nitrogen. RNA sequencing 
analysis was conducted at the Beijing Genomics Institute. 

2.16. Wound healing analysis 

To determine the lateral migration ability of hUC-MSCs co-cultured 
with MgFe–NO3 LDH. According to the gradient dilution method, the 
material concentrations were 5, 10 and 20 μg/mL. Three replicates were 
used for the experimental group and the control groups [37]. First, a 2.5 
μM live cell fluorescent probe CDCFCA (KeyGEN, China) was added to 
the medium and cultured in the dark for 30 min. Then, the cells were 
scraped with a 1 mL pipette on the edge of the ruler, and a straight line 
was drawn on the bottom of the cell culture plate. The cell fragments 
were gently washed off with PBS and replaced with prepared serum-free 
culture medium. Cell migration was observed and photographed using 

an optical microscope (Olympus) at 0, 12, and 24 h after scratching. The 
cell migration indices were calculated using the ImageJ software as 
follows: 

Migration index (12 h)=
Blank area (0 h) − Blank area (12 h)

Blank area (0 h)

Migration index (24 h)=
Blank area (0 h) − Blank area (24 h)

Blank area (0 h)

2.17. Transwell analysis of migration 

To detect the longitudinal migration ability, 100 μL hUC-MSCs (2.5 
× 105/mL) were inoculated onto 8.0 μm Transwell inserts (Corning, 
New York, NY, USA). 1 mL MgFe–NO3 solution with concentrations of 5, 
10, and 20 μg/mL was added to the lower chamber of Transwell inserts. 
After 24 h, the cells in the upper inserts were gently wiped with a cotton 
swab. Cells in the lower chamber were fixed with 4% PFA for 10 min and 
stained with crystal violet (Beyotime) for 15 min. The cells were 
observed and photographed using a microscope. ImageJ software was 
used to count and compare the number of cells in each group. 

2.18. Western blot analysis 

The protein expression level of focal adhesion signaling pathway and 
downstream regulator factors were detected by western blot analysis. 
hUC-MSCs were counted as 2 × 105/mL in a 6-well plate, treated with 
LDH (10 μg/mL), ATN (20 μM), and LDH (10 μg/mL) + ATN (20 μM) in 
the chondrogenic differentiation medium for 7 days differentiation. The 
cells were added with RIPA lysis buffer supplemented with protease 
inhibitor and PMSF to obtain the whole protein, and the protein count 
was quantified by BCA protein quantification kit (KeyGEN). The same 
amout of protein in each group was loaded for further detection. Pri
mary antibodies including: COL1A1 (CST), Integrin (Abcam), Vinculin 
(Abcam), Actinin (CST), Akt (CST), p-Akt (CST), ERK (CST), p-ERK 
(CST), and β-Actin (Abcam). 

2.19. Statistical analysis 

The data are expressed as mean ± standard deviation (SD). All ex
periments were performed with at least three replicates. Statistical sig
nificance was estimated using one-way or two-way analysis of variance 
(ANOVA) within groups. The statistical differences are indicated as *p <
0.05, **p < 0.01, and ***p < 0.001. 

3. Results 

3.1. Characterization of LDH nanoparticles with different elemental 
composition 

To screen the optimal nanoparticles, MgAl–Cl, MgFe–Cl, MgAl–NO3 
and MgFe–NO3 LDH were synthesized. The internal lattice structures of 
the various LDH nanoparticles were observed using TEM. The TEM 
images indicated that the synthesized LDH nanoparticles were hexago
nally layered with an average diameter of 100 nm (Fig. 1A). The 
elemental composition was analyzed by XPS in Fig. 1B, the data showed 
that MgAl–Cl LDH possessed Mg 1s (1303.6 eV), Al 2p (74.1 eV), Cl 2p 
(197.5 eV) elements, MgFe–Cl LDH possessed Mg 1s (1296.2 eV), Fe 2p 
(712 eV), Cl 2p (197.2 eV) elements, MgAl–NO3 LDH possessed Mg 1s 
(1303.4 eV), Al 2p (73.9 eV), N 1s (406.5 eV), and O 1s (531.4 eV) el
ements, MgFe–NO3 LDH possessed Mg 1s (1296.2 eV), Fe 2p (700.2 eV), 
N 1s (392.2 eV), and O 1s (525.2 eV) elements. XRD analysis was also 
performed to reveal the characteristic peaks in the four kinds of LDH 
(Fig. 1C). MgAl–Cl, MgFe–Cl, MgAl–NO3, and MgFe–NO3 LDH have 
typical (003), (006) and (009) diffraction peaks, and the 2θ angles of 
diffraction peak (003) in four LDH were 11.59◦, 11.57◦, 11.18◦, and 
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11.2◦, respectively. According to the Bragg formula: 2dSin (θ) = nλ, n =
1, λ = 0.154 nm, the values of crystal plane spacing d for four kinds of 
LDH were calculated as 0.762, 0764, 0.791, and 0.789 nm, respectively. 
The positions of (003), (006) and (009) diffraction peaks for different 
LDH showed no obvious changes, which indicates that the metal ion and 
interlayer anion had no effects on the crystalline structure of LDH plate. 
From the LDH patterns of different metal element compositions, it can be 
seen that the intensities of the (003) and (006) diffraction peaks of the 
MgAl–Cl and MgFe–Cl LDH were significantly higher than those of the 
MgAl–NO3 and MgFe–NO3 LDH, indicating that the plate layer crystal
line structures of MgAl–Cl and MgFe–Cl LDH were more obvious than 
those of MgAl–NO3 and MgFe–NO3 LDH, which is consistent with the 
previously reported results [37]. FTIR spectra (Fig. 1D) revealed 
representative OH− vibrations at 3467.4, 3478.9, 3473.2, and 3475.1 
cm− 1 in the MgAl–Cl, MgFe–Cl, MgAl–NO3 and MgFe–NO3 LDH, 
respectively. NO3

− vibrations were evident at 1361.5 and 1369.2 cm− 1 in 
MgAl–NO3 and MgFe–NO3 LDH, respectively. C–Cl vibrations were 
evident at 684.6 cm− 1 in MgAl–Cl and MgFe–Cl LDH, respectively. In 
addition, the surface charge of the nanoparticles was measured. As 
shown in Fig. S1, the zeta potentials of the MgAl–Cl, MgFe–Cl, 
MgAl–NO3, and MgFe–NO3 LDH were +47.2, +40.6, +39.9, and 
+35.76 mV, respectively. These findings indicate the successful syn
thesis of LDH with different elemental compositions. 

3.2. Chondrogenic promotive effects of different LDH nanoparticles 

To further investigate the promoting effect of the different LDH 
preparations on chondrogenesis, hUC-MSCs were identified with nega
tive and positive surface markers. The proportions of negative markers 
CD11b, CD14, CD45, and CD34 were 1.46%, 1.72%, 5.38%, and 1.83%, 
respectively (Fig. 2A). The proportion of positive markers CD29, CD73, 
CD44, CD166, and CD105 exceeded 95% (Fig. 2B). Then, the hUC-MSCs 
were co-cultured with 5, 10, 20, and 40 μg/mL of the different LDH 
nanoparticles for 10 and 14 days. As an initially marker of chondrogenic 
differentiation, glycosaminoglycan (GAG) deposition in hUC-MSCs was 
analyzed by Alcian blue staining, which is a common method for the 
qualitative detection of GAG in chondrocytes. As shown in Fig. 2C, blue 
GAG blue spots were observed in hUC-MSCs co-cultured with MgAl–Cl, 
MgFe–Cl, MgAl–NO3, and MgFe–NO3 LDH. Notably, the hUC-MSCs co- 
cultured with 20 and 40 μg/mL of MgAl–Cl and MgFe–NO3 LDH groups 
stained dark blue. To better understand the chondrogenic promotive 
effect of LDH nanoparticles on MSCs, the expression of chondrogenic 
genes after 10 and 14 days was analyzed by RT-qPCR. SRY related HMG 
box-9 (Sox9) is expressed in chondrogenic progenitor cells and is a 
definitive marker of early stage chondrogenic differentiation. As shown 
in Fig. 2D, we measured the relative gene expression of SOX9 and COLX. 
After 10 days of culture, the expression of SOX9 and COLX in hUC-MSCs 

Fig. 1. The characterization of four types of LDH with different ion elements. A) TEM images of MgAl–Cl, MgFe–Cl, MgAl–NO3 and MgFe–NO3 LDH. Scale bar = 100 
nm. B) XPS spectrum of elemental composition in MgAl–Cl, MgFe–Cl, MgAl–NO3 and MgFe–NO3 LDH. C) XRD analysis of MgAl–Cl, MgFe–Cl, MgAl–NO3 and 
MgFe–NO3 LDH. D) FTIR analysis of MgAl–Cl, MgFe–Cl, MgAl–NO3 and MgFe–NO3 LDH. 
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co-cultured with MgAl–Cl and MgFe–NO3 LDH was significantly higher 
than that of the other groups. After 14 days of culture, the expression of 
SOX9 treated with MgAl–Cl LDH increased rapidly and that of 
MgFe–NO3 LDH remained significantly higher than that of the other 
groups. Thus, we selected MgAl–Cl and MgFe–NO3 LDH for further 
nanoparticle screening. 

To investigate the specific hyaline-cartilaginous markers and fibro- 
cartilaginous markers of MgAl–Cl and MgFe–NO3 LDH nanoparticles, 
qPCR analysis and immunofluorescence were performed. As shown in 
Fig. 2E, we detected markers of NP and AF to evaluate the specific in
fluence of MgAl–Cl and MgFe–NO3 LDH at different concentrations, the 
results showed that 10 μg/mL MgAl–Cl LDH could upregulate the 
expression level of NP markers COL2A1, ACAN and COMP, but showed 
little difference of AF markers. In addition, the treatment of MgFe–NO3 
LDH increased higher expression of AF markers COL1A1, COL3A1, 
COL6A1 and TNMD. The protein expression of SOX9 and COL1A1 in 
hUC-MSCs was evaluated by confocal laser microscopy. After co- 
culturing with with MgAl–Cl LDH and MgFe–NO3 LDH, MSCs showed 
much positive expression of SOX9 and COL1A1 compared with the 
control group after 14 days (Fig. 2F). These results indicated that both 
MgAl–Cl and MgFe–NO3 LDH nanoparticles promoted the chondro
genesis of hUC-MSCs by up-regulating the chondrogenic genes. 

3.3. Cytotoxicity evaluation and cellular uptake of MgAl–Cl and 
MgFe–NO3 LDH nanoparticles in hUC-MSCs 

The effects of MgAl–Cl and MgFe–NO3 LDH nanoparticles on the 
proliferation and cytotoxicity of hUC-MSCs were evaluated using the 
CCK8 assay. As shown in Fig. 3A, the CCK8 assay demonstrated that 
MgFe–NO3 LDH at concentrations of 1–40 μg/mL co-cultured with hUC- 
MSCs for 1 day and 3 days exhibited no cytotoxicity. No significant 
differences in cell survival rates were observed between the control and 
hUC-MSCs co-cultured with different concentration of MgAl–Cl LDH for 
1 day. However, when cells were treated with MgAl–Cl LDH for 3 days, 
the cell survival rate decreased in a dose-dependent manner. As shown 
in Figs. S2A and B, the intensity of EdU fluorescence revealed that cell 
proliferation barely changed in hUC-MSCs co-cultured with the two 
kinds of LDH nanoparticles compared to that in the control group. 
Consistently, live/dead staining results proved that MgFe–NO3 LDH- 
treated hUC-MSCs preparations contained many more living cells than 
MgAl–Cl LDH-treated samples (Fig. S3). Cell cycle analysis showed that 
MgAl–Cl and MgFe–NO3 LDH did not interfere with the inherent cell 
cycle distributions of the G1, S and G2 phases in hUC-MSCs (Fig. S4). 
These findings demonstrated the better compatibility of MgFe–NO3 LDH 
than MgAl–Cl LDH. 

To explore the cellular uptake difference between the two selected 

Fig. 2. The promoted chondrogenic differentiation of hUC-MSCs treated with different LDH nanoparticles. A) Negative surface markers identification of hUC-MSCs. 
B) Positive surface markers identification of hUC-MSCs. C) Alcian staining of hUC-MSCs for 10 days and 14 days chondrogenic differentiation, respectively. (Ctrl-CHO 
represents the control group for the same chondrogenic differentiation without adding LDH nanoparticles) Scale bar = 100 μm. D) qPCR analysis of total chon
drogenic markers COLX and SOX9 in LDH treated hUC-MSCs for 10 days and 14 days chondrogenic differentiation, respectively. *p < 0.05, **p < 0.01, ***p < 0.001. 
E) qPCR analysis of NP marker genes COL2A1, ACAN and COMP, and AF marker genes COL1A1, COL3A1, COL6A1 and TNMD expression under 5 μg/mL and 10 μg/ 
mL MgAl–Cl and MgFe–NO3 LDH treatment for 14 days. *p < 0.05, **p < 0.01, ***p < 0.001. F) Immunofluorescence staining of SOX9 and COL1A1 in selected 
MgAl–Cl and MgFe–NO3 LDH treated hUC-MSCs for 14 days chondrogenic differentiation. Scale bar = 10 μm. 
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LDH nanoparticles, hUC-MSCs were co-cultured with MgAl–Cl and 
MgFe–NO3 LDH, which was linked with FITC for fluorescence labeling, 
and the cellular uptake was assessed by FACS for 0.5–48 h. Temporal 
phagocytosis of MgFe–NO3 LDH by MSCs was analyzed using flow 
cytometry. As shown in Fig. 3B, FACS analysis revealed that FITC 
fluorescence appeared after 0.5 h incubation. The fluorescence intensity 
increased gradually with increasing co-culture time. A more positive 
FITC signal was observed in the MgAl–Cl LDH than in the MgFe–NO3 
LDH group, which might be responsible for the aggravated toxicity in 
Fig. 3A. As shown in Fig. 3C, the release of divalent and trivalent metal 
ions was stable after 24 h, and the maximum Mg2+ release of MgAl–Cl 
LDH and MgFe–NO3 LDH was similar at 21.9% and 21.5%, while the 
maximum Al3+ and Fe3+ release showed significant difference at 34.4% 
and 14.9%, respectively. Thus, the results could explain the superior 
biocompatibility of MgFe–NO3 than MgAl–Cl LDH. To verify the results 
of FACS, confocal analysis was performed. The results of 24 h incubation 
showed that most of the MgAl–Cl LDH accumulations overlapped with 
organelles of mitochondria and lysosomes, while only some inconspic
uous signal spots were observed in the MgFe–NO3 LDH-treated MSCs 
(Fig. 3D). Moreover, we detected the mitochondrial membrane potential 
by JC-10 and conducted immnunofluorescence analysis to observe the 

fluorescent expression of PI and FITC in each group using JC-10 in 
Fig. 3E. The results showed that MgAl–Cl LDH and MgFe–NO3 LDH- 
treated hUC-MSCs for 1 day did not influence the mitochondrial mem
brane potential compared with Control group. While, after MgAl–Cl 
LDH treatment for 3 days, hUC-MSCs showed significant FITC fluores
cent decrease, indicating that JC-10 selectively enters mitochondria and 
undergoes a reversible change in color from green to orange due to an 
increase in membrane potential. And MgFe–NO3 LDH showed a com
parable mitochondrial potential without fluorescent expression changes 
after 3 days treatment. Considering the efficiency of chondrogenic dif
ferentiation promotion and cytotoxicity, MgFe–NO3 LDH was judged as 
the optimal material for further in vivo research. 

3.4. In situ IVD regeneration effects of MgFe–NO3 LDH-pretreated hUC- 
MSCs transplantation 

To detect the effects of LDH-treated hUC-MSCs transplantation on in 
vivo IDD regeneration, a rat IVD injury model was established by needle 
puncture (Fig. 4A and B). hUC-MSCs were co-cultured with or without 
the optimizing MgFe–NO3 LDH for 7 days in chondrogenic differentia
tion medium. Then, cells were counted and transplanted into the injury 

Fig. 3. The cell proliferation and cellular uptake of selected LDH nanoparticles in hUC-MSCs. A) CCK8 analysis of MgAl–Cl and MgFe–NO3 LDH treated hUC-MSCs 
for 1 day and 3 days under different concentrations (1, 2.5, 5, 10, 20 and 40 μg/mL). *p < 0.05, ***p < 0.001. B) Flow cytometry analysis of cellular uptake of 
MgAl–Cl and MgFe–NO3 LDH in hUC-MSCs after different time incubation (0.5, 1, 2, 4, 6, 8, 24 and 48 h). C) Metal ion release of MgAl–Cl LDH and MgFe–NO3 LDH 
in PBS after different time. D) Immunofluoresence of cellular uptake of MgAl–Cl and MgFe–NO3 LDH conjugated with FITC in hUC-MSCs after 24 h incubation, the 
organelle was labeled with mito-red (mitochondrial labeling, up) and lyso-red (lysosome labeling, down), respectively. Scale bar = 10 μm. E) Mitochondrial 
membrane potential of MgAl–Cl LDH and MgFe–NO3 LDH treated hUC-MSCs for 1 day and 3 days. Scale bar = 100 μm. 
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site. The sham rats and control groups were set as positive and negative 
controls, respectively, for further radiography and histology studies. The 
degenerative discs were thinned by herniated NP, exhibited reduced disc 
water content, and had reduced space. The Degenerative discs are 
thinned by herniated nucleus pulposus (NP) and reduced disc water 
content, thus presenting as reduced space. X-ray images showed that 
significant disc space narrowing at 4 and 8 weeks after the induction of 
IVD degeneration in the control group. The effects in cells without LDH 
treatment were similar to those in the control group, but the progress 
was relatively slow (Fig. 4C and D). Radiological analysis was used to 

detect the DHI at 4 and 8 weeks after LDH-treated MSC transplantation 
(Fig. 4G). Notably, the DHI of the LDH-treated MSCs transplantation 
group was almost the same as that of the sham group. A decrease in disc 
height occurs with a decrease in water content, which is associated with 
a reduction in proteoglycans. The high signal intensity of T2-weighted 
images in MRI is commonly utilized to assess water content in the 
IVD. A lower signal indicates atrophy and dehydration. In the present 
study, at the late stage of degeneration in the control group, the stability 
of the IVD decreased, the morphology changed, and the signal of NP in 
T2-weighted images were decreased and showed a “black disc” 

Fig. 4. The in situ IVD regeneration function of optimizing LDH pretreated hUC-MSCs for 7 days chondrogenic differentiation and transplantation in the injury site of 
rat model. A) The schematic diagram of IDD model constructed by needle puncture. B) The photo records of surgical model construction. C) X-ray analysis of IVD 
height change with different treatment after 4 weeks. D) X-ray analysis after 8 weeks. E) MRI analysis after 8 weeks. F) MRI analysis after 12 weeks. G) The disc 
height index (DHI) of optimizing LDH-pretreated cell transplantation effects 4 weeks and 8 weeks after surgery. *p < 0.05, **p < 0.01, ***p < 0.001. H) H&E and 
S&O staining of different treatment after 12 weeks. I) Immunofluorescent of COL1A1, COL2A1 and Ki67 staining of different treatment after 12 weeks. White arrows 
indicate positive cells. Scale bar = 100 μm. J) Tissue H&E staining of main organs including heart, liver, spleen, lung and kidney in Sham, Control, Cell and LDH 
groups after 12 weeks operation. Scale bar = 500 μm. 
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appearance after complete degeneration (Fig. 4E and F). 
As shown in Fig. 4F, at 12 weeks after LDH-treated MSCs trans

plantation, there was high signal intensity at the injury site of IVD, 
indicating the presence of new cartilage-like tissues. However, the 
control and non-LDH-treated MSC groups did not show high signal in
tensity. Furthermore, histology was evaluated using H&E and S&O 
stainings. As shown in Fig. 4H, both stains produced a similar staining 
pattern in LDH-treated MSC and sham groups. The X-ray, MRI, and 
histological results indicated that transplantation of LDH-treated MSCs 
effectively led to IVD regeneration. The data showed successful estab
lishment of IDD model histologically. And immunofluorescent and 
immunohistological analyses of tissue samples in Sham, Control, Cell 
and LDH group to reveal the COL1A1 and COL2A1 expression in Fig. 4I 
and Fig. S5. The results indicated that LDH group have more positive 
COL1A1 cells in AF, COL2A1 cells in NP, and Ki67 positive cells in AF 

and NP. 
In order to detect the degradability of LDH, we conducted an in vivo 

imaging analysis to investigated the degradation of LDH particles 
bonded with Cy5.5. The data showed that after LDH-Cy5.5 injection, the 
fluorescence gradually increased from 2 h to 8 h, and decreased from 24 
h to 48 h at a very low level, which indicate the basically degradation of 
LDH nanoparticles (Fig. S6). In addition, the H&E staining in Fig. 4J 
clearly demonstrated the implantation of cells or LDH-pretreated cells 
did not cause tissue toxicity in rats. The above results indicated that LDH 
could stimulate cell proliferation in the defective disc, thus promoting 
chondrogenic differentiation for tissue regeneration. 

Fig. 5. Transcriptome profiling of optimized 
LDH-regulated hUC-MSC function and 
mechanism. A) The volcano diagram of hUC- 
MSC (undifferentiated control group), Ctrl- 
CHO (differentiation control group) and 
LDH group. B) The heatmap distribution of 
hUC-MSCs, Ctrl and LDH treated groups. C) 
GO-P bubble graph of LDH regulated differ
entiated expressed genes (DEGs). D) GO-F 
analysis of LDH regulated DEGs. E) GSEA 
analysis of ACTIN filament organization and 
cell substrate adhesion. F) Protein-protein- 
interactions (PPI) analysis of LDH regulated 
significant genes.   
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3.5. Transcriptional profiling of optimized LDH regulating hUC-MSC 
function 

To reveal the potential molecular mechanisms by which MgFe–NO3 
LDH promotes IVD regeneration, the transcriptomes of LDH-treated 
MSCs were examined using RNA sequencing. Volcano plots revealed 
differentially expressed genes (DEGs) between the treated groups 
(Fig. 5A). There were 1408 upregulated and 1769 downregulated genes 
in Ctrl-CHO vs. hUC-MSCs, 1265 upregulated and 1475 downregulated 
genes in LDH-CHO vs. hUC-MSCs, and 224 upregulated and 266 
downregulated genes in Ctrl-CHO vs. LDH-CHO (p < 0.05, log2 fold 
change >1). Fig. 5B presents a cluster heatmap of the 124 most signif
icant DEGs among the sample groups (p < 0.05 and log2 fold change 
>2). Gene ontology (GO) analysis was performed to more thoroughly 
investigate the signaling pathways involved in the IVD regeneration of 
LDH-treated MSCs. The GO analysis was classified into two categories: 
GO-P (biological process of selected genes) and GO-F (molecular func
tion of the gene products). DEGs between the LDH and the Ctrl-CHO 
groups were mainly associated with cell adhesion, inflammatory 
response, angiogenesis, and cellular protein metabolic processes (Fig. 5C 
and D). GO-F mainly contains molecular functions associated with ECM 
structural constituents, heparin binding and cell adhesion-related genes, 
which were significantly different between the MgFe–NO3 LDH-treated 

and control groups, suggesting that optimization of LDH could regulate 
the constituents of ECM and promote cell migration. Transcriptome 
sequencing data showed that focal adhesion signaling pathway plays a 
key role in promoting chondrogenic differentiation of hUC-MSCs by 
MgFe–NO3 LDH. The Integrin gene was significantly altered in both gene 
set enrichment analysis (GSEA) of cell adhesion and actin cytoskeleton 
function (Fig. 5E). Protein-protein-interactions analysis was performed 
to evaluate the key gene of LDH regulation in hUC-MSCs. The findings 
clearly indicated the multiple links of the integrin family with chon
drogenic genes and ECM components (Fig. 5F). The collective tran
scriptomic data identified ECM structural constituents and cell adhesion 
pathways as highly enriched terms that facilitated our further functional 
intervention. 

3.6. Cellular adhesion and migration ability of LDH-treated hUC-MSCs 

To explore the molecular mechanism by which MgFe–NO3 LDH 
promotes MSCs migration, the expression of focal adhesion-related 
genes, including α-Actinin, Integrin and Cdc42, was analyzed by RT- 
PCR. The relative expressions of α-Actinin and Integrin in LDH-treated 
MSCs was significantly higher than that in other groups. However, no 
significant differences were found in Cdc42 expression in all groups, 
suggesting that LDH promoted the migration of MSCs by regulating focal 

Fig. 6. The cell adhesion and migration ability of optimizing LDH in regulating hUC-MSCs function. A) qPCR analysis of focal adhesion signaling pathway related 
markers Actinin, Cdc42 and Integrin expression. **p < 0.01, ***p < 0.001. B) Wound healing analysis of cell adhesion ability in optimizing LDH treated hUC-MSCs for 
12 h and 24 h, respectively. Scale bar = 100 μm. C) Blank area calculation of figure B quantified by image J. ***p < 0.001. D) Migration index calculation of figure B 
of 12 h and 24 h. ***p < 0.001. E) Cell migration analysis detected by crystal violet. Scale bar = 100 μm. F) Migration cells number in figure E quantified by image J. 
**p < 0.01, ***p < 0.001. 
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adhesion-related genes (Fig. 6A). Based on the transcriptomic analysis of 
LDH-treated MSCs, the effect of MgFe–NO3 LDH on the migration ability 
of MSCs was tested by performing wound healing and Transwell assays. 
hUC-MSCs were co-cultured with 5, 10, and 20 μg/mL MgFe–NO3 LDH 
for 12 and 24 h. As shown in Fig. 6B–D, the migration ability of LDH- 
treated MSCs was approximately 3- and 2-folds, respectively, 
compared to that of control group after 12 and 24 h of treatment. The 
narrowed gap in Fig. 6B was measured using the Image J software. LDH- 
treated MSCs displayed a narrower gap than the control group. As shown 
in Fig. 6E and F, addition of MgFe–NO3 LDH considerably showed 
concentration dependent promotion effects of cell migration. 

3.7. Inhibition of integrin in focal adhesion signaling pathway impaires 
LDH-promoted differentiation and migration of MSCs 

Based on the above functional validation of the optimized MgFe–NO3 
LDH on cell adhesion and migration ability in vitro, we next explored the 

effect of inhibiting the integrin pathway by transcriptome analysis and 
qPCR validation. The pathway is of crucial rule in the focal adhesion 
signaling pathway that mediates the recognition between cells and the 
ECM. To further clarify the underlying mechanism, MSCs were co- 
cultured with MgFe–NO3 LDH and the focal adhesion pathway inhibi
tor ATN (Fig. 7A), and the results showed that the most effective con
centration of ATN was 20 μM. The migration ability of MSCs was still 
tested by wound healing, as shown in Fig. 7B and C, MgFe–NO3 LDH 
could no longer promote the migration of MSCs in the presence of ATN. 
As shown in Fig. 7D, the fluorescence intensity of Integrin and SOX9 was 
the highest in the MgFe–NO3 treatment group, and the cell morphology 
of F-Actin was significantly widened and enlarged. After the addition of 
ATN, the fluorescence intensity of Integrin and SOX9 decreased in the 
ATN group, and the cell morphology of F-Actin decreased significantly. 
The findings indicate that the addition of ATN significantly inhibited 
chondroblast differentiation and the ability of cell migration and 
adhesion. In the LDH + ATN group, the yellow fluorescence intensity of 

Fig. 7. Focal adhesion signaling pathway valida
tion of optimizing LDH regulated hUC-MSCs toward 
chondrogenic differentiation. A) qPCR analysis of 
focal adhesion signaling pathways markers Integrin, 
Vinculin and Cdc42 under different concentrations 
of integrin inhibitor ATN (5, 10, 20, 50 and 100 μM, 
respectively). **p < 0.01, ***p < 0.001. Scale bar 
= 100 μm. B) Cell migration detect of LDH, ATN 
and LDH + ATN groups. C) The migration index of 
figure B quantified by image J. ***p < 0.001. D) 
Immunofluorescence of LDH, ATN and LDH + ATN 
treated hUC-MSCs for 7 days chondrogenic differ
entiation. Scale bar = 25 μm. E) qPCR analysis of 
chondrogenic markers SOX9, COLX, COL3A1 and 
COL6A1 expression. *p < 0.05, ***p < 0.001. F) 
Western blot analysis of focal adhesion related 
proteins after the treatment of LDH, ATN and LDH 
+ ATN for 7 days chondrogenic differentiation.   
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Integrin and the green fluorescence intensity of SOX9 were increased 
compared to that in the ATN group. The morphology of the Actin 
cytoskeleton was also significantly widened. The results showed that the 
addition of ATN effectively inhibited the differentiation, migration, and 
adhesion of hUC-MSCs and that MgFe–NO3 LDH promoted chondro
genic differentiation, cell migration, and adhesion of hUC-MSCs in the 
presence of ATN. We further evaluated the colocalization of LDH with 
the cell membrane labeled with the lipophilic fluorescent dye Dil. The 
results showed that with the increase in LDH incubation time, the 
colocalization of LDH was augmented from 0.5 to 48 h (Fig. S7A). The 
cell skeletal Actin fluorescence shown in Fig. S7B indicated that LDH 
incubation could enhance the intensity of Actin, leading to a down
stream regulatory reaction. qPCR was also conducted in LDH-, ATN-, 
and LDH + ATN-treated hUC-MSCs for 7 days of chondrogenic differ
entiation. The downregulation of ATN reduced total chondrogenic genes 
(SOX9 and COLX) and fibrocartilaginous genes (COL1A1 and COL3A1). 
The findings were highly consistent with the immunofluorescence re
sults and indicate that the chondrogenic promoting function of LDH 
could be compromised by ATN co-treatment in the LDH + ATN group 
(Fig. 7E). Western blot analysis of focal adhesion signaling pathways in 
Fig. 7F clearly demonstrated the promoting effects of Integrin, Vinculin 
and ɑ-Actinin treated by LDH, and the effective upregulation of p-Akt 
and p-ERK indicated a possible correlation between focal adhesion 
signaling pathway with PI3K-Akt signaling pathway and MAPK 

signaling pathway. In addition, we conducted immunofluorescent 
analysis of Vinculin after LDH, ATN and LDH + ATN treatment in 
Fig. S8, the data showed that consistent with immunofluorescence of 
Integrin, the ATN adding could significantly decrease the expression of 
Vinculin. The above results demonstrated that optimizing LDH has a 
significant influence on chondrogenic function by regulating the key 
genes of Integrin and downstream gene Vinculin in the focal adhesion 
signaling pathway. 

The in vivo transplantation effects of hUC-MSCs for chondrogenic 
differentiation with or without LDH treatment support the following 
sequence of events for the optimizing LDH function. Without LDH 
treatment, the intervertebral disc was characterized of reduced disc 
height, destroyed structure, and loss of physiological function. While, 
LDH first produces ECM components and then interacts with the integrin 
receptor of focal adhesion signaling pathway. This induces the upregu
lation of downstream markers of focal adhesion kinase Vinculin, Actinin 
and Cdc42 expression, supplemented with the regulation of p-Akt and p- 
ERK, facilitating the regulation of actin skeletal distribution and as
sembly, and the ultimate chondrogenic differentiation of transcription 
factor SOX9 and collagen components COLX, COL1A1, COL3A1, and 
COL6A1 (Fig. 8). 

Fig. 8. Schematic diagram of the function and mechanism of IDD model with or without LDH treatment. Without LDH treatment, the intervertebral disc was 
characterized of reduced disc height, destroyed structure, and loss of physiological function. While, the optimized LDH-pretreated cell transplantation enhanced the 
chondrogenic differentiation and in situ intervertebral disc regeneration through focal adhesion signaling pathways. 
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4. Discussion 

The structural characteristics of IVD mainly support the motor 
function and stability of the spine [38,39]. IVD degeneration often af
fects the facet joints at the back of the spine and is a common cause of 
back pain [40]. Current treatments for disc degeneration can be divided 
into conservative treatment and surgery. When conservative treatment 
methods, such as physical therapy, drug treatment, and epidural steroid 
injection fail, surgical intervention involving vertebral fusion is needed 
to reduce pain and other symptoms by limiting the movement of the 
diseased segment of the vertebral body [8,10]. However, the decreased 
activity of the vertebral body will accelerate the degenerative changes of 
the adjacent disc [9,41]. 

The use of stem cells to treat discs degeneration in vitro and in vivo has 
continued to progress and several clinical trials have been conducted to 
evaluate the treatment efficacy and safety [17,42]. Biomaterials are 
often applied in conjunction with stem cell transplantation in the 
treatment of IDD. These biomaterials are most often biological scaffolds 
that are intended to provide microenvironment support for transplanted 
stem cells and ensure the stability of their cell morphology and function 
[43,44]. However, reflecting their original goal of physical support, 
biomaterial scaffolds display poor environmental interaction and cannot 
accurately regulate stem cell differentiation [18,19]. In this study, we 
screened the optimal LDH materials according to the differentiation 
ability and characteristics of stem cells, co-culture ability, and syner
gistically evaluated the mechanism of LDH-treated hUC-MSCs function 
and process. This study aimed to provide new ideas and regeneration 
intervention methods for tissue engineering. 

Mg-based materials exhibit excellent biocompatibility applications 
[45]. We constructed four Mg-based LDHs composed of different triva
lent ions and negative ions based on the co-precipitation and hydro
thermal method [46,47], which were characterized by TEM, surface zeta 
potential, XRD, XPS and FTIR analyses (Fig. 1A–D). The results indicated 
excellent layered structures and homogeneous distribution of the 
nanoparticles [48]. The positive surface zeta potential facilitated LDH 
for cell adhesion and endocytosis into the targeted cells [49]. The ion 
elemental composition of LDH has been reported as functional roles in 
directing the stem cell fate at different stages and culture systems [35]. 
Thus, the ion-elemental specific LDH provides promising insights for 
controlling stem cell fate. 

The four LDH nanoparticles were evaluated by Alcian staining, 
qPCR, and immunofluorescence after co-culturing with hUC-MSCs. 
MgAl–Cl and MgFe–NO3 LDH displayed better chondrogenic differen
tiation effects than the others tested (Fig. 2A–C). The different expres
sion levels of SOX9 between day 10 and 14 mainly because of the 
expression pattern of the gene and the regulation transition of LDH 
treatment. We added specific evaluation of NP markers and AF markers 
to more clearly investigate the function of MgAl–Cl and MgFe–NO3 LDH, 
and we also conducted immunofluorescence analysis of COL1A1 to 
prove the function model of fibrocartilage marker. GAG is a recognized 
chondrocyte component and is one of the most typical products of 
cartilage [50]. In the present study, GAG was stained intensively, and its 
number visibly increased in MSCs with an increase in LDH nano
particles. In addition, compared with the other groups, MgAl–Cl and 
MgFe–NO3 LDH treated hUC-MSCs displayed higher cell density and 
more regular cell morphology. Cell viability analysis by CCK8 as well as 
EdU and cellular distribution experiments revealed MgFe–NO3 LDH as 
the most favorable material, with relatively higher efficiency in pro
moting chondrogenesis and cell compatibility, which is important for 
the in vivo regeneration of IVD [51–53]. 

Earlier studies demonstrated the feasibility of transplantation of 
MSCs [18,54]. Based on the advantages of LDH and MSCs in tissue 
regeneration and microenvironment regulation, the combined applica
tion of LDH and MSCs should bring exciting results for tissue regener
ation and repair therapy. In this study, we constructed LDH pre-treated 
MSCs and then transplanted them into the degenerative site of a needle 

puncture degenerative disease rat model. The in vivo findings clearly 
showed recovery of disc space height and integrated tissue structure 
similar to that of the native IVD (Fig. 4). Thus, transplantation of 
LDH-treated MSCs could effectively promote chondrogenesis. New 
cartilage with obvious morphology was evident compared with the 
untreated MSCs group. By exploring the specific mechanisms of related 
intervention pathways in the process of regeneration and repair, the 
good proliferation and differentiation potential of stem cells can be fully 
utilized. 

To reveal the molecular mechanism of LDH-promoted chondrogenic 
differentiation of MSCs, transcriptional profiling was performed. Cell 
adhesion and ECM components were significantly affected (Fig. 5C–F). 
The key gene was integrin, which plays a crucial role in the focal 
adhesion signaling pathway that mediates cell adhesion and recognition 
between cells and ECM as evident through transcriptome analysis and 
qPCR validation (Fig. 6A). The focal adhesion signaling pathway may 
have important roles in cellular motility, bone phylogeny, and cell 
growth and differentiation related pathways [55,56]. Our results are 
consistent with those of published reports on the function of Integrin and 
the expression trend of chondrogenic differentiation (Fig. 7D). To verify 
that LDH promoted chondrogenic differentiation of MSCs by inhibiting 
the focal adhesion signaling pathway and thus contributing to chon
drogenesis, we inhibited the Integrin expression by small molecules in 
LDH-treated MSCs cells (Fig. 7E and F). Notably, the chondrogenic ac
tivity of LDH was significantly reduced. The results identify the molec
ular mechanism and prove that focal adhesion signaling pathway is 
crucial in promoting the chondrogenic differentiation of LDH-treated 
MSCs. 

Focal adhesion signaling pathway mainly contain the physical 
connection between the ECM and the actin cytoskeleton of the cell [57]. 
The preliminary function was exerted through integrins, which were 
commonly found dependent on Ca2+ or Mg2+. Integrins also have a role 
in transmitting extracellular signals into the cell [58]. The extracellular 
structural domains of integrins bind to extracellular ligands resulting in 
a cascade reaction of signal amplification [59]. Vinculin is involved in 
cellular chemical signaling by binding and interacting with a variety of 
adhesion site proteins via integrins [60]. Studies have demonstrated 
F-actin parallels with the change of Vinculin in the synthesis of collagen 
ECM and the remodelling of cytoskeleton-ECM adhesion in chondro
genic differentiation of MSCs [61,62]. Focal adhesion kinase (FAK) can 
integrate signals from integrins, growth factors and mechanical stimuli 
to activate intracellular PI3K/Akt, Ras/MAPK and other signaling 
pathways to regulate cell growth [62,63]. Our results showed that LDH 
promoted the Integrin, Vinculin, Actinin expression, and upregulated 
the expression of p-Akt and p-ERK correspondingly (Fig. 7D–F). 
Consistent with earlier reports, our findings indicate the invovlement of 
PI3K/Akt and Ras/MAPK in focal adhesion signaling pathway. 

The adhesion ability of ECM is very important for the proliferation, 
survival, differentiation, and differentiation of MSCs [64]. ECM simu
lates the structure of natural osteochondral tissue, increases cell adhe
sion ability, and provides a more favorable matrix for IVD regeneration 
[65]. Furthermore, ECM can effectively mimic the microenvironment of 
chondrocytes, which can promote the secretion of chondrocyte matrix 
and induce responsive differentiation. Integrin is a heterodimer trans
membrane adhesion receptor that provides an important bioactive basis 
for ECM assembly [66,67]. Integrin, interacts with various intracellular 
and extracellular ligands and is significant in controlling cell fate [68]. 
Binding of integrin receptors to cell adhesion ligands of ECM allows 
integrin receptors to activate cascade signals to connect the cytoskeleton 
and ECM [14,67]. Cell behavior can be feasibly regulated by adjusting 
the density of adhesion ligands in nanomaterials [69,70]. In the earlier 
materials screening of four different LDH nanoparticles, MgAl–Cl and 
MgFe–NO3 LDH showed superior effects than other groups, thus were 
selected for further cell function validation. The ion compositions of four 
LDH mainly resulted in different physical-chemical properties and bio
logical function. The metal ion release of materials lead to difference in 

Z. Wang et al.                                                                                                                                                                                                                                   



Bioactive Materials 22 (2023) 75–90

88

cellular adhesion, uptake and further signaling pathway influence, thus 
together form the superior effects of selected LDH than other groups 
[71]. The present findings show that the active function of ECM and cell 
adhesion ligands by optimizing LDH, thus leading to the enhanced dif
ferentiation and prompting tissue regeneration. In summary, through 
the design, synthesis, and optimization of LDH nanomaterials, we 
analyzed the function and mechanism of LDH in promoting IVD regen
eration by regulating the differentiation of MSCs. 

5. Conclusions 

We successfully constructed LDH nanoparticles with different 
elemental compositions. Our findings reveal that optimized MgFe–NO3 
LDH is highly efficient in promoting the chondrogenesis of hUC-MSCs. 
The in vivo IVD regeneration effects were increased by optimizing 
LDH-pretreated hUC-MSCs, which showed an excellent repair function. 
The collective findings reveal the decisive signaling pathway in LDH that 
promotes differentiation and tissue regeneration by regulating ECM 
components and focal adhesion signaling pathway. The bioactive and 
controllable ionic composition design of LDH applied in the regenera
tion and repair of IDD provides a theoretical basis for clinical transition 
and further applications. 
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