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Ultrathin 2D Titanium Carbide MXene (Ti;C,T,) Nanoflakes
Activate WNT/HIF-1a-Mediated Metabolism
Reprogramming for Periodontal Regeneration

Di Cui, Na Kong, Liang Ding, Yachong Guo,* Wenrong Yang,* and Fuhua Yan*

Periodontal defect regeneration in severe periodontitis relies on the
differentiation and proliferation of periodontal ligament cells (PDLCs).
Recently, an emerging 2D nanomaterial, MXene (Ti;C,T,), has gained more
and more attention due to the extensive antibacterial and anticancer activity,
while its potential biomedical application on tissue regeneration remains
unclear. Through a combination of experimental and multiscale simulation
schemes, Ti,C, T, has exhibited satisfactory biocompatibility and induced
distinguish osteogenic differentiation of human PDLCs (hPDLCs), with
upregulated osteogenesis-related genes. Ti,C,T, manages to activate the
Wnt/B-catenin signaling pathway by enhancing the Wnt-Frizzled complex
binding, thus stabilizing HIF-1a and altering metabolic reprogramming into
glycolysis. In vivo, hPDLCs pretreated by Ti;C,T, display excellent
performance in new bone formation and osteoclast inhibition with enhanced
RUNX2, HIF-1a, and B-catenin in an experimental rat model of periodontal
fenestration defects, indicating that this material has high efficiency of

properties, are extracted from the pe-
riodontal ligament and reported as the
most promising seed cell for periodontal
regeneration.’! The cells we used in the
present study is a heterogeneous popula-
tion of periodontal ligament cell (PDLC) fi-
broblasts, which consisted of multiple cell
populations, such as osteoblasts, cemen-
toblasts, endothelial cells, fibroblasts, ep-
ithelial cell rests of Malassez, and sen-
sory cells."®] Taking the fact that peri-
odontal tissue is a combination of alveolar
bone, gingiva tissue, periodontal ligament,
and cementum, it is preferred to choose
the heterogeneous resource cell popula-
tion, which is more representative of pe-
riodontal ligament tissues, as compared
to a highly-purified multipotent stem cell

periodontal regeneration promotion. It is demonstrated in this work that
Ti;C, T, has highly efficient therapeutic effects in osteogenic differentiation

and periodontal defect repairment.

1. Introduction

As a disease caused by bacteria, periodontitis is characterized by
the loss of periodontal tissue support.l! Despite successful elim-
ination of inflammation and decades of efforts to reconstruct
the periodontal apparatus, periodontal regeneration remains a
challenging clinical issue for dentists.>*) Human periodontal
ligament cells (hPDLCs), typical seed cells with stem-cell-like

population.[*1% This kind of stem cell-based
tissue engineering predominantly relies on
the stem cells expansion in vitro.['113]
Recently, the development of biomateri-
als with stem cells has shown the promising
results for tissue regeneration. Due to its
ultrathin structures and intriguing physicochemical properties,
MZXene has attracted increased attention as a new family member
of 2D nanomaterials.l'*] They were synthesized by the extraction
of the A-element layer from the MAX phases, where the meaning
of M is a transition metal carbide in the early phase; A denotes
an A group element, and X is C or N.'>1] MXene has exhibited
great potential in application of antibacterial and anticancer.'7:8]
Rasool et al. reported that Ti,C,T, showed an antibacterial
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efficiency toward Gram-negative E. coli and Gram-positive B. sub-
tilis. Xing et al. utilized cellulose/MXene hydrogels in anticancer
photothermal therapy and found it highly efficient in destruc-
tion. According to Pan et al.,['] in vitro, 2D MXene with 3D-
printed scaffolds could upregulate osteoblast-related gene expres-
sion, subsequently stimulating the cell proliferation and the os-
teogenesis of bone mesenchymal stem cells and accelerating the
growth of newborn bone tissue in vitro. These exciting research
progresses have been made, however, the effect of MXene on
hPDLC osteogenesis and periodontal regeneration is currently
unclear.

Metabolic reprogramming is a prerequisite for the establish-
ment of stem cells.202!] At the prime stage, undifferentiated
stem cells remain in a low oxygen niche to maintain stem-
ness. When cells divide, extracellular acidification increases dur-
ing the early period, indicating that metabolism switches to
glycolysis.[?l Hypoxia-inducible factors-1a (HIF-1a) performs as
a mediator in hypoxic effects and glucose utilization.[?*?*] In well-
oxygenated cells, prolyl hydroxylase (PHD) hydroxylates HIF-1a
in a consistent way.[?l HIF-1« stabilization enhances the WNT/ -
catenin signaling pathway, leading to angiogenesis as well
as osteogenesis.[?*?’] Our previous reports demonstrated that
hBD3, combined with AuNPs and lithium-calcium-silicate bio-
ceramics, could activate the WNT/g-catenin pathway in hPDLCs
osteogenesis.[?2] Therefore, metabolic reprogramming-related
HIF-1a/WNT signaling may participate in hPDLC osteogenic dif-
ferentiation.

For the better expansion of stem cells, hypoxic chambers have
been utilized to achieve and maintain a hypoxic state for cell
culture in a long term, which is time-consuming and costly.
Therefore, hypoxia-mimicking agents, for example, deferoxam-
ine (DFO) and cobalt chloride (CoCl,), aiming to obtain bet-
ter cell expansion in a much easier way, have been put into
practice.’”) Like CoCl,, MXene also consumes oxygen;!l thus,
we speculated that MXene application could mimic the hypoxic
environment in hPDLCs. The purpose of this study is to detect
the function of WNT/HIF-1a-mediated metabolic reprogram-
ming in hPDLCs and periodontal tissue defects treated with
MXene.

2. Experimental Section

2.1. The Synthesis of the Ti;C,T, Dispersion

The minimal intensive layer delamination method was applied
to synthesize Ti;C, T, in an etching solution with 1.6 g LiF (99%,
Sigma-Aldrich Pty, Ltd.) and 20 mL of 9 m HCL. One gram of
Ti; AlC, powder (Carbon-Ukraine, Ltd., particle size < 40 ym) was
gently poured into the etchant at 35 °C, to be thoroughly mixed
with constant stirring for 24 h. The washing was performed us-
ing the centrifugation method on a Centrifuge-5810R (Eppendorf
AG, Germany). The acidic suspension was washed with water
under the centrifugation of 3500 rpm (10 min per cycle). No-
tably, when the pH approached 6, self-delamination occurred af-
ter shaking by hand. Subsequently, at the rate of 1500 rpm for 1
h, multilayer Ti,C,T, and unreacted Ti,AlC, were centrifugated.
The dark green supernatant of the delaminated Ti,C,T, was di-
luted to the desired concentration.
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2.2. Molecular Dynamic Simulation

Gromacs package was used to carry out atomic molecular dy-
namic simulations at constant temperature at 300 K and pres-
sure at 1 bar. In the first step, the Ti;C,T, at 5 nm in length
was positioned at the top of the membrane solvated with wa-
ter molecules with an area of 10 X 10 nm? and total lipids of
~275. The TIP3P model was used to model water molecules,
1-palmitoyl-2-oleyol-phosphatidylcholine (POPC) lipid was mod-
eled with AMBER14 force field,*?l and Ti, C, T, was modeled with
previously optimized parameters.?*) When simulating in the
SETTLE algorithm, bond angles, and lengths of water molecules
were constrained.**] While all other bond lengths were in con-
straint of the LINCS algorithm,*) which allowed a step at 2 fs.
Each simulation was optimized, thermalized, equilibrated, and
continuously run in the isothermal-isobaric (NPT) ensemble.
The total simulation time was 3—4 ps. The Molecular Mechanics-
Poisson—Boltzmann Solvent-Accessible surface area (MMPBSA)
method was adopted to measure the binding free energies of
the protein—protein complexes.’®! The structure of the WNT-
Frizzled signaling complex was obtained from recent work done
by Hirai et al.’”] The Ti,C, T, was positioned near the complex
~5-7 nm to the center, the simulation setup was similar to that
described previously for the Ti;C,T, cell membrane system, the
total simulation time was 2 ps, and the final production trajec-
tory for MMPBSA analysis was 20 ns with a time step of 2.0 fs in
integration method.

2.3. Cell Culture

We cultured primary hPDLCs (ScienCell Research Laborato-
ries, Catalogue #2630, Carlsbad, USA) in Dulbecco’s modified
eagle medium (DMEM) with 10% foetal bovine serum (FBS)
(ScienCell) and 1% penicillin/streptomycin (HyClone, Logan,
USA). Only cells within passages 2 and 6 were used in the
following studies of hPDLCs osteogenic differentiation in the
osteogenic induction medium: a-MEM (Gibco, Grand Island,
NY), 10% fetal bovine serum (HyClone, South Logan, UT), 1%
penicillin-streptomycin solution (containing 10 000 U mL™, and
10000 pug mL~! penicillin-streptomycin) (HyClone, South Logan,
UT), 107 mol L7 dexamethasone (Sigma-Aldrich, St. Louis,
MO), 50 mg L~! vitamin C (Sigma-Aldrich, St. Louis, MO) and
10 x 1073 m p-glycerophosphate disodium (Sigma-Aldrich, St.
Louis, MO).

2.4. Biocompatibility and Cytotoxicity of Ti,C,T,

To analyze the biocompatibility and cytotoxicity of Ti,C,T, by
hPDLCs, cells were incubated with Ti;C, T, at five different con-
centrations (30, 60, 90, 180, 360 mg L~!), and hPDLCs without
Ti,C, T, were the control group.

Ti,C,T, at different concentrations mentioned above was
added to coculture with the cells. After incubation for 3, 6, 12,
24,48, and 72 h, CCK-8 assays (Dojindo Molecular Technologies,
Tokyo, Japan) were used to study hPDLCs cell proliferation rate.
A SpectraMax M3 microplate reader (Molecular Devices, Sunny-
vale, USA) was utilized to examine the absorbance at 450 nm
wavelength.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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To evaluate the effect of Ti,C,T, on hPDLC apoptosis, cells
were marked with annexin V and propidium iodide (PI) and
then inspected under the flow cytometry A nonspecific fluores-
cent dye, 2’,7'-dichlorofluorescein diacetate (DCF-DA, Sigma-
Aldrich) was applied to monitor the intracellular reactive oxygen
species (ROS) level after cells were cocultured with Ti,C, T, for 12
and 24 h. Incubated with DCF—DA solution for 30 min, cells were
treated with 100 pL Triton-X solution at 0.1% (Sigma-Aldrich) v/v.
The fluorescence set at 485 and 520 nm were analyzed by a fluo-
rescence microplate reader (SpectraMax M3, Molecular Devices,
Sunnyvale, USA). Additionally, ROS expression was further con-
firmed by confocal microscopic imaging at 24 h.

2.5. Alkaline Phosphatase (ALP) Analysis

An ALP assay kit (Beyotime Institute of Biotechnology, Shang-
hai, China) was utilized to perform the assays of ALP activity af-
ter cells were incubated with Ti,C, T, for 7 d. The cells were lysed
and centrifugated at 1.5 X 10* rpm, followed by the addition of
the supernatant and chromogenic agent solution (50 UL, respec-
tively). After 20 min incubation at 37 °C in the dark, the plates
were analyzed by a SpectraMax M3 microplate reader to measure
the absorbance at 405 nm. A BCIP/NBT ALP staining kit (Bey-
otime Institute of Biotechnology, Shanghai, China) was utilized
to perform ALP staining on the 7th day according to the manu-
facturer’s instructions.

2.6. ARS Staining

As the description in the ALP activity experiment, cells were
treated and stained by ARS staining solution (Sigma-Aldrich) for
ARS staining. An inverted optical microscope (Olympus IMT-2,
Tokyo, Japan) was used to examine the plates and a digital cam-
era (Canon EOS 70D, USA) was used to take photos. Maintained
with cetylpyridinium chloride (Sigma-Aldrich), ARS was quanti-
fied by measuring the absorbance at the wavelength of 562 nm.

2.7. Western Blot

We detected changes in osteogenic proteins, autophagic pro-
teins and WNT/f-catenin signaling pathway-associated proteins
by western blot. hPDLCs were cultured with osteogenic differ-
entiation medium with Ti,;C,T, (60 mg L~!) alone or cotreated
with 10 pg mL™' ICG-001 (Selleckchem, TX), a WNT/p-catenin
signaling pathway inhibitor, for 7 d. The primary antibodies
were produced by Abcam (ALP, OPN, HK-2, PFKB3, and SDH),
Proteintech (Axin2 and HIF-1a) and Cell Signaling Technology
(RUNX2 and f-catenin), with internal control of f-actin (Protein-
tech, China). A Tanon-5200 chemiluminescent imaging system
(Tanon, Shanghai, China) was selected to apply for observing the
proteins after 1 h incubation of the membranes with secondary
antibody.

2.8. Real-Time qPCR

Real-time quantitative polymerase chain reaction (qQPCR) was
utilized to measure osteogenic genes, autophagic genes, and
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WNT/p-catenin signaling pathway-associated genes. hPDLCs
were treated as described above for western blot assay. The com-
parative 2742¢ method was applied, with the primers shown in
Table 1 and the samples normalized to f-actin.

2.9. Metabolite Profiling by Gas Chromatography-Mass
Spectrometry (GC-MS)

hPDLCs at a density of 1 X 107 per well were seeded a 15 cm
dish and incubated overnight. Subsequently, the hPDLCs were
treated with Ti;C, T, ata concentration of 60 mg L~ for 7 d. Then,
cellular metabolites were extracted to be analyzed by GC-MS, and
an Agilent 7890B gas chromatography system, combined with
an Agilent 5977A MSD system (Agilent Technologies, Inc., USA)
was adopted to measure the derivatized samples.

2.10. Oxygen Consumption Rate (OCR) Measurement by
Seahorse XF96

hPDLCs were treated with Ti;C,T, at a concentration of
60 mg L~! for 7 d. An XF96 Extracellular Flux Analyzer and the
XF cell stress test kit (Agilent Technologies, Inc., USA) were used
to measure the OCRs. First, 1 X 10~* M oligomycin was added
to the cells to interfere with the ATP-coupled respiration, then
1.5 x 1073 M carbonyl cyanide 4-trifluoromethoxyhenylhydrazone
(FCCP) was added to distribute the respiratory chain, followed by
0.5 x 103 M antimycin A with 0.5 X 10~* M rotenone to inhibit
mitochondrial respiration.

2.11. In Vivo Cytocompatibility Analysis

All the animal experiments abided by the regulations and guide-
lines for institutional animal care issued by Nanjing University,
Nanjing, China (No. SYXK 2009-0017). 7-week-old male SD rats
at the sample size of 18 were involved and injected with pento-
barbital sodium (Merck Millipore) to be anesthetized, and the es-
tablishment of periodontal defects was successful as previously
described.[*®! Next, Ti,C, T, at different concentrations (0, 60, and
180 mg L™!) was randomly implanted into the rat periodontal
defects. Twenty-four days later, rats were overdosedly injected
with anesthetics for euthanasia. Samples of heart, liver, spline,
lung, kidney, and dental and periodontal tissues were harvested
for light microscopy. Thin sections (4 um) of tissues were ap-
plied with hematoxylin and eosin (H&E) and Masson—Goldner
trichrome staining before histopathological examination. A light
microscope (MZ3000 Micros, Austria) was used to examine all
of the slides were examined with and compared with the control
tissue sections.

2.12. Histopathological Analysis of the Jaw
Twenty male SD rats at 7 weeks of age were involved in this
part of examination. Then, periodontal fenestration defects were

made in the suitable jaws as previously described. A total of 10°
hPDLCs, treated with or without 60 mg L~! Ti,C, T, for 24 h, were

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Table 1. Primer sequences.
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Primer Forward primer sequence (5'-3') Reverse primer sequence (5'-3')
RUNX2 GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG
ALP GACCCTTGACCCCCACAAT GCTCGTACTGCATGTCCCCT
OPN CTGAACGCGCCTTCTGATTG ACATCGGAATGCTCATTGCTCT
OCN GCAAAGGTGCAGCCTTTGTG GGAAAGAAGGGTGCCTGGAGAG
HIF-1a GGGAGATCTGGGGACAGGAGGATCGCC GGGAAGCTCATAAAAAACTTTAGATTC
f-catenin CTTCACCTGACAGATCCAAGTC CCTTCCATCCCTTCCTGTTTAG
Axin2 TACACTCCTTATTGGGCGATCA TTGGCTACTCGTAAAGTTTTGGT
HK2 GAGCCACCACTCACCCTACT CCAGGCATTCGGCAATGTG
PFKFB3 TTGGCGTCCCCACAAAAGT AGTTGTAGGAGCTGTACTGCTT
SDHa CAGCATGTGTTACCAAGCTGT GGTGTCGTAGAAATGCCACCT
SDHb ACCTTCCGAAGATCATGCAGA GTGCAAGCTAGAGTGTTGCCT
f-actin GGGACCTGACTGACTACCTC ACTCGTCATACTCCTGCTTG

collected with Matrigel Matrix (Corning) and placed into the de-
fects randomly. The rats were split into three groups (N = 6 per
group) according to the different treatments: 1) the Ctrl group,
performed a sham operation; 2) the PDLC group, with hPDLCs;
and 3) the MX group, with hPDLCs cultured with 60 mg L~}
Ti,C,T,. The extra two blank rats were used as normal controls
to observe normal periodontal tissues. Twenty-four days later, the
maxillary jaws were hemisected, and collected the right half (N =
6) for micro-CT (Bruker Micro-CT, Kontich, Billerica, MA) and
histological analysis to evaluate the results of the repair of pe-
riodontal defects. The tissue sections (4 um) were arranged for
H&E, Goldner’s trichrome and TRAP staining for histological
analysis. A camera installed on a computer (1 x 71, Olympus Co.)
was applied to evaluate the sections, and the examiner was blind
to the previous procedure. Image-Pro Plus 6.0 software was used
to measure the newly formed alveolar bone and calculate the to-
tal number of osteoclasts which were TRAP-positive multinucle-
ated.

2.13. Statistical Analysis

Data were demonstrated in the value of the mean + standard de-
viation (SD). Student’s t-test or one-way ANOVA were applied in
accordance with the conditions to determine significant differ-
ences after normalization evaluation. This experiment regarded
2-tailed P value <0.05 as statistically significant (N = 5). SPSS
20.0 was used to process all the data.

3. Results

3.1. Synthesis and Characterization of Ti,C, T,

Herein, Ti,C,T, flakes were fabricated by etching Al atoms from
bulk Ti;AlC, with a mixture of lithium fluoride (LiF) and hy-
drochloric acid (HCI).*! During washing, self-delamination oc-
curred after shaking by hand when the pH approached 6. The
exfoliated Ti;C,T, nanoflakes formed a stable dispersion. Fig-
ure 1a illustrates the crystal structures of Ti;AlC, and Ti;C,T,.

Adv. Healthcare Mater. 2021, 10, 2101215 2101215 (4 0‘F15)

Delamination and the removal of aluminum were confirmed
by the downshifting of the (002) peak and the disappearance of
the aluminum peak at 2 6 of 39° in the X-ray diffraction (XRD)
spectra (Figure 1b). Scanning electron microscopy (SEM) images
confirmed that the block Ti;AIC, (Figure 1c) was exfoliated into
Ti,C,T, nanoflakes (Figure 1d). As shown in Figure 1a, Ti,C,T,
could exfoliate into monolayers.[*°! To confirm this, we observed
the Ti,C,T, nanoflakes by atomic force microscopy (AFM), and
the data showed a thickness of 1.5 nm (Figure 1le).

3.2. Interaction between Ti;C,T, and hPDLCs

To further elucidate the interaction between the nanomaterial
and cell membrane, we carried out simulations of Ti;C, T, in the
absence and presence of a lipid bilayer composed of POPC (Fig-
ure 1g). We focused on an atomic model of Ti,C, T, in the vicin-
ity of lipid bilayers that can spontaneously insert into the core of
the lipid bilayer efficiently (Figure 1f). Once embedded into lipid
bilayers, Ti,C,T,, which mimicked protein channels, enhanced
the transportation of small solute molecules. This indicates that
the Ti;C,T, has the potential to realize the function of synthetic
ion channels.[*!l We also investigated the influence of Ti,C, T, in
lipid bilayers. In contrast to the widely acknowledged view that
Ti,C, T, could be embedded into the lipid core without disrupt-
ing the membrane, we proved that Ti;C, T, could destabilize the
lipid bilayer in its proximity and facilitate a small nanodomain.
Due to the strong hydrophobicity, we observed spontaneous cov-
erage of monolayer lipids around Ti,C,T,, and the lipids were
clearly oriented toward the surface of the Ti,C,T,, forming a hy-
drophilic shield (Figure 1i). In addition to the density profile, the
vicinity of the Ti,C, T, is featured by a decreased lipid deuterium
order parameter, S., = % (3cos%0; — 1), where 9, is the angle be-
tween the bilayer normal and the vector that joins the respec-
tive carbon atom C; to its H (deuterium) atom, while angular
brackets refer to the average of total C-H bonds i in each alkyl
chain of lipid (Figure 1h). The rearrangement of lipids would sig-
nificantly change the surface properties of Ti,C,T,, while form-
ing hydrophilic pores in the membrane by a first-order phase
transition, leading to translocation, as previously discussed.[*?!

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Generation of the 2D nanomaterial Ti;C,T,. a) Schematic illustration of the synthesis of Ti;C, T, nanoflakes. b) XRD patterns of Ti;AlC, and
Ti;C,T,. SEM images of c) Ti;AlC, particles and d) Ti; C,T, flakes on silicon wafers. e) AFM image of single Ti; C, T, flakes; the inset shows the thickness
profile along the green line. f) Schematic illustration of Ti3C,T, embedded in the membrane core from molecular dynamics simulation. g) A 2D density
map of the PC head group of the POPC lipid bilayer. h) Orientational order parameter S, of the bilayer with embedded Ti; C,T,. i) Schematic illustration
of trapping and translocation of Ti;C, T, through transient pores.
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The uptake and localization of the Ti,C, Ty in hPDLCs were
demonstrated by transmission electron microscope (TEM). In
the Ti;C, Ty -treated groups (Figure S1, Supporting Information),
Ti,C, Ty appeared in the cytoplasm. Furthermore, it was noted
that no Ti;C, Ty were found in the mitochondria or nucleus.

Based on the previous discussion, employing a multiscale the-
oretical approach, we discovered that Ti;C,T, could be rapidly
embedded in the cell membrane, destabilize the proximity re-
gion, and even rearrange the lipids in its vicinity and open pores,
triggering spontaneous translocation into the cell.

3.3. In Vitro Biocompatibility Analysis

To evaluate the biological activity, we incubated Ti;C, T, ata range
of different concentrations (0, 30, 60, 90, 180, and 360 mg L™!)
with hPDLCs for a time gradient. The effects on the prolifera-
tion of hPDLCs were determined by CCK-8 and flow cytomet-
ric analyses. No significant inhibition of proliferation was noted
in the CCK-8 assays, revealing good biocompatibility of Ti,C,T,
with hPDLCs (Figure 2a). Moreover, as shown in the flow cyto-
metric analysis, the ratio of apoptotic cells after treatment with
the nanoparticles for 24 h was approximately fivefold higher with
Ti,C, T, ata concentration of 360 mg L' than that with a concen-
tration of 0 mg L~! (Figure 2b,c). No significant increase in the
ratio was detectable with the other four concentrations.

ROS are critical in cell metabolism and survival.[**] Nanoparti-
cles were shown to enhance the generation of ROS in cells. To fur-
ther elucidate the cellular changes of Ti,C,T,, we monitored the
level of intracellular ROS in the presence of a nonspecific fluores-
cent dye. No obvious ROS was observed after a 12 h incubation
with Ti;C, T, at concentrations less than 90 mg L~! (Figure 2d,e);
thus, we chose concentrations of 30, 60, and 90 mg L~ for the
following osteogenic analysis.

3.4. Osteogenic Effect of Ti;C,T, on hPDLCs

After the biosecurity was confirmed, Ti,C,T, was expected
to induce osteogenic differentiation in hPDLCs and promote
periodontal tissue repair. To verify this hypothesis, we incu-
bated hPDLCs with Ti,C,T, at concentrations of 0, 30, 60, and
90 mg L~! and then stained them with an ALP assay kit (Beyotime
Institute of Biotechnology, Shanghai, China) (Figure 3a). ALP
activity was further detected. In particular, 60 mg L~! Ti,C,T,
demonstrated the most significant increase in the ALP activity
on day 7 among all the groups (Figure 3c). More excitingly, af-
ter incubation for 21 d, alizarin red S (ARS) staining showed that
Ti,C,T, (60 mg L) displayed the most significant enhancement
of mineralized nodule formation (Figure 3Db).

Moreover, RT-PCR and western blotting were conducted to
analyze osteoblast-related molecular expression in the hPDLCs
treated with Ti,C,T, in different groups. The expression of ALP,
RUNX2, OPN, and OCN in the 60 mg L~! groups were consid-
erably strengthened at day 7, implying that Ti;C,T, at a concen-
tration of 60 mg L~! showed the strongest promotion of the os-
teogenic differentiation of hPDLCs in vitro (Figure 3d; and Figure
S2, Supporting Information). PCR of ALP and RUNX2 were ele-
vated by Ti,C, T, at a concentration of 30, 60, and 90 mg L', and
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reached a peak analysis revealed that the expression at 60 mg L
(Figure 3e). Both OPN and OCN were significantly increased in
hPDLCs treated by 60 mg L~! MXene. It is widely accepted that
Runx2, as a critical transcription factor at the initial stage of os-
teogenesis, triggers other genes expressions, such as the ALP and
collagen type I (COL]I) early on and the later OPN and osteocalcin
(OCN).[*45] OPN is a negative regulator of osteoblast precursors,
whose expression level is low at the beginning of osteogenesis
but gradually grows with time.[*] In the present research, OPN
was substantially upregulated on day 7, suggesting OPN could
become a regulator in the negative feedback for osteogenic dif-
ferentiation.

3.5. The Application of Ti,C,T, Enhanced the HIF-1a/WNT
Signaling Pathway

Encouraged by the excellent osteogenic effect of Ti,C,T,,
we assessed the impact on HIF-1a/WNT signaling in vitro.
The WNT/pB-catenin pathway is a critical regulator of bone
development.[*’] Additionally, rigorous analyses indicated that g-
catenin can accelerate the HIF-1-mediated transcription by bind-
ing to the promoter region of HIF-1 target genes, thereby enhanc-
ing cell survival and its adaptation to hypoxia.[*®] HIF-1« plays a
crucial role in tissue regeneration, which could become a possi-
ble solution in bettering cell therapeutic outcomes.[**>0]

To validate the effects of Ti;C,T, on the intrinsic atomic in-
teraction and binding affinity, we performed all atom-based MD
simulations for the WNT-Frizzled (an essential receptor in WNT
signaling) signaling complex®!l with and without Ti,C,T, (Fig-
ure 4a). The binding energy AGy,q4,, calculated from the MM-
PBSA calculation showed a 20% increase in binding affinity with
Ti,C,T, (—291.961 k] mol~!) compared to that without treat-
ment (—241.565 k] mol™'). The binding energy decomposition
analysis further showed that the significant contribution was the
van der Waals interaction, suggesting that the signaling pathway
could be enhanced by hydrophobic interactions in the presence
of Ti;C,T,. Then, we utilized western blot and PCR analyses to
confirm the effect of Ti,C,T, on HIF-1la and related molecules
in the WNT/p-catenin pathway. As shown in Figure 4b,c, HIF-
1la together with f-catenin were notably upregulated on day 7 in
the presence of Ti;C,T, (60 mg L~'). Moreover, the expression
of Axin2, a WNT signaling negative regulator, was enhanced on
day 7 but showed no significant change with Ti;C,T,. To verify
whether Ti,C,T, accelerated osteogenesis via the HIF-1a/WNT
signaling pathway, we applied ICG-001, a nonspecific inhibitor
of the WNT/p-catenin signaling pathway, to hPDLCs. Our re-
sults revealed that the ALP activity and calcium deposition of the
hPDLCs downregulated by ICG-001 were reversed by Ti,C,T,
to different degrees (Figure 4d-f). PCR and western blot data
showed that HIF-1a, f-catenin, and Axin2 were inhibited by ICG-
001, while Ti, C, T, stimulation partially rescued the expression of
these three proteins (Figure 4g,h).

In short, these results indicated that the presence of Ti,C,T,
in hPDLCs could activate the HIF-1a/WNT signaling pathway in
an Axin2-independent manner.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. The biological activity of Ti;C, T, nanoparticles. hPDLCs were treated with Ti; C, T, (0, 30, 60, 90, 180, and 360 mg L™). a) The effects of Ti; C, T,
on the proliferation of hPDLCs were measured using CCK-8 assays at 3, 6, 12, 24, 48, and 72 h. The apoptosis of the hPDLCs stimulated by Ti;C, T, was
detected by flow cytometry b) and calculated c). d) Production of ROS during incubation with various concentrations of the 2D nanoparticles. e) Images
were taken by a fluorescence microscope. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. Effects of Ti;C,T, on hPDLC osteogenic differentiation. a) ALP staining on day 7 and mineralized nodules stained with ARS on day 21. b)
Mineralized nodule levels on day 21. c) ALP activity levels on day 7. d) Relative protein levels of the osteogenic factors were determined by western blots
on day 7. e) Real-time PCR analysis of the relative mRNA levels on day 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3.6. Metabolic Reprogramming in hPDLCs

The function of HIF-1 is to balance oxygen supply and demand
and coordinate metabolic reprogramming at the transcriptional
level.l?*] Since Ti;C,T, enhanced HIF-1a expression, we exam-
ined the influence of Ti;C,T, on cell metabolism. GC-MS was
applied to explore overall variations in hPDLCs cultured with or
without 60 mg L' Ti,C,T,. Ti,C, T, triggered a metabolic change
in hPDLCs after 7 d of treatment. Based on fold change values
larger than 1.5 and a t-test value at the 95% level, metabolites for
the heatmap (Figure 5a) were selected from the volcano results
(Figure 5c). We found that 4 metabolites were downregulated,
while 29 metabolites, such as succinate and glucose-6-phosphate,
were upregulated. Major sources of metabolite variability were
identified by principal component analysis (PCA) (Figure 5b).
Additionally, we explored pathway mapping of KEGG website
and revealed the influence of Ti,C, T, on multiple pathways (Fig-
ure 5d), among which the pathway with the most improvement
was ABC transporters.

The cellular bioenergetics were analyzed in hPDLCs stimu-
lated with or without Ti;C,T, through the OCR to detect mito-
chondrial respiration by a Seahorse Bioanalyzer. Ti,C,T, appli-
cation significantly affected the hPDLCs OCR (Figure 5e). Al-
though basal respiration and ATP production were not affected,

Adv. Healthcare Mater. 2021, 10, 2101215 2101215 (8 of 15)

the spare capacity and maximum respiration were reduced in
cells treated with Ti,C, T, which indicated the energy production
shifting from mitochondrial oxidative phosphorylation to glycol-
ysis in the cytosol (Figure S3, Supporting Information). Based on
the profound changes of metabolic profiling revealed in carbohy-
drate compounds, we then explored the effect of Ti;C,T, appli-
cation on critical genes involved in hypoxia and glycolysis (Fig-
ure 5f,g). HIF-1a can induce various genes involved in glycolysis
and osteogenesis.[?! First, the alteration of HIF-1a revealed an
elevation of the levels of HIF-1a in the cells treated by Ti,C,T,.
What's more, Ti;C,T, altered genes in oxidative phosphoryla-
tion and glycolysis by increasing transcription of hexokinase 2
(HK2) and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 (PFKB3) and decreasing succinate dehydrogenase (SDH). Ox-
idation of succinate into fumarate was metabolized by SDH, %3
and impaired SDH activity explained the succinate accumulation
in the cytosol.

3.7. In Vivo Periodontal Regeneration Experiment
The histocompatibility of Ti; C, T, was tested by histopathological

assessment of the heart, kidneys, liver, lungs, and spleen (Figure
S4, Supporting Information). Revealed by histopathological

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Effects of the HIF-1a/WNT signaling pathway on osteogenic differentiation of hPDLCs induced by Ti; C, T,. hPDLCs were treated with Ti;C, T,
(60 mg L™"). a) Binding energy difference estimated in the presence of Ti;C,T, in the vicinity of the Wnt-Frizzled complex. b) Relative protein levels
of HIF-1a, p-catenin, and Axin2 determined by western blots on day 7. c) The mRNA expression of HIF-1a, f-catenin, and Axin2 on day 5 analyzed by
real-time PCR. For analysis of the role of the WNT/f-catenin signaling pathway in the osteogenic differentiation promoted by Ti;C,T,, hPDLCs were
incubated with 1CG-001 (10 x 107® m). d) ALP staining on day 7 and mineralized nodules stained with ARS on day 21. e) ALP activity levels on day 7. f)
Mineralized nodule levels on day 21. ICG-001 blocked the protein expression of HIF-1a, f-catenin, and Axin2 on day 7 g) and the mRNA expression h)
on day 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared with the Con group or the corresponding group. ##P < 0.01, ###P < 0.001,
compared with the PDLC group.
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Figure 5. Ti;C,T, triggered metabolic reprogramming in hPDLCs. GC-MS was utilized to measure changes in the metabolites of the cells. a) Heatmap
of metabolites that were differentially regulated. Red, upregulation; green, downregulation. b) PCA plot based on intracellular metabolites. c) Volcano
plot of metabolites that were differentially regulated. Red, upregulation; blue, downregulation; gray, not significant. d) Pathway enrichment analysis by
KEGG. e) Basal OCR and real-time changes in the OCR in the PDLSCs stimulated with Ti;C,T, for 7 d. Cell cultures were treated sequentially with
oligomycin, FCCP, and rotenone + antimycin A. f) Protein levels of the indicated genes were determined by western blots. g) Transcription of genes at
5 d was measured by qPCR. *P < 0.05, ***P < 0.001, versus the control group.

analysis, exposure to different doses of Ti,C, T, had no apparent
negative impact on the examined tissues. Comparable results
were shown between all groups.

We were inspired by the efficient effects of Ti;C, T, in hPDLCs
osteogenic promotion and good biosafety and decided to further
demonstrate the ability of Ti;C,T, in tissue repairment in vivo.
According to the guide of the flowchart, hPDLCs were treated
with 60 mg L= Ti,C, T, in vitro 24 h before applied to rat experi-
mental periodontal defects (Figure 6a). Based on microcomputed
tomography (micro-CT) analysis, we observed loss of bone qual-
ity caused by periodontal tissue resection (Figure 6b—d). Notably,
after implantation for 24 d, compared with that of the hPDLCs
alone, an increase of nearly onefold in new bone area was ob-

Adv. Healthcare Mater. 2021, 10, 2101215 2101215 (10 of 15)

served in the MX group, indicating that Ti;C, T, further improved
periodontal repair enhanced by hPDLCs (Figure 6e-h). Addi-
tionally, TRAP staining analysis showed that the number of os-
teoclasts experienced some noticeable declines under the influ-
ence of Ti,C,T, (Figure 6f). Immunohistochemical staining to
assess the repair of alveolar defects in the three groups on day
24 showed more RUNX2-, HIF-1a-, and f-catenin-positive mark-
ers in the Ti;C, T, groups than in the other groups (Figure 6g,h).
The Ti;C,T,-treated hPDLCs improved the capacity to form new
alveolar bone through HIF-1a and #-catenin upregulation in pe-
riodontal tissues. These results also suggested that the effects of
Ti;C,T, on hPDLC was consistent between the studies on in vitro
and in vivo.
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Figure 6. Ti;C,T,-treated hPDLCs showed better in vitro periodontal regeneration potential in rats. a) lllustration of the animal experiment. b) Mesiodistal
section images and 3D reconstructed digitized images of the maxillary first molars analyzed by micro-CT. BV/TV c) and bone mineral density d) of the
defects. Newly formed alveolar bone e) and osteoclast quantity analysis f). g) The corresponding quantitative analysis of RUNX2, HIF-1a, and g-catenin
expression in immunohistochemical staining images. h) H&E, Goldner’s Masson trichrome, and TRAP staining (green arrows indicate osteoblasts) and
immunohistochemical staining images of periodontal defects. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared with Con. ##P < 0.0,
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4, Discussion

The repair of periodontal tissue has long been known to under-
lie the resolution of severe periodontitis, which has few satisfac-
tory treatments.[>*] These principles have become increasingly
important given the severe decrease in quality of life and substan-
tial disease burden. During periodontium regeneration, hPDLCs
function as progenitors. We hypothesized that 2D nanoflake
Ti,C, T, would yield essential insights into hPDLC osteogenic
differentiation and periodontal defect repair. Here, we showed
that these analyses converged on a single important cell signal-
ing pathway. We proposed that Ti,C,T, application activated the
metabolic reprogramming-related HIF-1a/WNT signaling path-
way, switches cell metabolism to glycolysis, and supported tissue
regeneration. Our data suggested that targeting this pathway with
Ti, C,T, could enhance the resolution of tissue destruction result-
ing from severe periodontitis.

2D nanomaterials and the related composite materials have
been used to gain a promoting effect in tissue regeneration based
on stem cells. Graphene, the first known 2D material, and its
derivatives, like graphene oxide (GO), showed the ability to in-
fluence stem cell proliferation and differentiation.[®! Since at-
tempted for the first time, MXene has always been compared with
graphene. The two kinds of 2D materials have some similari-
ties. For example, both are carbon-based 2D ultrathin nanoflakes,
represented by the suffix “ene” in the names.[®! However, MX-
ene has advantages when compared with its predecessor. First,
it is demonstrated that Ti;C, T, had a good biocapacity at higher
concentrations. According to the report by Akhavan et al., GO
with large sizes was used to induce cytotoxicity at a concentra-
tion of 100 pg mL™!, while the smaller sizes of GO did harm to
cells even at a low concentration of 1 ug mL~1.>’] In our study,
Ti,C,T, exhibited good biological security below 180 pg mL™!.
Another claimed a bisafety concertation up to 500 pg mL™! for
normal cells.[®®! Moreover, Ti;C, T, is highly selective against tu-
mor cells than normal ones, making it a potential 2D material
for tissue repair after tumor operation.'”) In addition, Ti;C,T,
is fully surface functionalized, allowing it to dissolve in solvent
easily and combine with other materials.®®! In fact, the ideal
graphene is highly chemically inert because of its crystal lattice,
resulting its difficulty to dissolve in water and combine with other
biomaterials.[®®! This disadvantage drove the attempts of GO, the
oxidized form of graphene. Reported by Wei et al., 0.1 ug mL~!
GO had a significant positive effect on the cell proliferation of
bone marrow-derived mesenchymal stem cells. However, a re-
duction of cell proliferation by GO was observed at the concentra-
tion between 1 and 10pg mL~* (Y] In addition, GO could promote
the differentiation of several lines of stem cell, including mouse
embryonic stem cells toward dopamine neural cells,'® induced
pluripotent stem cells toward endodermal cells (where graphene
showed inhibiting effects).[®*] The potential mechanism might
be the bind between the surface functional groups of GO and
stem cell surface receptors. Although MXene also exhibited ef-
fects on differentiation of stem cells, they might go through dif-
ferent pathways from graphene. Particularly, it was indicated that
Ti-based species, released by the interaction of water and oxygen
with MXene, could promote the growth of cells.®*] This study
demonstrated that Ti,C,T, could interact with cell membrane,
enhance glucose metabolism, and induce metabolic reconfigura-
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tion in hPDLCs. Another by Guo et al. demonstrated that Ti,C,T,
together with electric stimulation changed the metabolic activi-
ties in neural stem cells, by decreasing glucose and increasing
lactic acid.[®]

Itis known that biological membranes are far more complexin
structure as compared with lipid bilayers, containing large num-
ber of proteins (integral and peripheral), complex coting of poly-
meric sugars with glycosylation, besides, lateral heterogeneities,
underlying cytoskeleton and transmembrane asymmetry could
further complicate the question.®l Due to the abbe diffrac-
tion limit, it is quite challenging to access the full molecular-
scale details in aqueous solution by experiment alone, compu-
tational modeling soon has become an essential tool to investi-
gate lipid membranes and bridge the gap between experiments
and theory.[%7%8] However, it is barely possible to reconstruct cell
membranes fully using computer technology, due to the avail-
ability of computer resources limits the scales that can be ac-
cessed. Thus, a variety of heterogeneous and idealized biolog-
ical membrane models have been adopted in recent investiga-
tions to represent the lipid membranes and their interactions
with nanomaterials,!%7% among which POPC is one of the most
abundant lipids in biological membrane, and has been widely ap-
plied as lipid bilayer basement.l”*74] Thus, in the current study,
all-atom classical molecular dynamics (MD) simulations were
utilized to investigate the interaction between Ti,C,T, and the
bilayer structure on POPC. We stress the fact that to compare
the interaction of nanomaterial with cell membrane between our
theoretical studies with real biological membrane quantitatively
is debatable which requires further comparison to fill the gap,
but gives a powerful way to qualitatively derive the interaction
through simulation techniques. It would indeed be great to simu-
late the real biological cell membrane with atomistic models and
confront them with currently available experimental data. It is
also likely that future studies will sooner or later bring new infor-
mation that will challenge the theoretical community for devel-
oping more accurate biological membrane models.

Our analysis revealed that fully embedded Ti;C,T, could
reorganize lipids and result in the formation of pores with little
energy cost, and finally leave the bilayer. This mechanism is
very similar to the previously discovered mechanism of spon-
taneous translocation of nanoparticles through a first-order
phase transition.*”] Once embedded, Ti;C,T, behaves simi-
lar to synthetic ion channels, which can transport common
physiological ions, such as Na* and K*.[!l Bioelectric signals,
originating from the flux of positive and negative ions across
membranes, regulate the proliferation and differentiation of
stem cells.[””] Shields et al. used gene microarray to detect
osteoblastic differentiation of mesenchymal stem cells induced
by BMP2 and found that Na+, K+ -ATPase (NKA) was observed
to be significantly upregulated.’® Moreover, NKA regulates
intracellular calcium concentration and upregulates osteogenic
gene expression.[””7°! In this study, we proposed that MXene,
which mimics protein channels, could facilitate flux of ions such
as Na+/K+. Therefore, the regulation of Na+/K+ flux might be
a potential contribution on osteogenesis enhanced by MXene,
which needs further study. Ti;C,T, destabilizes the lipid bilayer
in its proximity and facilitates a small nanodomain. Due to
the limitations of current methods, nanodomains cannot be
observed directly in living cells and are associated with a known
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mechanism to organize membrane receptors into signaling
microclusters.8811 We speculated that the nanodomain caused
by Ti;C,T, modulates Frizzled proteins, could make it easier
for Wnts to bind with its receptor; thus, the WNT pathway was
activated, and f-catenin accumulation was enhanced.

For the purpose of assessing the biotoxicity of Ti,C, T,, we ana-
lyzed the proliferation of hPDLCs incubated with 30, 60, 90, 180,
and 360 mg L' Ti;C,T,. The results showed that Ti,C,T, was
nontoxic to hPDLCs in this concentration range. This finding
is consistent with previous reports, demonstrating that Ti,C,T,,
both Ti;C, Ty and Ti, NTy, showed lower toxic effects against nor-
mal cells than cancerous ones.’®#2] We observed that Ti,C,T,
at low concentrations, in agreement with previous reports, dis-
played no induction of apoptosis.’®#] Therefore, we came to the
conclusion that Ti,C, T, at low concentrations had good biocom-
patibility.

ROS was slightly induced by Ti;C,T, at a concentration of
60 mg L~!. Although numerous studies have indicated that ROS
can result in cell damage, apoptosis, necrosis, and inflamma-
tory responses, 3848 multiple targets affected by ROS have been
gradually discovered in recent years.!®¢] ROS plays a physiolog-
ical role in signaling instead of becoming cytotoxic and result-
ing from too strong signal, as with any signaling mechanism.
For example, increased ROS from hypoxic mitochondria under-
takes significant responsibility in the prevention of the HIF-1a
degradation, the main transcription factor in the adaption of
cells to the hypoxic state.’”] Low-level ROS that is typically ob-
served with osteogenesis results from the energetic demands of
differentiation.®®! ROS has rarely been reported to participate in
the osteogenic effect of Ti;C,T,, and further research is needed.

Metabolic alterations are tightly associated with proliferation
and osteogenesis, and the effect on osteogenic differentiation
remains in dispute.!3] Such controversies may be on ac-
count of different culture systems, such as donor species, cell
types, hypoxic severity, and methods of induction. In our study,
Ti,C,T, application enhanced succinate accumulation. Succinate
can function as an intracellular messenger to stabilize HIF-1a in
hPDLCs, thus altering gene expression and generating a state
of pseudohypoxia.l! The activation of glycolysis is necessary
for high proliferation in a pseudohypoxic state at the beginning
stages of osteogenesis and enhanced bone matrix protein biosyn-
thesis afterward. Moreover, further studies may help elucidate
metabolic regulation, including interactions between HIF-1a and
the Notch pathway.

As hPDLCs have been used as the potential seed cells for os-
teogenesis, the current study focused on the effects of Ti;C, T, on
hPDLCs osteogenic differentiation. In the previous studies, HIF-
la accumulation was related to the upregulation of osteogenesis
genes, such as COL I, RUNX2, ALP, and OCN.I?%! The stud-
ies showed that key transcription factor in osteogenesis, RUNX2
induced the expression of ALP and COL I at an early stage and
OPN and OCN at a late stage.[***] ALP can be used to assess
early-phase osteogenesis.[*®! Late-stage osteogenic differentiation
is marked by mineralized nodule deposition, which is usually de-
tected by ARS.I”/] The results of ALP activity and ARS staining in-
dicated that Ti;C,T, exhibited the ability to enhance osteogenic
differentiation on hPDLCs at not only the early but also the late
stage of osteogenic differentiation. It is reported that even though
OPN acts as a negative feedback factor in the regulation of os-

Adv. Healthcare Mater. 2021, 10, 2101215 2101215 (13 Of15)

www.advhealthmat.de

teogenic differentiation, an increase in its mRNA expression re-
mained till 2 weeks.[®®! While the expression of OCN, remarking
osteogenesis, rises to a peak in the late stage.[”) In the present
study, all tested osteogenic mRNA and protein were increased by
Ti,C,T,, indicating the osteogenic-differentiation-induction abil-
ity of Ti;C, T, on hPDLCs.

In this study, we demonstrated that MXene nanoflakes could
enhance hPDLCs osteogenesis and bone regeneration. There is
little study that MXene nanoflakes are used to promote differ-
entiation of other lineages. A recent study found that together
with electrical stimulation, Ti,C,T, MXene films could promote
neural differentiation of neural stem cells cultured on it.[®! In-
creased angiogenesis was observed in quail eggs incubated in
hypoxic conditions, comparing with eggs in normoxia.l'%) HIF-
la plays a critical role in the regulation of angiogenesis.!'?!l In
this study, we demonstrated that MXene nanoflakes could en-
hance hPDLCs osteogenesis and bone regeneration, which re-
vealed that Ti,C,T, could provide a hypoxic environment and
stabilize HIF-1a. Therefore, we hypothesize Ti,C, T, might have
some effects in angiogenesis, which need further investigation.

5. Conclusion

In summary, this study investigated the application of Ti;C, T, in
periodontal regeneration. We demonstrated that Ti;C,T, could
promote hPDLC osteogenic differentiation, thus improving peri-
odontal tissue regeneration. The potential mechanism may in-
volve the modulation of the metabolic reprogramming-related
HIF-1a/WNT signaling pathway. These findings imply that
Ti,C,T, might be a potential therapeutic option in periodontal
tissue engineering and treatment of periodontitis.
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