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Purpose: The committed differentiation fate regulation has been a difficult problem in the fields of stem cell research, evidence 
showed that nanomaterials could promote the differentiation of stem cells into specific cell types. Layered double hydroxide (LDH) 
nanoparticles possess the regulation function of stem cell fate, while the underlying mechanism needs to be investigated. In this study, 
the process of embryonic stem cells (ESCs) differentiate to neural progenitor cells (NPCs) by magnesium aluminum LDH (MgAl- 
LDH) was investigated.
Methods: MgAl-LDH with diameters of 30, 50, and 100 nm were synthesized and characterized, and their effects on the cytotoxicity 
and differentiation of NPCs were detected in vitro. Dot blot and MeRIP-qPCR were performed to detect the level of m6A RNA 
methylation in nanoparticles-treated cells.
Results: Our work displayed that LDH nanoparticles of three different sizes were biocompatible with NPCs, and the addition of 
MgAl-LDH could significantly promote the process of ESCs differentiate to NPCs. 100 nm LDH has a stronger effect on promoting 
NPCs differentiation compared to 30 nm and 50 nm LDH. In addition, dot blot results indicated that the enhanced NPCs differentiation 
by MgAl-LDH was closely related to m6A RNA methylation process, and the major modification enzyme in LDH controlled NPCs 
differentiation may be the m6A RNA methyltransferase METTL3. The upregulated METTL3 by LDH increased the m6A level of Sox1 
mRNA, enhancing its stability.
Conclusion: This work reveals that MgAl-LDH nanoparticles can regulate the differentiation of ESCs into NPCs by 
increasing m6A RNA methylation modification of Sox1.
Keywords: mouse embryonic stem cell, neural progenitor cells, layered double hydroxide nanoparticles, size-dependent, 
differentiation, m6A RNA methylation

Introduction
Embryonic stem cells (ESCs) characterized by self-renewal and pluripotency are derived from the inner cell mass (ICM) 
of the blastocyst and capable of differentiating into several neural cells with appropriate external induction.1 ESC-derived 
neural precursor cells (NPCs) with self-renewal and the capacity of differentiating into various neural cells have been 
successfully transplanted into the injured region of the central nervous system (CNS) so as to be applied in the therapy of 
neurodegenerative diseases and nerve damage.2 NPCs derived from ESCs were transplanted into injured spinal cord of 
rats or nonhuman primate, and these transplanted neurospheres contributed to the functional recovery of spinal cord 
injury.3,4 The transplantation of ESC-derived NPCs could efficiently reconstruct the injured neural tissues and improve 
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brain functions of stroke-damaged rats.5 Hence, it holded immense significance to explore innovative strategies and 
relevant mechanisms regulating the differentiation of ESCs into NPCs.

Several protocols inducing differentiation of ESCs into NPCs in vitro had been optimized for years, which played 
a nonnegligible role in the regulation of stem cell fate. ESCs spontaneously formed specific embryoid bodies (EBs) 
containing cells of the three germ layers after removal of factors that sustained pluripotency, and nerve cells were then 
proliferated in a specific selective medium.6 This method was based on the spontaneous differentiation of cells with 
a large number of indefiniteness. Moreover, EBs contained cell types of three germ layers and the maturity of neural cells 
was inconsistent, which was not conducive to the transplantation and repair of neural damage.7 Co-culturing mESCs with 
stromal cells, such as PA6 and MS5, significantly enhanced neural differentiation of mESCs, but the differentiated 
products could be contaminated by unknown components of feeder cells, which was unfavorable for further research on 
signaling pathways during differentiation.8 Committed differentiation of ESCs by supplementing specific inducing 
factors without serum and conditioned medium was not be interfered by exogenous cells, and a high proportion of 
NPCs could be obtained.9 The neural differentiation of ESCs regulated by supplementing the medium with specific 
exogenous factors such as nanomaterials, growth factors, and retinoic acid (RA) had been widely investigated.10,11 

Nanomaterials with stable physicochemical properties were easily synthesized and modified, promising for regulating 
neural differentiation of stem cells.12–15 Taken together, investigation of nanomaterials regulating the differentiation of 
ESCs into NPCs could offer theoretical basis for cell fate regulation of biomaterials in ESCs.

The size of nanomaterials similar to that of biomolecules facilitated their penetration of various biomembrane and 
interactions with DNA or proteins in organs, tissues, or cells, thereby affecting physiological processes in vivo.16 

Increasing evidences indicated that the neural differentiation of ESCs could be promoted by nanomaterials with stable 
physicochemical properties in recent years.12,17,18 mESCs could be effectively differentiated into neural precursors, 
neurons, astrocytes, and oligodendrocytes supported by nanofibrous poly(lactic-co-glycolic acid) (PLGA) 3D scaffolds, 
and the fraction of NPCs on PLGA aligned nanofibers was significantly higher than that of PLGA random nanofibers.19 

Encapsulating the neural differentiation factor RA in a mesoporous silica nanoparticle (MSN) significantly facilitated the 
neural differentiation of mESCs.20 Neural differentiation-related functional units (glyco and sulfonate units) anchored on 
the gold nanoparticles (GNP) surface were transferred to the surface of cell membrane via GNP-membrane interactions, 
thereby promoting differentiation of ESCs into neuronal lineages more effectively.21 Nervous system treatment can 
benefit from the use of nanocomposites due to their low toxicity in central nervous system and their ability to produce 
profound recovery effects. However, the majority of these effects are derived from loaded factors, and few of these 
nanomaterials possess immunoinhibitory properties. Furthermore, the underlying mechanisms by which these biomater-
ials regulate the fate of stem cells remain elusive.

Layered double hydroxide (LDH) nanoparticles, a sort of anionic hydrotalcite-like clays, possess a range of 
exceptional biological characteristics, such as favorable biocompatibility, pH sensitivity, secure biodegradation, and 
anti-inflammatory properties, contributing to their extensive investigation in the field of immune response regulation and 
stem cell fate regulation.22 Previous research discovered that they play a key role in sustaining the stemness of mESCs, 
neural regeneration and suppressing the expression of inflammatory factors.23–25 However, there are few reports on the 
regulation of neural precursor differentiation of embryonic stem cells by LDH. This work initially investigated the effects 
of LDH on the fate of NPCs and revealed that 100 nm LDH could significantly accelerate the process of NPCs 
differentiation. The specific molecular mechanism of LDH promoting NPCs differentiation needed to be further studied.

N6-methyladenosine (m6A) is a common modification type on eukaryotic mRNA, regulated by “writing” proteins 
(METTL3, METTL14, and WTAP), “erasing” proteins (FTO and ALKBH5), and “reading” proteins (YTH family 
proteins and IGF2BP family members).26–28 Researches have shown that m6A methylation modification can affect RNA 
function by regulating RNA stability, recognizability, and translation efficiency.29 During the differentiation process of 
stem cells, m6A methylation modification can regulate gene expression, thereby affecting the differentiation fate of 
cells.30 It had been found that m6A RNA modification that could affect the fate of mESCs was enriched in numerous core 
regulators that maintained pluripotency of mESCs, and the absence of RNA methylation affected the chromatin stability 
of ESCs and prevented them from naïve to primed state, thereby inhibiting differentiation of cells.31–33 In this work, 
whether LDH promotes NPC differentiation through m6A modification was explored. Interestingly, our results 
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demonstrated that LDH nanoparticles could significantly facilitated NPCs differentiation of mESCs by upregulating the 
expression level of m6A RNA methyltransferase METTL3, a component of m6A methylase complex.

Based on the regulatory role of m6A methylation modification on the fate of mESCs and the preliminary results 
showing that m6A level gradually increased during NPCs differentiation and LDH up-regulated the expression of 
METTL3, we proposed a hypothesis that LDH affected the differentiation process of NPCs by regulating the level 
of m6A in specific genes.

Materials and Methods
Synthesization and Characterization of Nanoparticles
The 100 nm MgAl-LDH was synthesized by a coprecipitation and subsequent hydrothermal method. Al(NO3)3·9H2O, Mg 
(NO3)2·6H2O, and NaOH were supplied by Sinopharm Group Co. Ltd. Typically, 0.544 g NaOH was dissolved into 60 mL 
deionized water (ddH2O) under N2 atmosphere, vigorously stirred at 1000 rpm, and then 1.538 g Mg(NO3)2·6H2O and 0.75 g 
Al(NO3)3·9H2O dissolved into 40 mL ddH2O were added in the stirring NaOH solution at room temperature for 20 min. The 
product was washed three times by ddH2O, dispersed into 70 mL ddH2O and hydrothermally placed in a 100°C autoclave for 
16 h. The obtained sediment was then washed thrice by ddH2O, and finally MgAl-LDH was obtained. 30 nm MgAl-LDH 
nanoparticles were obtained by replacing the solvent of Al(NO3)3·9H2O, Mg(NO3)2·6H2O, and NaOH with methanol, and 
the subsequent material synthesis procedure was the same as 100 nm LDH.

To synthesize 50 nm MgAl-LDH, a 20 mL mixed aqueous solution of 1.538 g Mg(NO3)2·6H2O and 0.75 g Al 
(NO3)3·9H2O was prepared. The pH of the mixture was adjusted to 10.0 by NaOH aqueous solution, followed by 
vigorously stirring for 5 h at 80°C. The 50 nm MgAl-LDH was obtained by centrifugation, washed, and resuspended in 
ddH2O.

The morphology of MgAl-LDH was obtained using transmission electron microscope (TEM). The Malvern Nano 
Zetasizer series was applied to determine Zeta potential of MgAl-LDH. X-ray photoelectron spectroscopy (XPS) was 
applied to detect the elemental content of MgAl-LDH. X-ray diffraction (XRD) was applied to detect the crystal structure 
of MgAl-LDH.

Cell Culture
The mESC line 46C was purchased from National Collection of Authenticated Cell Cultures. High-glucose DMEM 
medium (Gibco) added with 1000 U mL−1 LIF (1000 U mL-1), 1% penicillin and streptomycin (Gibco), 1% 
NEAA (Gibco), 1% glutamax (Gibco), 1% sodium pyruvate (Gibco), 0.1 mM β-mercaptoethanol (Gibco), and 15% 
FBS (Gibco) was applied to culture mESCs on feeders spreaded over gelatin. The medium was changed daily, and 
mESCs were passaged approximately every 2~3 days. For the differentiation of mESCs into NPCs, a density of 
5×104 cells mL−1 cultured with NPCs medium (G-MEM (Gibco) supplemented with 1% penicillin and strepto-
mycin, 1% NEAA, 1% glutamax, 1% sodium pyruvate, 0.1 mM β-mercaptoethanol, and 8% Knockout serum 
replacement) were suspended in ultra low attachment plates. The MgAl-LDH was supplemented on the third day 
of differentiation. NPCs were passaged every 3 days, and the medium was changed every other day.

CCK-8 Test
Cell counting kit-8 (CCK-8) (APExBIO, Houston, USA) was applied to assess the viability of cells treated with 10~40 
μg mL−1 MgAl-LDH of different sizes according to the instruction of test kits. Cells treated with MgAl-LDH of different 
sizes were grown in the incubator for 72 h. Cells were transferred to a 96-well plate at a density of 1×104 cells well−1 and 
incubated with CCK-8 solution in the incubator for an additional 2 h. A microplate reader at 450 nm was used to detect the 
absorbance. The cell survival rate was calculated as OD (experimental group)/OD (blank control group) × 100%.

Cell Apoptosis Analysis
The Annexin V-APC/7-AAD apoptosis detection kit (KeyGEN BioTECH, Nanjing) was selected to analyze cell 
apoptosis. Cells were treated with 40 μg mL−1 MgAl-LDH nanoparticles of different sizes for 72 h. Cells trypsinized 
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were washed with PBS and incubated with a prepared mixture including 5 μL Annexin V-APC, 5 μL 7-AAD, and 500 μL 
binding buffer for 15 min without light. Flow cytometer was applied to detect cell apoptosis. The results were analyzed 
by Flowjo software.

Cell Cycle Analysis
Cells were treated with 40 μg mL−1 MgAl-LDH of different sizes for 72 h. After trypsinization, single cells were fixed 
with 500 μL cold 70% ethanol at 4°C for 4 h, centrifuged to discard 70% ethanol, resuspended with prepared 500 μL PI/ 
RNase A (KeyGEN BioTECH, Nanjing) for 30 min without light, and analyzed by flow cytometry.

EdU Detection
Cells proliferation was analysed by EdU detection kit (APExBIO, Houston, USA). Spheres treated with 40 μg mL−1 

MgAl-LDH of different sizes for 72 h were incubated with 10×10−6 M EdU solution for 3 h, fixed in 4% PFA for 30 min, 
permeabilized in 0.5% Triton X-100 for 20 min, incubated with prepared Click-iT working buffer for 30 min without 
light, stained by DAPI in dark for 10 min, and finally the fluorescence intensities of EdU was photographed by confocal 
laser scanning microscope. Spheres incubated with 10×10−6 M EdU solution for 3 h were trypsinized to single cells, and 
the above experimental procedure without nucleus staining was performed to analyze the quantification of proliferating 
cells by flow cytometry.

Cellular Uptake by NPCs in vitro
Confocal microscopy and TEM were used to observe the distribution of LDH in NPCs. 1 mg mL−1 FITC was incubated 
with 2 mg mL−1 MgAl-LDH overnight at 4°C in dark to label nanoparticles. NPCs treated with nanoparticles-FITC for 
24 h were seeded on 24-well plate slides, fixed with 200 μL 4% PFA for 15 min, permeabilized with 200 μL 0.5% Triton 
X-100 for 20 min, incubated with Lyso red or Mito red (KeyGEN BioTECH, Nanjing) for 30 min, stained by 200 μL 
DAPI at 37°C for 15 min in dark, washed thrice with PBS, and finally the fluorescence of NPCs were photographed via 
confocal microscopy.

To analyze the cell sections by TEM, 40 μg mL−1 MgAl-LDH of all sizes were applied to incubate with cells for 24 
h. The cells were then harvested and fixed overnight at 4°C with 2.5% glutaraldehyde, followed by 1% osmic acid for 1 
h. After dehydration, the samples were embedded and sliced in an ultrathin microtome. The sections were then placed on 
copper grids and observed by TEM.

qRT-PCR Analysis
Cells were lysed by RNAiso Reagent (Takara) on the seventh day of differentiation to extract total RNA. Its concentra-
tion was quantified using Nanodrop. RNA processed by SPARKscript II RT Plus kit (with gDNA Eraser) (Sparkjade 
Biotechnology, Shandong) was reversed to cDNA. TB Green Premix Ex Taq (Takara) was applied to perform qRT-PCR 
analyses. The qPCR primers used in the experiments were listed in Table S1, Supporting information.

Western Blotting
Protein extraction kit (KeyGEN BioTECH, Nanjing) was used to extract proteins from cells, and extracted proteins 
were quantified using BCA protein assay kit (KeyGEN BioTECH, Nanjing) according to the kits’ instructions. 
Quantitative protein samples supplemented with equal 2× loading buffer were boiled at 100°C for 10 min, and 20 
μg protein samples were loaded and separated by SDS-PAGE gels, transferred to a PVDF membrane (Millipore, USA) 
that had been soaked in methanol for 1 min, blocked in 7.5% nonfat milk at room temperature for 1 h and soaked in 
specific primary antibody solution diluted with 5% BSA overnight at 4°C. The primary antibodies used in Western blot 
were listed as follows: SOX1, PAX6, N-CADHERIN were purchased from Abcam (CA, USA). The membranes were 
washed three times with TBST for 15 min, incubated with second antibody diluted with 7.5% nonfat milk at room 
temperature for 1 h, and washed three times with TBST for 15 min. Prepared ECL solution (Millipore, USA) was 
evenly dropped on the membranes, and then target bands were observed by chemiluminescence detection system 
(Tanon, Shanghai).
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Immunofluorescent Staining
Spheres attached on 24-well plate slides were fixed in 200 μL 4% PFA for 20 min, permeabilized and blocked in 200 μL 
10% normal donkey serum diluted with 0.5% Triton X-100 for 1 h, and incubated with 200 μL specific primary 
antibodies diluted with normal donkey serum and 0.1% Triton X-100 overnight at 4°C. Subsequently, cells were washed 
three times by PBS for 5 min and incubated with 200 μL fluorescent secondary antibodies diluted with normal donkey 
serum and 0.1% Triton X-100 at room temperature for 1 h in the dark. Then, the samples were stained by 200 μL DAPI 
at 37°C for 15 min without light and washed thrice by PBS for 5 min before the fluorescence of NPCs were observed and 
photographed via confocal microscopy (Zeiss, Germany).

Genes Knock-Down in mESCs
The generation of shMettl3-1 and shMettl3-2 was designed by Ribobio. shMettl3-1 and shMettl3-2 was transfected into 
mESCs using the typical lentiviral infection protocol. The cells were seeded at low density and treated with puromycin 
for 48 h after transfection.

Alkaline Phosphatase (ALP) Staining
ALP staining was used to observe the effect of Mettl3 knockdown on the stemness of mESCs. mESCs were fixed in 4% 
PFA for 10 min, incubated with ALP working buffer for 20 min and observed by bright-field microscopy.

Embryoid Bodies (EBs) Formation
mESCs were dissociated by trypsin and cultured without LIF at a density of 5×104 cells mL−1 in ultra low attachment 
dishs for 5 d. As the EBs-like spheres formed, total RNA of shMettl3-1 and shMettl3-2 groups was extracted to detect 
markers expression of three germ layers.

Dot Blot
RNA samples at a concentration of approximately 500 ng μL−1 were incubated in a water bath at 65°C for 10 min and then 
placed on ice immediately after denaturation. Subsequently, 1 μL samples were dropped on a dried nylon membrane 
presoaked with TBST. The membrane spotted by denatured RNA samples was irradiated with ultraviolet for 30 min. The 
membrane was stained by methylene blue, washed by TBST for 10 min, blocked in 7.5% nonfat milk at room temperature 
for 1 h, and immersed with m6A antibody solution diluted in 5% BSA overnight at 4°C. Subsequently, the membrane was 
washed thrice in TBST, then incubated with secondary antibody diluted in 7.5% nonfat milk at room temperature for 1 h. The 
membrane was then washed thrice in TBST and visualized by ECL solution (Sparkjade Biotechnology, Shandong) with 
a Tanon detection system.

Prediction of Sox1 and Pax6 M6A Methylation Sites
The SRAMP tool, a m6A modification site predictor, was used to predict the possible sites modified by m6A. The entire 
sequence of Sox1 and Pax6 mRNA was uploaded to the server, and this tool automatically exported the 
possible m6A methylation sites.

M6A-RT-PCR (MeRIP-qPCR)
The total RNA extracted with RNAiso Reagent was used for MeRIP-qPCR. After fragmenting RNA, 1 μg of RNA was regarded 
as input group to immediately reverse to cDNA. The remaining 20 μg of RNA was used for subsequent immunoprecipitation 
experiments according to the instruction of GenSeq® m6A MeRIP kit (Cloudseq, Shanghai). The primers used in MeRIP-qPCR 
were exhibited as follows: PF: TTTTCTCGGCTTCGGAGGAC; PR: AGAGCTGGCGGGAAGTAAAC.

RNA Stability Assays
To assess RNA stability, NPCs were treated with actinomycin D (Act-D) at a concentration of 5 μg mL−1. The cells were 
incubated with Act-D at 37°C for 4 h. Subsequently, RNA was extracted from the samples using RNAiso Reagent for 
qPCR.
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Statistical Analysis
The data presented in this study were the mean ± standard deviation of more than three independent replicates. Statistical 
significance was determined using one-way analysis of variance (ANOVA) with GraphPad Prism 6.

Results
Characterization of MgAl-LDH Nanoparticles
MgAl-LDH nanoparticles of three different sizes all exhibited regular layered hexagonal as shown in TEM images 
(Figure 1A), and high-resolution TEM images presented that the lattice fringes of MgAl-LDH with different diameters 
were 0.15 nm, 0.16 nm, and 0.22 nm in size, respectively (Figure 1B). Zetasizer was performed to detect surface charges 
of MgAl-LDH, and the mean Zeta potential of MgAl-LDH with different sizes was detected as 9.21 mV, 11.46 mV, and 
20.9 mV, respectively (Figure 1C). The positive charge of nanoparticles promoted their adhesion to cell membranes that 
possessed negative charge. The peaks of elemental composition in LDH were detected using XPS. MgAl-LDH with three 
different sizes all possessed Mg 1s, Al 2p, N 1s, and O 1s peaks (Figures 1D and S1). MgAl-LDH of three different sizes 
presented characteristic (003) and (006) peaks as shown in XRD spectrum, demonstrating the layered structure of each 
type of MgAl-LDH was successfully constructed (Figure 1E).

Biocompatibility of MgAl-LDH Nanoparticles in NPCs
As shown in Figure 2A, the cell counting kit-8 was applied to evaluate the effects of MgAl-LDH of different sizes on 
NPCs. The result showed that 10~40 μg mL−1 MgAl-LDH of different sizes barely affects cell viability and there were no 
obvious differences in cell viability among all samples. The reports suggested that this concentration range was 
commonly used for LDH treatment of stem cells.23,34 Hence, 40 μg mL−1 MgAl-LDH of different sizes were selected 
for the following research. The proliferation of NPCs treated with MgAl-LDH of different sizes was analyzed by EdU 
proliferation assay (Figure 2B). The fluorescence intensities of EdU were similar among all groups, indicating the 
proliferation of NPCs was not affected by LDH of different sizes. Furthermore, NPCs could maintain the typical sphere 
morphology after nanoparticles of different sizes treatment, and the size and amount of spheres barely decreased 
(Figure 2C).

The amounts of proliferating NPCs were evaluated by flow cytometry using the EdU proliferation kit. As shown 
(Figure 3A), bare of differences in the percentage of proliferating cells were detected among all samples. The Annexin 
V-APC/7-AAD apoptosis detection kit was used to detect whether MgAl-LDH of different sizes would induce the 
apoptosis of NPCs, and the result showed that the apoptosis rate of all groups was lower than 5%, and little differences in 
the ratio of apoptosis were detected between MgAl-LDH of different sizes treated samples and untreated samples 
(Figure 3B). Flow cytometer was also performed to analyze cell cycle in LDH treated NPCs, and the result indicated that 
MgAl-LDH of different sizes barely affected the distribution of cell cycle (Figure 3C). Furthermore, cellular uptake 
results showed that the majority of LDH signal spots overlapped with mitochondrial and lysosomal organelles, and the 
distribution of LDH in NPCs was clearly observable via TEM (Figure 4A and B).

Regulation of NPCs Differentiation by MgAl-LDH Nanoparticles
The expression of NPCs markers in cells treated with nanoparticles of different sizes was detected by qPCR. The 
expression level of differentiation markers (Sox1, Pax6, N-cadherin and Map2) of cells treated by LDH exhibited 
significant size-dependency, and the expression of NPCs markers in 100 nm MgAl-LDH group was significantly higher 
than other groups, demonstrating that 100 nm MgAl-LDH could effectively promote NPCs differentiation (Figure 5A). 
Western blot was used to analyze the changes in protein expression following LDH treatment, and SOX1, PAX6, and 
N-CADHERIN expression in LDH-treated groups also displayed significant size-dependency. Protein expression of 
NPCs markers in 100 nm MgAl-LDH group was significantly higher than other groups (Figures 5B and S2). These data 
indicated that 100 nm MgAl-LDH was superior to 30 nm and 50 nm MgAl-LDH in promoting the differentiation of 
mESCs into NPCs. Furthermore, we carried out immunofluorescence analysis to verify the promoted NPCs differentia-
tion by MgAl-LDH with different size. It was noted that the fluorescence intensity of differentiation genes in 100 nm 
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Figure 1 Characterization of LDH with different sizes. (A) TEM images of 30 nm, 50 nm and 100 nm LDH. (B) High-resolution TEM images of 30 nm, 50 nm, and 100 nm 
LDH. (C) Mean Zeta potential of 30 nm, 50 nm, and 100 nm LDH. (D) XPS spectrum of elemental composition in LDH with different sizes. (E) XRD spectrum of 30 nm, 50 
nm, and 100 nm LDH.
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MgAl-LDH group was stronger than that in the other groups (Figures 5C and S3). Hence, the 100 nm LDH was selected 
for the following research.

M6A RNA Methylation is Required for Differentiation of mESCs into NPCs
It had been previously demonstrated that m6A RNA modification could affect the fate of mESCs.31,32 As depicted in Figure 5D 
and E, dot blot results displayed that the level of m6A gradually increased with the progress of NPCs differentiation, and the level 
of m6A in MgAL-LDH group on the seventh day of differentiation was significantly higher than that in the control group, 
demonstrating the enhanced NPCs differentiation by LDH may be closely related to m6A methylation process. Furthermore, 
qPCR was used to analyze the level of RNA methylation-related enzymes (methyltransferases: METTL3, METTL14, WTAP, and 
demethylases: FTO, ALKBH5) in LDH-treated cells. The expression of Mettl3 in MgAl-LDH group was significantly increased 
when compared with control group (Figure 5F), and there were bare differences in the expression levels of the other RNA 
methylation-related enzymes between control and LDH group, indicating the major modification enzyme in promoted NPCs 
differentiation by LDH may be the m6A RNA methyltransferase METTL3.

M6A methylation plays an important role in mouse embryonic stem cell differentiation. Mettl3 knock down in cell lines will 
reduce the m6A methylation level of most sites, leading to embryonic stem cell differentiation disorders.35 shRNA-mediated 
downregulation of Mettl3 in mESCs was performed to further characterize m6A methylation of the process of mESCs differentiate 
to NPCs. The shMettl3 cell lines exhibited substantial knockdown of Mettl3 RNA and protein (Figures 6A, B and S4). As depicted 
in Figure 6C, the expression of ESCs pluripotency markers (Esrrb, Oct4, Rex1 and Nanog) was not suppressed by Mettl3 
deficiency. The pluripotency state of mESCs was commonly investigated by ALP staining. The clones of LIF-group displayed 
spontaneous differentiation and lower ALP activity compared with LIF+ group, whereas the clones of shMettl3-1 and shMettl3-2 
group possessed similar ALP activity to LIF+ group (Figure 6D). The results indicated that downregulation of Mettl3 had no 
substantial effect on the maintenance of mESCs pluripotency. Differentiation potential of mESCs was commonly detected by EBs 
in vitro. qPCR was performed to analyze marker genes expression of three germ layers formed in EBs. The gene levels of three 
germ layers in shMettl3-1 and shMettl3-2 group were substantially lower than those in shControl group, especially ectodermal 
genes associated with neurodevelopment (Figure 6E). Subsequently, the effect of Mettl3 knockdown on LDH regulated NPCs 
differentiation was detected. As depicted (Figure 7A), the expression of NPCs markers in shMettl3-1 and shMettl3-2 group was 

Figure 2 Influence of LDH with different sizes on cell viability, proliferation and morphology. (A) CCK8 detects the cell viability of NPCs treated with 30 nm, 50 nm and 100 
nm LDH for 72 h. (B) EdU proliferation assay evaluates the proliferation of NPCs treated with 30 nm, 50 nm, and 100 nm LDH for 72 h. (C) Cell morphology of NPCs 
treated with 30 nm, 50 nm, and 100 nm LDH for 72 h.
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significantly lower than the shControl group. Mettl3 deficiency substantially reduced the fluorescence intensity of differentiation 
genes compared with the shControl group (Figures 7B and S5). These results demonstrated that downregulation of Mettl3 
significantly inhibited the differentiation of mESCs into NPCs. The shMettl3+LDH group exhibited similar mRNA expression 
and fluorescence intensity of differentiation markers to the shMettl3 group, indicating Mettl3 deficiency affected the regulation of 
NPCs differentiation by LDH (Figure 7A and B).

LDH Upregulates the M6A Level of Sox1 mRNA and Slows Down the Degradation of 
Sox1 mRNA
The effect of Mettl3 knockdown on m6A level regulated by LDH was also detected. Dot blot results showed that the m6A level of 
shMettl3+LDH group similar to shMettl3 group was lower than shControl group, indicating Mettl3 deficiency inhibited the 
upregulation of m6A level by MgAL-LDH (Figure 8A). During the early stages of mouse embryonic neurogenesis, the 
transcription factors Sox1 and Pax6 are expressed in a sequential manner. The expression of Sox1 appears first in the neural 

Figure 3 FACS detection of proliferation, apoptosis and cell cycle of NPCs treated by LDH with different sizes. (A) Quantification of proliferating NPCs treated with 30 nm, 
50 nm, and 100 nm LDH for 72 h by FACS analysis. (B) FACS detection of apoptosis of NPCs treated with 30 nm, 50 nm, and 100 nm LDH for 72 h. (C) FACS detection of 
cell cycle variation in NPCs treated with 30 nm, 50 nm, and 100 nm LDH for 72 h.
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ectoderm of mice, while Pax6 expression responsible for the majority of neurons in the cerebral cortex commences in radial glial 
cells.36 The possible sites of Sox1 and Pax6 mRNA modified by m6A were predicted by SRAMP tool. As depicted in Figure 8B, 
there were 7 and 5 sites modified by m6A with very high possibility in Sox1 and Pax6 mRNA, respectively. Sites modified 
by m6A with very high possibility in Sox1 mRNA possessed much higher combined score than that in Pax6 mRNA (Tables S2 and 
S3). Hence, Sox1 was selected for following MeRIP-qPCR. We selected the 2217th site of Sox1 mRNA as target site for designing 
specific primers. Our findings suggested that LDH significantly upregulated the m6A level of Sox1, which may result in increased 
expression level of Sox1 (Figure 8C). Mettl3 deficiency suppressed the upregulation of m6A level of Sox1 by LDH (Figure 8D). 
Researches have shown that m6A methylation modification can affect the stability of RNA, thus affecting RNA function.29 

Subsequently, Act-D, an RNA polymerase II inhibitor, was used to investigate the impact of increased m6A level on the stability of 
Sox1 mRNA. The results demonstrated that the degradation of Sox1 mRNA in LDH-treated cells significantly attenuated 
compared to control group, indicating a prolonged half-life (Figure 8E and F). The above data revealed that the 
increased m6A level of Sox1 mRNA by LDH may slow down the degradation of Sox1 mRNA.

Discussion
In this work, we investigated the regulation of MgAl-LDH nanoparticles in the process of mESCs differentiate to NPCs. We 
conclusively proved that MgAl-LDH was capable of promoting the differentiation of mESCs into NPCs, closely related 
to m6A methylation modification. Compared with other inorganic nanoparticles, LDH with controllable physicochemical 
properties and extremely low toxicity is easily synthesized and chemically well-defined.37 LDH is commonly defined as [M1 

−x
2+Mx

3+(OH)2][Ax/n]mH2O, and the common M2+ (divalent metal ions) and M3+ (trivalent metal ions) in LDH can be chosen 
from Mg2+, Ni2+, Zn2+, Co2+ and Fe3+, Al3+, Ga3+, Mn3+, respectively, which enables researchers to optimize LDH according to 

Figure 4 Internalization of LDH of all sizes in NPCs. (A) Cellular uptake of 30 nm, 50 nm, and 100 nm LDH in organelles of mitochondria and lysosomes. (B) TEM images of 
intracellular LDH of all sizes (black arrows) in NPCs.
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Figure 5 The effect of LDH with different sizes on NPCs differentiation and its relationship with m6A RNA methylation. (A) qPCR analysis of the mRNA expression level of 
Sox1, Pax6, N-cadherin and Map2 in NPCs treated by LDH with different sizes. (B) Western blot detects the protein expression of SOX1, PAX6, N-CADHERIN and MAP2 in 
NPCs treated by LDH with different sizes. (C) Immunofluorescence analysis of the expression level of SOX1, PAX6 and N-CADHERIN in NPCs treated by LDH with 
different sizes. (D) Dot blot analysis of the m6A level in the progress of NPCs differentiation. (E) Dot blot analysis of the m6A level in 100 nm LDH-treated NPCs on the 
7th day of differentiation. (F) qPCR analysis of the mRNA expression level of Mettl3, Mettl14, Wtap, Fto and Alkbh5 in 100 nm LDH-treated NPCs. The data are presented as 
the mean ± SD (n=3, ***p < 0.001, **p < 0.01, *p < 0.05, ns means there was no significant difference between the two groups).
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specific experimental requirements.38 Diverse permutations and combinations of M2+ and M3+ in LDH endow it with unlimited 
application potential. In this study, we selected Al3+ and synthesized MgAl-LDH nanoparticles.

Increasing researches indicated that LDH could be used to regulate the fate of stem cell differentiation. Cheng et al revealed 
that LDH could promote neural stem cells migration and neural differentiation by targeting transforming growth factor-β receptor 
2, and the nanocomposite system formed by loading neurotrophic factor NT3 onto LDH could effectively restore the motor 
function of spinal cord injury mice.24 Zhang et al designed a LDH-doped gelatin-chitosan scaffold with aligned microchannels 
(GC-LDH/A), and found that the GC-LDH/A scaffold facilitated the neural differentiation of neural stem cells, axonal growth, 
and recovered motor function of spinal cord injury mice by suppressing the activity of myosin II.39 The physical properties of 
nanomaterials are determined by their microscopic structure and size. In recent years, the regulation of stem cell fate using the 
physical properties of materials, such as shape and particle size, has become a key research direction in the fields of tissue 
engineering and regenerative medicine. Some studies suggested that the particle size of nanomaterials could affect the 
differentiation and proliferation of stem cells.40–42 In this work, MgAl-LDH nanoparticles of different sizes with specific lamellar 
morphology were observed to be hexagonal, and biocompatible MgAl-LDH nanoparticles barely affect cell cycle, proliferation, 
apoptosis, and morphology of NPCs. The addition of LDH could significantly facilitated the differentiation of mESCs into NPCs, 
and the promoted NPCs differentiation showed significant size-dependency, demonstrated by increased expression levels of genes 
and proteins associated with NPCs differentiation.

Studies have shown that m6A methylation modification plays an important role in the fate of mouse embryonic stem cells.43 

Although no reports had shown a direct correlation between the size of nanoparticles and m6A RNA methylation. However, the 
size of the nanoparticles may affect their uptake and distribution within the cells, thus affecting the m6A modification of RNA. 

Figure 6 The effect of Mettl3 deficiency on stemness and pluripotency of mESCs. (A) qPCR analysis of the mRNA expression level of Mettl3 in shMettl3 cell lines. (B) 
Western blot detects the protein expression of METTL3 in shMettl3 cell lines. (C) qPCR detects the effect of Mettl3 deficiency on the mRNA expression level of Esrrb, Oct4, 
Rex1 and Nanog in mESCs. (D) ALP staining detects the effect of Mettl3 deficiency on the pluripotency of mESCs. (E) qPCR detects the effect of Mettl3 deficiency on the 
mRNA expression level of three germ layers markers in EBs. The data are presented as the mean ± SD (n=3, ***p < 0.001, **p < 0.01, *p < 0.05, ns means there was no 
significant difference between the two groups).
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Figure 7 The effect of Mettl3 deficiency on NPCs differentiation of mESCs. (A) qPCR analysis of the effect of Mettl3 deficiency on the mRNA expression level of Sox1, Pax6 
and N-cadherin in LDH-treated NPCs. (B) Immunofluorescence analysis of the effect of Mettl3 deficiency on the expression level of SOX1, PAX6 and N-CADHERIN in LDH- 
treated NPCs. The data are presented as the mean ± SD (n=3, ***p < 0.001, ns means there was no significant difference between the two groups).

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S463141                                                                                                                                                                                                                       

DovePress                                                                                                                       
4193

Dovepress                                                                                                                                                               Bai et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 8 The m6A level and stability of Sox1 mRNA in LDH-treated NPCs. (A) Dot blot detects the effect of Mettl3 deficiency on the m6A level in LDH-treated NPCs. (B) 
Possible sites with m6A modification of Sox1 (up) and Pax6 (down) mRNA. (C) M6A level of Sox1 mRNA in LDH-treated NPCs. (D) The effect of Mettl3 deficiency on 
the m6A level of Sox1 mRNA in LDH-treated NPCs. (E) qPCR detects the mRNA expression level of Sox1 after Act-D treatment. (F) The degradation rate of Sox1 mRNA 
after Act-D treatment. The data are presented as the mean ± SD (n=3, ***p < 0.001, ns means there was no significant difference between the two groups).
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Furthermore, nanoparticles may indirectly influence m6A modification by affecting intracellular metabolic pathways, signaling 
pathways, or RNA modification enzyme activity. The gradual increased m6A level during the process of ESC differentiation into 
NPCs and the enhanced level of m6A RNA methylation in LDH-treated NPCs indicated that MgAl-LDH could promote NPCs 
differentiation via regulating m6A modification. Furthermore, we found that the expression level of Mettl3 in MgAl-LDH group 
was significantly higher than that of control group, and the expression levels of the other m6A methylation-related enzymes were 
not significantly affected after LDH treatment, indicating the m6A methyltransferase METTL3 may be the specific modification 
enzyme in LDH regulated NPCs differentiation. METTL3 is an m6A methyltransferase on mRNA that mainly participates in the 
fate regulation of mRNA.44 Few researches had been reported about the mechanism of METTL3 in neural precursor cell 
differentiation of mESCs. Our results showed that downregulation of Mettl3 barely affected mESCs pluripotency, whereas 
significantly depressed EBs differentiation of mESCs, especially ectoderm associated with neurodevelopment (Figure 6). In 
addition, Mettl3 deficiency also significantly suppressed the differentiation of mESCs into NPCs and the promotion effect of LDH 
on NPCs (Figure 7).

Taken together, the MgAl-LDH nanoparticles in this paper possessed excellent support for the differentiation of 
mESCs into NPCs by the elevation of m6A level of Sox1. This study exhibits notable insights into the significance of the 
promotion of MgAl-LDH nanoparticles on NPCs differentiation, offering theoretical basis for the cell fate regulation of 
biomaterials in ESCs at the epigenetic level.

Conclusion
In this work, the effect of LDH on the NPCs differentiation of ESCs, and the association between promoted differentia-
tion by LDH and m6A methylation modification were investigated. Our findings suggested that the promoted NPCs 

Figure 9 Schematic diagram of LDH regulating NPCs differentiation of mouse embryonic stem cells.
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differentiation by LDH with different sizes showed significant size-dependency, and 100 nm LDH upregulated the 
expression level of METTL3, which led to increased m6A level of Sox1 mRNA. The enhanced m6A level was conductive 
to the stability of Sox1 mRNA, resulting in upregulated Sox1 mRNA and protein levels. As a result, SOX1 promoted the 
transcription of other NPCs markers, and then enhanced NPCs differentiation of ESCs (Figure 9).
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