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Critical-size defects (CSDs) of the craniofacial bones cause aesthetic and functional complications that seriously
impact the quality of life. The transplantation of human dental pulp stem cells (hDPSCs) is a promising strategy
for bone tissue engineering. Chirality is commonly observed in natural biomolecules, yet its effect on stem cell
differentiation is seldom studied, and little is known about the underlying mechanism. In this study, supramo-
lecular chiral hydrogels were constructed using ;,,-phenylalanine (L/D-Phe) derivatives. The results of alkaline
phosphatase expression analysis, alizarin red S assay, as well as quantitative real-time polymerase chain reaction
and western blot analyses suggest that right-handed D-Phe hydrogel fibers significantly promoted osteogenic
differentiation of hDPSCs. A rat model of calvarial defects was created to investigate the regulation of chiral
nanofibers on the osteogenic differentiation of hDPSCs in vivo. The results of the animal experiment demon-
strated that the D-Phe group exhibited greater and faster bone formation on hDPSCs. The results of RNA
sequencing, vinculin immunofluorescence staining, a calcium fluorescence probe assay, and western blot analysis
indicated that L-Phe significantly promoted adhesion of hDPSCs, while D-Phe nanofibers enhanced osteogenic
differentiation of hDPSCs by facilitating calcium entry into cells and activate the MAPK pathway. These results of
chirality-dependent osteogenic differentiation offer a novel therapeutic strategy for the treatment of CSDs by
optimising the differentiation of hDPSCs into chiral nanofibers.

1. Introduction transplantation of viable stem cell (SC)-based biomaterials is a strategic

method to meet clinical demands [3]. Human dental pulp stem cells

Critical-size defects (CSDs) of craniofacial bones caused by inflam-
mation, tumour resection, and trauma do not heal spontaneously [1],
resulting in aesthetic and functional complications that seriously impact
the quality of life. Traditional approaches for the treatment of CSDs
often utilise autologous or allogeneic bone grafts, metals, or other syn-
thetic materials for bone augmentation. However, the lack of predict-
able biological responses and limited availability restrict the clinical
applications of these tissues [2]. Bone tissue engineering (BTE) by
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(hDPSCs) have received attention as an easily accessible source of
mesenchymal stem cells (MSCs) with a capacity for multidirectional
differentiation [4,5], which is related to the recovery of bone, cartilage,
as well as hard and soft dental tissues. Because of the higher cloning and
proliferation potential of hDPSCs compared to those of bone marrow
stem cells (BMSCs) [6,7], they are widely considered for application in
BTE [8,9]. The osteogenic differentiation of hDPSCs can be regulated by
biochemical factors such as growth factors and hormones [10-12] but is
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limited by stability, release sustainability, inflammation, and ectopic
bone formation [13]. Therefore, many studies have focused on the
development of exogenous growth factor-free scaffold materials that can
regulate biological activities [14-17]. To achieve sufficient regenerative
capacity, it is essential to ensure that the physical properties of the
complex native microenvironment promote cell differentiation [18-21].
Natural biomolecules are chiral compounds that self-assemble into cells
and the extracellular matrix (ECM) with three-dimensional chiral
structures [22-24]. Therefore, developing ECM-mimicking biomaterials
with chiral properties is crucial for stimulating tissue regeneration [15,
25].

Hydrogels are morphologically adaptable and suitable as scaffold
biomaterials for irregular bone defects in the maxillofacial region [26].
Although chirality affects the proliferation, adhesion, and differentia-
tion of several types of MSCs [27-32], the behaviour of hDPSCs in
different chiral hydrogel scaffolds remains unexplored. Hence, it is
necessary to elucidate the effects of chirality on the osteogenic differ-
entiation of hDPSCs and clarify the underlying mechanisms for their
application in BTE.

In this study, supramolecular chiral hydrogel scaffolds were con-
structed using two enantiomeric ;/,-phenylalanine gelators (L-Phe and
D-Phe) to mimic the ECM of hDPSCs. L-Phe and D-Phe gelators can self-
assemble into left-handed and right-handed helical nanofier hydrogels,
respectively. Meanwhile, a racemic mixture of L-Phe and D-Phe gelators
(R-Phe) formed nonhelical hydrogel nanofiers. The right-handed D-Phe
hydrogel significantly promotes osteogenic differentiation of hDPSCs.
RNA sequencing (RNA-seq), quantitative real-time polymerase chain
reaction (QRT-PCR), immunofluorescence, and western blot analyses
were performed to clarify the molecular mechanisms employed by the
chiral supramolecular hydrogels to promote the osteogenic differentia-
tion of hDPSCs. The results of the RNA-seq analysis showed that left-
handed L-Phe fibers affected pathways involved in the formation of
tight junctions between cells, whereas right-handed D-Phe fibers upre-
gulated calcium signalling and fatty acid metabolic pathways, which are
associated with osteogenic differentiation. Furthermore, immunofluo-
rescence staining of vinculin, a membrane-cytoskeletal protein that
forms focal adhesions, the use of a fluorescent probe to detect calcium,
and western blot analysis confirmed that L-Phe fibers enhanced the
adhesive capacity of hDPSCs, whereas D-Phe fibers promoted the entry
of calcium into cells and the subsequent activation of the mitogen-
activated protein kinase (MAPK) signalling pathway. The ability of
chiral supramolecular hydrogels to promote the osteogenic differentia-
tion of hDPSCs has potential applications in the treatment of craniofacial
bone defects.

2. Materials and methods
2.1. Synthesis of L/D-Phe gelators and preparation of chiral hydrogels

L/D-Phe gelators were synthesised as previously described [33]. The
hydrogels (0.5 mg/mL) were prepared using a heating-and-cooling
method [31,34,35]. First, L-Phe, D-Phe, or L-Phe + D-Phe molecules
were suspended in water at room temperature, then heated to 95 °C to
form a clear solution, and cooled to room temperature to form a gelat-
inous material, which was transferred to plates and placed at 60 °C oven
(Thermo) for 12 h. The cell suspension was added to a plate containing
the hydrogel. For animal experiments, we mixed hDPSCs with Dulbec-
co’s modified Eagle’s medium (DMEM) into a concentrated solution of
the gelator (final gelator concentration: 5 mg/mL) in DMSO (final DMSO
concentration: 4.0 %) (Fig. S1).

2.2. Characterization of materials
Proton nuclear magnetic resonance (lH NMR) spectroscopy was

performed using a Bruker Avance III™ HD 400 MHz spectrometer
(Bruker Corporation, Billerica, MA, USA). The gels were diluted to 0.1
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mg/mL and imaged using a FEI QUANTA 250 scanning electron mi-
croscope (FEI Company, Hillsboro, OR, USA). The circular dichroism
(CD) spectra were recorded using a JASCO J-815 CD spectrometer
(JASCO Corporation, Tokyo, Japan). Ultraviolet-visible (UV-Vis)
spectra were recorded using an Evolution 201 spectrophotometre
(Thermo Fisher Scientific, Waltham, MA, USA). For the CD and UV-Vis
measurements, the concentration of the samples was 0.5 mg/mL.
Fourier transform infrared (FT-IR) spectroscopy was performed using an
Equinox 55 spectrometer (Bruker Daltonics GmbH, Bremen, Germany).
The powdered samples were prepared using the KBr pellet technique.

2.3. Isolation and culture of hDPSCs

The study protocol was approved by the Ethics Committee of
Shanghai Ninth People’s Hospital, which is affiliated with Shanghai Jiao
Tong University (approval no. SH9H-2021-TK171-1), and was con-
ducted in accordance with the ethical principles for medical research
involving human subjects described in the Declaration of Helsinki.
Written informed consent was obtained from all the participants before
their inclusion in the study. hDPSCs were obtained from the dental pulp
of impacted third molars of patients (age, 16-22 years) and cultured in
DMEM (Sigma-Aldrich Corporation, St. Louis, MO, USA) supplemented
with 10 % fetal bovine serum (Sigma-Aldrich Corporation) and 1 %
penicillin/streptomycin (Gibco-BRL, Gaithersburg, MD, USA) as
described previously'®. HDPSCs were cultured in an osteogenic differ-
entiation medium (Cyagen Biosciences Co., Ltd., Guangzhou, China) to
induce osteogenesis and harvested at passages 3-5.

2.4. Toxicity of chiral hydrogels to hDPSCs

The cytotoxic effects of the chiral hydrogels were evaluated by
staining with calcein-AM/propidium iodide, labelling with 5-ethynyl-2'-
deoxyuridine (EdU), and using the Cell Counting Kit 8 (CCK-8) assay.

For the calcein-AM/PI staining assay (Bestbio, Jiangsu, China),
hDPSCs (2.5 x 10* cells per well) were cultured in triplicates in 48-well
plates containing different chiral nanofiber hydrogels and DMEM for 24
h. An equal amount of cell suspension was added to a plate without the
hydrogel for the control group. Afterwards, the plates were washed three
times with phosphate-buffered saline (PBS), and the wells were filled
with 200 pL of calcein-AM/PI working solution. Following incubation at
37 °C for 30 min, images were captured under a fluorescence microscope
(BX51; Olympus Corporation, Tokyo, Japan) and then processed, and
analysed using ImageJ software.

For the EdU incorporation assay (Beyotime Institute of Biotech-
nology, Shanghai, China), hDPSCs (5 x 10* cells/well) were cultured in
triplicate in 24-well plates containing different chiral nanofiber hydro-
gels and DMEM until they reached 50 % confluence. For the control
group, an equal amount of the cell suspension was added to a plate
without the hydrogel. Afterwards, DMEM and 10 pM EdU labelling
medium (1:100) were added and incubation was continued for 4 h.
Then, the cells were fixed with 4 % paraformaldehyde and stained with a
click reaction solution and Hoechst 33342 nucleic acid stain. Images
were captured using a fluorescence microscope. The doubling rate of the
cells was assessed by calculating the ratio of EdU-positive nuclei (green)
to Hoechst-positive nuclei (blue) in five random visual fields.

For the CCK-8 assay, hDPSCs (1000 cells per well) were seeded in 96-
well plates containing the different chiral nanofiber hydrogels. For the
control group, an equal amount of the cell suspension was added to a
plate without the hydrogel. After 1, 3, 5, and 7 days of incubation, 10 pL
of CCKS8 buffer was added to each well, and incubation was continued at
37 °C for 1 h. Afterwards, the optical density was measured at a wave-
length of 450 nm using a microplate reader (Multiskan FC; Thermo
Fisher Scientific).
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2.5. Alkaline phosphatase (ALP) staining and quantification

ALP, an important enzyme involved in the early stage of odonto-
genesis, was detected using the 5-bromo-4-chloro-3-indolyl-phosphate/
nitro blue tetrazolium (BCIP/NBT) alkaline phosphatase colour devel-
opment kit (Beyotime Institute of Biotechnology) according to the
manufacturer’s instructions. Briefly, hDPSCs (5 x 10* cells per well)
were cultured in triplicate in 24-well plates containing different chiral
nanofiber hydrogels and osteoblast differentiation-inducing medium for
5 days. For the control group, an equal amount of the cell suspension
was added to a plate without the hydrogel. Afterwards, the cells were
fixed and stained with an ALP working solution at 37 °C for 20 min in the
dark. The plate was then washed, and images were captured under an
inverted phase-contrast microscope. For ALP activity assays, after
treatment with OM for 5 days, cells were incubated with p-nitrophenyl
phosphate (Sigma-Aldrich, St. Louis, MO, USA), and ALP activity was
detected by measuring the optical density (OD) at 405 nm. The total
protein content of the cells was measured using a bicinchoninic acid
(BCA) Protein Assay Kit (Pierce Biotechnology, Thermo Fisher Scientific,
Waltham, MA, USA), and ALP activity was expressed as OD per milli-
gram of total protein.

2.6. Alizarin red S staining and quantification

Alizarin red S staining was performed to evaluate the influence of
chirality on the capacity of hDPSCs to form calcified nodules. Briefly,
hDPSCs (2 x 10° cells per well) were seeded in triplicate in a 6-well plate
containing different chiral nanofiber hydrogels and osteoblast
differentiation-inducing medium. For the control group, an equal
amount of the cell suspension was added to a plate without the hydrogel.
After 21 days of cultivation, the cells were fixed with 4 % para-
formaldehyde for 30 min and stained with Alizarin Red S (Sigma-Aldrich
Corporation). The cells were imaged using an inverted phase-contrast
microscope. To quantify mineralisation, the stains were dissolved in
100 mmol/L cetylpyridinium chloride for 30 min, and the absorbance
was determined at 562 nm. The final mineralisation levels in each group
were calculated after normalising to the total protein concentration
obtained from duplicate plates.

2.7. Western blot analysis

Western blot analysis was performed to assess the expression profiles
of osteogenic-related markers and the role of the MAPK signalling
pathway in the osteogenic differentiation of hDPSCs induced by chiral
hydrogels, as previously described [30,36]. Briefly, hDPSCs were culti-
vated with chiral hydrogels, and osteogenic differentiation was per-
formed for 7 days. In addition, hDPSCs cultivated with the chiral
hydrogels for 12 h were collected to investigate the involvement of the
MAPK signalling pathway. Total protein was extracted from cells using
radioimmunoprecipitation assay buffer (Beyotime Institute of Biotech-
nology, Shanghai, China). Then, the cell lysates were centrifuged at
12000 rpm for 15 min at 4 °C, and the protein content was quantified
using a bicinchoninic acid assay (Beyotime Institute of Biotechnology).
Afterwards, the proteins were separated by electrophoresis using 10 %
sodium dodecyl sulfate polyacrylamide gels and then electroblotted
onto polyvinylidene fluoride membranes (EMD Millipore Corporation,
Billerica, MA, USA), which were blocked with 5 % (w/v) nonfat dried
skimmed milk diluted in tris-buffered saline-Tween 20 and probed with
primary antibodies against dentin matrix protein-1 (DMP-1; Invitrogen
Corporation, Carlsbad, CA, USA), runt-related transcription factor 2
(RUNX2; Cell Signaling Technology, Inc., Danvers, MA, USA), osterix
(OSX; Abcam, Cambridge, MA, USA), p38, phospho-p38 (p-p38),
p44/42 (ERK1/2), phospho-p44/42 (p-ERK1/2), c-Jun N-terminal ki-
nases (JNK), phospho-JNK (p-JNK), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Sigma-Aldrich Corporation) overnight at
4 °C, followed by incubation with corresponding horseradish
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peroxidase-conjugated secondary antibodies (Biotechwell, Shanghai,
China) for 1 h at room temperature. Finally, the protein bands were
visualised using an enhanced chemiluminescence kit (Merck KGaA,
Darmstadt, Germany) and quantified using the ImageJ software. The
expression levels of the proteins of interest were normalised to those of
GAPDH.

2.8. qRT-PCR analysis

After 7 days of osteogenic induction, total cellular RNA was extrac-
ted from the L-Phe, D-Phe, R-Phe, and control groups using TRIzol re-
agent (Invitrogen Corporation) and reverse-transcribed into
complementary DNA using the PrimeScript RT reagent kit (Takara Bio,
Inc., Shiga, Japan) in accordance with the manufacturer’s instructions.
The expression profiles of markers of mineralisation (DMP-1, RUNX2,
and OSX) were assessed using a SYBR Premix Ex Taq TM II Kit (Takara
Bio, Inc.) and an ABI PRISM® 7500 FAST Sequence Detection System
(Applied Biosystems, Carlsbad, CA, USA). The mRNA expression levels
of the genes of interest were normalised against expression of GAPDH,
which served as the housekeeping gene, using the 2722 method. The
primers used for qRT-PCR (Supplementary Table 1) were synthesised by
Sangon Biotech Co., Ltd. (Shanghai, China). All samples were amplified
in triplicates.

2.9. In vivo experiments with a rat model of cranial bone defects

To confirm that the chiral hydrogels induced the osteogenic differ-
entiation of hDPSCs, a Sprague-Dawley (SD) rat model of full-thickness
cranial defects was created [37,38]. Male SD rats (age, 8 weeks) were
obtained from the Ninth People’s Hospital Animal Center (Shanghai,
China) and anaesthetised with pentobarbital sodium (1 %) before the
creation of full-thickness defects on both sides of the calvarial bone.
Then, hDPSCs (5 x 10° cells per well) suspended in 50 pL of L-Phe or
saline (control group) (n = 10) were injected into the left defect, while
hDPSCs (5 x 10° cells per well) in 50 pL of D-Phe or R-Phe (n = 10) were
injected into the right defect (Fig. S2). Subsequently, a sequential fluo-
rescence labelling method was used to monitor tissue mineralisation.
Briefly, the rats were injected intra-abdominally with tetracycline (25
mg/kg; Sigma-Aldrich Corporation), calcein (20 mg/kg; Sigma-Aldrich
Corporation), and Alizarin Red S (30 mg/kg; Sigma-Aldrich Corpora-
tion) at 1, 3, and 5 weeks after surgery. The rats were sacrificed 8 weeks
after surgery with an overdose of anaesthetic medication. The cranial
bones were harvested and fixed in 4 % paraformaldehyde for 48 h and
then stored in 75 % ethanol at 4 °C for further analysis. Specimens (n =
5) were scanned using a micro-computed tomography (CT) instrument
(SkyScan 1176; Bruker Optics GmbH & Co. KG, Ettlingen, Germany).
The ratios of bone volume to total volume (BV/TV), bone mineral
density (BMD), and mean trabecular separation (Tb.Sp) were calculated
as previously described [10]. Sequential fluorescence labelling was
assessed using five samples that were randomly selected from each
group, embedded in polymethylmethacrylate, cut into 200 pm-thick
sections with a saw microtome (Leica Biosystems Nussloch GmbH,
Nussloch, Germany), further polished into 40-50 pm-thick sections, and
observed under a confocal laser scanning microscope (CLSM 700; Carl
Zeiss, Oberkochen, Germany) with excitation/emission wavelengths of
405/580 nm for tetracycline, 488/517 nm for calcein, and 543/617 nm
for alizarin red S. Van Gieson’s picrofuchsin staining was used for his-
tological analysis. Meanwhile, five samples randomly selected from each
group were decalcified in 10 % ethylenediaminetetraacetic acid on an
orbital shaker at 37 °C for 4 weeks, embedded in paraffin, and sliced into
4 pm-thick sections, which were then de-paraffinised, stained with
haematoxylin-eosin (HE) to detect newly formed bone, and imaged
under an inverted phase-contrast microscope.
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2.10. RNA-seq analysis

After 7 days of osteogenic induction, total cellular RNA was extrac-
ted from the L-Phe and D-Phe groups with TRIzol reagent (Invitrogen
Corporation), purified, and reverse transcribed into complementary
DNA, which was used to construct a library with the TruSeq™ DNA
Library Preparation Kit (Illumina, Inc., San Diego, CA, USA). After
quantification with an Invitrogen™ Qubit™ 4 Fluorometer (Thermo
Fisher Scientific), paired-end reads were sequenced with the NovaSeq
6000 sequencing platform (Illumina, Inc.). The expression level of each
transcript was calculated as transcripts per million reads to identify
differential expression genes (DEGs) between two different samples.
RNA-Seq by expectation maximisation (RSEM) software [39] was used
for quality control of gene abundance. The parameters for DEGs were
absolute log2 (fold change) > 1 and adjusted probability (p) value <
0.05. Gene ontology (GO) and pathway enrichment analyses were per-
formed using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database to identify the functions of significantly enriched DEGs. The
only parameter for significantly enriched GO terms and metabolic
pathways was a Bonferroni-corrected p-value < 0.05 compared to the
whole-transcriptome background. GO functional enrichment and KEGG
pathway analyses were conducted using Google and the KEGG
Orthology-Based Annotation System (KOBAS) tool [40].

2.11. Immunocytochemical analysis

The effect of chiral hydrogels on the adhesive capacity of hDPSCs
was evaluated. Briefly, hDPSCs (2 x 10%/mL) were incubated in confocal
dishes containing different chiral nanofiber hydrogels and growth me-
dium for 24 h. Cells were then rinsed with PBS, fixed with 4 % para-
formaldehyde for 20 min, and permeabilised with 0.1 % Triton X-100 for
15 min. After blocking with 5 % bovine serum albumin for 30 min, the
cells were incubated overnight at 4 °C with a mouse monoclonal anti-
body against vinculin (dilution 1:100; Sigma-Aldrich Corporation), fol-
lowed by a secondary antibody (Dako, Glostrup, Denmark) for 1 h at
room temperature. The cytoskeleton was stained with fluorescein
isothiocyanate-labelled phalloidin (Yeasen, China) for 1 h, and nuclei
were stained with 4,6-diamidino-2-phenylindole for 5 min. Images were
obtained using a confocal laser-scanning microscope (Leica Micro-
systems GmbH, Wetzlar, Germany).

2.12. Detection of intracellular calcium levels

The intracellular calcium ion levels of hDPSCs were measured with
diluted Fluo-4 AM ester stock solution (1 pM with PBS; Beyotime
Institute of Biotechnology). Briefly, hDPSCs (2 x 10*/mL) were cultured
in triplicate in confocal dishes containing different chiral nanofiber
hydrogels and growth medium. After 24 h, the culture medium was
removed, the cells were rinsed three times with PBS, and the culture was
continued in Fluo-4 AM solution at 37 °C for 30 min. The Fluo-4 AM
solution was then removed, and the cells were rinsed three times with
PBS and incubated for an additional 30 min. Nuclei were stained with
Hoechst 33342 nucleic acid stain (Beyotime Institute of Biotechnology)
and imaged using a confocal laser scanning microscope (Leica Micro-
systems GmbH) at excitation and emission wavelengths of 488/512 nm.

2.13. Statistical analysis

Statistical analyses were performed using Prism software (version
7.0; GraphPad Software, Inc., San Diego, CA, USA). The results are re-
ported as the average of three independent experiments. Normally
distributed data were analysed using Student’s t-test and one-way
analysis of variance (ANOVA). A p-value < 0.05 was considered statis-
tically significant.
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3. Results
3.1. Characterization of the materials

The L-Phe, D-Phe, and R-Phe gelators can assembled into hydrogels
in water, whereas they dissolve in methanol. To observe the detailed
structures, the hydrogel concentration was diluted to 0.1 mg/mL.
Atomic force microscopy (AFM) and transmission electron microscopy
(TEM) measurements in a previous study [41] revealed the formation of
left-handed helical structures for L-Phe fibers and right-handed fibers for
D-Phe assemblies. The SEM images (Figure la—c) confirmed that the
L-Phe, D-Phe, and R-Phe hydrogels were composed of left-handed (M),
right-handed (P), and non-helical nanofibers, respectively. The chirop-
tical activity of the hydrogels was further characterised using CD mea-
surements. In the methanol solution, the CD signals of the L-Phe and
D-Phe molecules were weak at 218 and 273 nm, respectively, while the
CD signals of the R-Phe was silent (Fig. 1d). As compared to the L/D-Phe
molecules, the L/D-Phe hydrogels exhibited significantly enhanced CD
intensity at 229 nm and a positive CD peak at 270 nm at 0.5 mg/mL in
methanol and water, suggesting transformation into nanofibers
(Fig. 1e). UV-Vis, 1H NMR, and FT-IR analyses were conducted to clarify
how the molecules were packaged and the molecular interactions be-
tween the gelators. For example, the maximum UV absorbance at 245
nm for L-Phe molecules blue-shifted to 238 nm for L-Phe fibrous as-
semblies, revealing the presence of J-type n-n aggregations in the su-
pramolecular assemblies. As compared to the monomeric L-Phe in
DMSO-dg, the protons at the periphery of the central benzene core
showed obvious upfield shifts in the self-assemblies dispersed in D20
(~7.86 ppm in DMSO-dg and 7.51 ppm in D;0) (Fig. 1g), which was
attributed to an increase in electron density caused by n-r stacking be-
tween the central benzene rings. Moreover, the FT-IR spectra revealed
an amide I band at 1643 cm ™! and an amide II band at 1546 cm ™! for
L-Phe assemblies, suggesting the presence of N-H.--O—C hydrogen
bonds. Moreover, the N-H stretching vibration at 3295 cm™! confirmed
the presence of hydrogen bonds between the amide groups (Fig. 1h). The
n-n stacking between the benzene cores and hydrogen bonds between
the amide groups synergistically drove the supramolecular assemblies
(Fig. 1i).

Nanofiber hydrogels of varying chirality were used to culture
hDPSCs. The results of the live/dead assay, as illustrated in Fig. S3a,
demonstrated that hDPSCs co-cultured with L-Phe, R-Phe, and D-Phe
exhibited high viability. This finding was further supported by addi-
tional experimental evidence obtained from the EAU and CCK-8 assays
(Figs. S3b-d), which clearly demonstrated that the nanofiber hydrogels
had no discernible impact on the metabolic activity and proliferative
capacity of hDPSCs.

3.2. Effect of chiral nanofiber hydrogels on the osteogenic differentiation
of hDPSCs in vitro

ALP activity is an established phenotypic marker of osteogenic dif-
ferentiation. After incubation for 5 days, ALP activity was greater in the
D-Phe group than the R-Phe group and notably lower in the L-Phe group
(Fig. 2a and b). Mineralised nodules indicate osteoblast differentiation.
After incubation for 21 days, alizarin red S staining and quantification
indicated that mineral deposition was greater in the D-Phe group than
the R-Phe group and comparatively reduced in the L-Phe group (Fig. 2¢c
and d).

The effects of nanofiber hydrogels on the expression profiles of genes
associated with osteogenic differentiation were further investigated
using qRT-PCR and western blot analyses. As shown in Fig. 2e, the gene
expression levels of DMP-1, OSX, and RUNX2 were significantly upre-
gulated in the D-Phe group compared to the R-Phe group, while that of
the L-Phe group was even lower. Additionally, the expression levels of
DMP-1 and OSX were elevated in the R-Phe group compared with those
in the control group. In addition, RUNX2 gene levels were significantly
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Fig. 1. The characterization of chiral fibrous hydrogels. a. SEM image of left-handed fibers obtained from diluted L-Phe hydrogel (final concentration: 0.1 mg/mL). b.
SEM image of right-handed fibers obtained from diluted D-Phe hydrogel (final concentration: 0.1 mg/mL). c. SEM image of non-helical fibers obtained from diluted
R-Phe hydrogel (final concentration: 0.1 mg/mL). d. CD spectra of L-Phe, D-Phe, and R-Phe molecules in methanol. e. CD spectra of L-Phe, D-Phe, and R-Phe as-
semblies in water. f. UV-Vis spectra of L-Phe molecules in methanol and L-Phe assemblies in water. g. 1H NMR spectra of L-Phe molecules in methanol and L-Phe
assemblies in water. h. FT-IR spectrum of dried L-Phe chiral hydrogel powder. i. H-bonding and n-n stacking formed between gelators.

reduced in the R-Phe group compared to those in the control group. As
shown in Fig. 2f and g, DMP-1 and RUNX2 protein levels were signifi-
cantly up-regulated in the D-Phe group compared to both R-Phe group
and control group. Meanwhile, no significant difference was observed in
OSX protein levels.

3.3. Post-implantation evaluation with a micro-CT system

In addition to evaluating the effects of the chiral matrices on hDPSC
differentiation in vitro, the potential of hDPSCs combined with chiral
matrices to promote tissue regeneration was investigated in vivo. Briefly,
hDPSCs integrated into chiral matrices were injected into newly formed
cranial defects of SD rats. As a control, hDPSCs were injected with saline
solution. A micro-CT system was used to quantitatively assess the newly
developed bone (BV/TV, BMD, and Tb.Sp). After 8 weeks, the D-Phe
group a higher degree of new bone development, BMD, and minerali-
sation as compared to the control group (p < 0.05; Fig. 3a and b), while
there were no significant differences between L-Phe and R-Phe groups.
Furthermore, BMD was significantly greater in the D-Phe group than in
the R-Phe group. As shown in Fig. 3c, serial fluorescence analysis
revealed greater new bone formation and mineralisation at 1, 3, and 5
weeks in the D-Phe group compared to the control and R-Phe groups.

3.4. Post-implantation evaluation by bone histomorphometry

The results of HE staining (Fig. 4a) and Van Gieson staining (Fig. 4b)
illustrated significant increases in the mineralised area, number of blood
vessels, and mature bone tissue in the D-Phe group compared to the R-
Phe group. These findings emphasise the superior bone regeneration
potential of D-Phe relative to R-Phe at the defect site, underscoring the
potential of D-Phe to promote tissue regeneration successfully.

3.5. Identification of key genes and pathways of hDPSCs by integrated
bioinformatics

To gain deeper insight into the underlying mechanisms, RNA-seq
analysis was conducted. The results of the hierarchical clustering anal-
ysis showed distinct gene expression profiles between the L-Phe and D-
Phe matrices (Fig. 5a—c). KEGG pathway enrichment analysis of the
differentially expressed proteins revealed that the signalling pathways
associated with tight junctions were mainly enriched in the L-Phe group,
whereas the signalling pathways associated with calcium ion signalling,
fatty acid metabolism, and gap junctions were significantly enriched in
the D-Phe group. Myosin heavy chain 15 (MYH15), adenosine A2A re-
ceptor (ADORA2A), 5-hydroxytryptamine receptor 2B (HTR2B), and
acyl-CoA synthetase bubblegum (ACSBG) emerged as significant com-
ponents of the enriched pathways. MYHI15 is associated with tight
junctions, whereas ADORA2A and HTR2B are involved in calcium
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Fig. 2. The effect of chiral nanofiber hydrogels on the osteogenic differentiation of hDPSCs. (a) ALP staining after osteogenic induction of hDPSCs in different chiral
environments for 5 days. (b) Quantitative detection of ALP activity of hDPSCs in different chiral environments. (c) Alizarin red staining after osteogenic induction of
hDPSCs in different chiral environments for 21 days. (d) Results of semi-quantitative Alizarin red staining assay of hDPSCs in different chiral environments. (e) qRT
PCR results of the expression of DMP-1, Runx2 and OSX after 3 days of osteogenic induction in different chiral environments of hDPSCs. (f) Western blot results of
DMP1, Runx2 and OSX proteins. (g) Quantitative analysis for the ratios of DMP-1, Runx2 and OSX proteins. *p < 0.05 versus corresponding control group, *p < 0.05
versus corresponding R-Phe group, one-way analysis of variance (ANOVA) analysis.

signalling. To verify these results, vinculin immunofluorescence staining
and a calcium fluorescence probe assay were performed to assess the
capacity of hDPSCs to adhere to the nanofiber hydrogels. The immu-
nofluorescence staining results revealed increased vinculin expression in
hDPSCs cultured on the L-Phe surface, as well as closer cell-to-cell
proximity, in contrast to the cells on the D-Phe surface, which exhibi-
ted lower vinculin expression and density (Fig. 6a and b). In addition,
the calcium ion fluorescence probe assay revealed markedly higher
green fluorescence of the D-Phe group as compared to the L-Phe group,
indicating a higher concentration of intracellular calcium (Fig. 6¢).

Calcium ions act as intracellular secondary messengers that influence
multiple stages of bone regeneration. Thus, pathways associated with
calcium ions and involved in cell osteogenesis were identified to explore
the role of calcium-related pathways in the osteogenic differentiation of
hDPSCs under the regulation of the D-Phe matrix. Briefly, hDPSCs were
cultured with or without the different chiral supramolecular hydrogels
for 12 h as controls. Western blot analysis showed that p-ERK/ERK
expression was significantly enhanced in the D-Phe group compared
with R-Phe, while there was no significant change to the expression
levels of p-p38/pP38 ratio, p-JNK/JNK (Fig. 6d and e).

4. Discussion

Previous studies have shown that hDPSCs for BTE are abundant,
easily accessible, can be harvested with minimal invasiveness, and grow
efficiently in culture [42,43]. Accumulating evidence indicates that the
microenvironment influences the fate of hDPSCs by regulating signalling
pathways and genes associated with differentiation [18,43]. The
development of functional hydrogel scaffolds that mimic ECM is a
promising strategy for BTE. Chiral supramolecular hydrogels have su-
perior potential for tissue regeneration compared to traditional polymer
hydrogels as bone substitutes, mainly because of their excellent
biocompatibility, dynamic noncovalent interactions, and ability to
self-assemble into 3D structures [44]. Chirality affects MSCs develop-
ment and functions of MSCs [30]. Hence, the elucidation of the mech-
anisms underlying the regulation of chirality and functional
differentiation of SCs is fundamental. Therefore, this study aims to
systematically investigate the effects of chiral supramolecular hydrogels
on the proliferation, differentiation, and adhesion of hDPSCs. This is the
first attempt to utilise the chiral structure of the extracellular microen-
vironment to induce the osteogenic differentiation of hDPSCs. Since
hDPSCs cultured in a chiral microenvironment have low immunoge-
nicity, good biocompatibility, and the ability to regulate osteogenic
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differentiation, the results of this study offer a novel strategy for the
regeneration of craniofacial CSDs.

In the first part of this study, the synthesised chiral supramolecular
hydrogel scaffolds were characterised using SEM, CD, UV-Vis, 1H NMR,
and FT-IR analyses. Chiral supramolecular hydrogels with fibrous
structures mimic the ECM and can be manipulated through the self-
assembly of complex supramolecular conformations [45,46]. The
biocompatibility of the L-Phe, D-Phe, and R-Phe matrices with encap-
sulated hDPSCs was confirmed using a live/dead assay (Fig. S3a), EAU
assay (Figs. S3b and c), and CCK-8 assay (Fig. S3d). Collectively, these
results strongly indicate that the L-Phe, R-Phe, and D-Phe matrices
exhibited similar biocompatibility with hDPSCs.

The main objective of using biomimetic scaffold materials for BTE is
to promote the osteogenic differentiation of MSCs to replace damaged
tissue. A previous study by our group found that commercial hydrogel
scaffolds combined with hDPSCs facilitated the repair of mandibular
defects in rats [38]. However, because of their inability to directly
induce osteogenic differentiation of hDPSCs, commercial hydrogels may
affect the regeneration and repair of bone defects to some extent.
Notably, the chirality of material surfaces significantly influences the
behaviour of MSCs [47]. Chiral hydrogels can simulate the ECM to
provide physical support for the multiple physiological activities of
MSCs, whereas dynamic and reversible molecular interactions can be
exploited to promote tissue reconstruction and formation [44]. Hence,
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the development of supramolecular hydrogels with controllable chiral
molecular structures and elaborate helical nanostructures is extremely
valuable for BTE applications. Therefore, this study also aimed to pro-
vide novel insights into how molecular chirality can be utilised as a
potential regulator to stimulate the osteogenic differentiation of hDPSCs
and explore their biological effects in vivo. The results of the in vitro
experiments demonstrated that the D-Phe group exhibited stronger ALP
activity, greater mineral deposition, and higher expression of
osteogenesis-related genes and proteins as compared to the R-Phe group.
These results indicate that the D-Phe scaffold provides superior osteo-
genic differentiation of hDPSCs compared to the R- and L-Phe scaffolds,
in agreement with the findings of previous studies demonstrating that
materials with right-handed helices promote osteogenic differentiation
of MSCs better than those with left-handed helices [14]. Yao et al.
developed a monolayer cysteine membrane on a material surface with
different chiral characteristics (L-/D-Cys-treated groups) that could
regulate the differentiation of BMSCs. Following the co-induction of
osteogenesis and adipogenesis, a considerable number of BMSCs on the
surface of the D-Cys-treated scaffold were transformed into osteoblasts,
whereas adipogenesis was greater on the surface of the L-Cys-treated
scaffold. The results of the current study regarding chirality-mediated
osteogenic differentiation of MSCs are consistent with those of a previ-
ous report [14]. In contrast to MSCs cultured on two-dimensional chiral
substrates, a 3D ECM-mimetic chiral microenvironment was con-
structed. In addition, a rat model of CSDs was used to evaluate the bone
repair and regeneration capabilities of chiral supramolecular hydrogels
loaded with hDPSCs, which is more relevant to clinical settings. The rat
model of CSDs confirmed the superior capacity of the D-Phe scaffold
loaded with hDPSCs for rapid bone remodelling and formation
compared to the L-Phe or R-Phe groups. Indeed, the radiological and
histological results confirmed the superiority of the D-Phe scaffold
loaded with hDPSCs for bone regeneration. While chirality-mediated
multilineage differentiation abilities are distinct from those previously

reported for BMSCs, Wei et al. found that L-Phe chiral molecules favour
osteogenesis and D-Phe chiral molecules favour adipogenesis [30]. This
discrepancy may be owing to the different sources of SCs and the use of
different indicators. Moreover, recent studies on the regulation of SCs by
chiral biomaterials found that right-handed DPG nanofibers efficiently
facilitated the migration, neuronal differentiation, and synapse forma-
tion of retinal progenitor cells compared with left-handed LPG nano-
fibers [48].

After establishing the crucial role of the 3D chiral microenvironment
in regulating the fate of hDPSCs and bone regeneration, the effects of the
niche on hDPSCs were investigated. The proliferation and differentia-
tion of MSCs can be influenced by chemical signalling and physical cues
[49-51]. Even in the absence of specific chemical signals, other factors
such as stress, matrix stiffness, surface adhesion, and micro/-
nanomorphology can affect cell morphology [52,53].

RNA-seq analysis revealed significant expression of MYH15 in the L-
Phe group, suggesting that left-handed spiral nanofibers enhanced cell
adhesion, which was subsequently confirmed by immunofluorescence
staining of vinculin. Adhesive capacity can alter the morphology of
MSCs by influencing cell density, which plays a crucial role in regulating
intercellular signal transduction and cell differentiation [54].
High-density cell culture promotes intercellular contact and affects cell
proliferation and differentiation [55]. Yao et al. reported that materials
with left-handed characteristics promote the adhesive and proliferative
capacities of BMSCs, resulting in higher cell density, relatively compact
morphology, and a tendency towards lipogenic differentiation [14].
However, the capacity of the L-Phe hydrogels to facilitate adipogenic
differentiation of hDPSCs was not examined in this study; thus, further
investigation is needed. The RNA-seq results also demonstrated that
expression of ACSBG1, which is related to fatty acid metabolism, was
upregulated in the D-Phe group.

Nutritional microenvironment plays a vital role in determining MSCs
differentiation and proliferation. Previous studies have established the
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critical role of fatty acids in bone remodelling [56]. Long-chain fatty
acids promote bone metabolism by enhancing osteoblast activity and
inhibiting osteoclast activity [57]. Upregulated expression of ACSBG1 in
the D-Phe group suggests that hDPSCs can extract energy from the

surrounding microenvironment, which is a prerequisite for osteogenic
differentiation. Additionally, RNA-seq analysis revealed that ADORA2A,
which is closely linked to osteogenic differentiation of MSCs and
maintenance of bone homeostasis [52-54], was significantly



P. Lietal

Materials Today Bio 25 (2024) 100971

C Fluo-4AM Hoechst

L-Phe

D-Phe

d R-Phe L-Phe D-Phe

p-P38 s e s | 38kDa

P33 | e wmw weesw | 38kDa

44kDa

P-ERK | s« o | a2kDa

ERK | s e | 44KDa
s e g | 42kDa

G G— - | 54kDa
P-INK | S @ 8 | 46KDa

INK 54kDa
s ww ey | a6kDa

GAPDH | s e sy | 37KD2

mm R-Phe
=3 L-Phe
2.5 =1 D-Phe

Relative Protein Expression(ratio)

p-P38/ P38  p-ERK/ERK  p-INK/ INK

Fig. 6. Cell adhesion on the L-Phe and D-Phe surfaces after 1day of culture. Red: vinculin, green: F-actin, blue: nuclei. (a)Morphology of hDPSCs on L-Phe surface; (b)
Morphology of hDPSCs on D-Phe surface. Calcium ion concentration in hDPSCs on the L-Phe and D-Phe surfaces after 1days of culture. Green: Fluo-4AM. Fluo-
rescence microscope images: (c) Morphology of hDPSCs on L-Phe and D-Phe surfaces. (d) Western blot detection of expression of p-P38/P38, p-ERK/ERK and p-JNK/
JNK in hDPSCs. (e) Quantitative analysis for the ratios of p-P38/P38, p-ERK/ERK and p-JNK/JNK. *p < 0.05 versus corresponding R-Phe group, one-way analysis of

variance (ANOVA) analysis.

upregulated in the D-Phe group. Activation of ADORA2A can inhibit the
activity of osteoclasts while enhancing their differentiation and activity
[58,59]. Moreover, the activation of ADORA2A promotes the influx of
calcium ions into cells [60]. Calcium ions are crucial intracellular sec-
ondary messengers that significantly influence multiple stages of bone
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regeneration. Notably, calcium ions play a pivotal role in orchestrating
the osteogenic differentiation of MSCs [61]. Mechanical forces regulate
calcium ion migration through this important transmembrane protein,
which is integral to the osteogenic differentiation of MSCs [62]. The
D-Phe group exhibited significantly higher green fluorescence than the
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L-Phe group, indicating a higher intracellular calcium concentration.
This finding was corroborated by the upregulation of ADORA2A
observed in the RNA-seq analysis. Upregulation of ADORA2A activity
promotes the influx of calcium ions into hDPSCs, and the associated
biological effects are mediated by calmodulin (CaM) binding [63].
Moreover, calmodulin kinase II (CaMKII), which is the main target of the
calcium ion/CaM second messenger system [64], is a key regulator of
osteoblast differentiation and activates the protein kinase A/MAPK
signalling pathway [65] and the subsequent regulation of OSX, thereby
promoting the proliferation and osteogenic differentiation of MSCs [66].
Hence, pathways associated with calcium ions and cell osteogenesis
were identified to investigate the role of calcium-related pathways in
osteogenic differentiation of hDPSCs regulated by the D-Phe matrix.
Previous studies have reported that MAPK is involved in the osteoge-
nic/odontogenic differentiation of hDPSCs [67-69]. The results of the
current study showed that p-ERK levels were significantly increased in
the D-Phe group, suggesting that the chiral effect of D-Phe on the oste-
ogenic differentiation of hDPSCs might be mediated by the p-ERK/-
MAPK pathway. However, further studies are required to elucidate these
specific regulatory mechanisms fully.

5. Conclusion

In this study, 3D supramolecular hydrogels constructed from enan-
tiomeric L/p-phenylalanine derivatives were used to investigate the ef-
fects of chirality on the osteogenic differentiation of hDPSCs. The results
revealed that the D-Phe hydrogel promoted osteogenic differentiation to
a greater extent than the L-Phe hydrogel, which could be attributed to an
increase in intracellular calcium ion concentrations and activation of the
MAPK pathway. Although the precise mechanisms underlying the in-
fluence of chiral nanofibers on hDPSCs remain to be fully elucidated, the
results of this study offer valuable insights into in vivo regulation of
differentiation and subsequent osteogenesis of hDPSCs for tissue
regeneration and repair of craniofacial tissue defects.
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