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ARTICLE INFO ABSTRACT

Keywords: Engineering complete periodontal tissue regeneration remains a considerable clinical challenge because the
Periodontal regeneration native periodontium is composed of hard mineralized and soft unmineralized tissues. Stem cell therapies that use
Biomineralization

endogenous extracellular matrix (ECM) have the potential for structural and functional periodontal regeneration.
Here, mineralized ECM/dental pulp stem cell microspheroids (MMCMs) mimicking native mesenchymal
microspheroid precursors were developed, and showed an enhanced Young’s modulus ranging from 0.4 GPa to
1.9 GPa. Furthermore, biomineralization promoted cell viability, inhibited cell apoptosis, and enhanced ECM
secretion and osteogenic differentiation potential in dental pulp stem cells. After implantation in the full peri-
odontal defect, MMCMs regenerated complete periodontium with native-like hierarchically organized peri-
odontal ligament collagen fibers inserted into the newly formed alveolar bone and cementum; they also recruited
CD90"CD73" host mesenchymal stem cells. Mechanistically, MMCMs promoted functional periodontal regen-
eration through activation of the transforming growth factor beta 1 (TGF-p1)/Smad3 signaling pathway. Inhi-
bition of TGF-p1 signaling pathway significantly impaired osteogenic potential and matrix secretion of MMCMs,
while exogenous TGF-f1 treatment enhanced the osteogenesis and periodontal regeneration outcomes of
MMCMs. These results indicate the promising application of MMCMs in complex tissue regeneration.

Cell microspheroids
Dental pulp stem cells
TGF-p1

1. Introduction resorbed alveolar bone, as well as the formation of periodontal ligament

fibers inserted into the newly formed cementum and alveolar bone.

Periodontal defects, including resorption of hard tissue (e.g., alveolar
bone and cementum) and destruction of soft tissue (e.g., periodontal
ligament), are the main causes of early tooth loss [1]. The occurrence of
periodontal defects involves local immune and inflammatory responses,
abnormal alveolar bone metabolism, and reduced numbers and
impaired functions of autologous stem cells. Complete, functional peri-
odontal tissue regeneration requires reconstitution of the adjacent

Existing periodontal therapies, such as guided tissue regeneration,
periodontal flap operation, and the administration of drugs or bioactive
molecules can control inflammation, clean necrotic tissues, and partially
limit the migration of gingival epithelium, but the structural and func-
tional regeneration of periodontium remains challenging [2].

Recently, tissue engineering strategies combining bone grafting
materials and mesenchymal stem cells (MSCs) provide a promising

* Corresponding author at: Prof. Yan Liu, Laboratory of Biomimetic Nanomaterials, Department of Orthodontics, Peking University School and Hospital of Sto-
matology & National Center of Stomatology & National Clinical Research Center for Oral Diseases & National Engineering Laboratory for Digital and Material
Technology of Stomatology & Beijing Key Laboratory of Digital Stomatology & Research Center of Engineering and Technology for Computerized Dentistry Ministry
of Health & NMPA Key Laboratory for Dental Materials, No.22 Zhongguancun South Avenue, Beijing 100081, China.

E-mail address: orthoyan@bjmu.edu.cn (Y. Liu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cej.2021.133220
Received 6 October 2021; Accepted 24 October 2021

Available online 3 November 2021
1385-8947/© 2021 Elsevier B.V. All rights reserved.


mailto:orthoyan@bjmu.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2021.133220
https://doi.org/10.1016/j.cej.2021.133220
https://doi.org/10.1016/j.cej.2021.133220
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2021.133220&domain=pdf

Chemical Engineering Journal 431 (2022) 133220

S.-J. Cui et al.
PO, 3
POy 7 —DPSCs
, car o
Caz+ P04
— ECM
MAs P e Young’s modulus I
e ~<= -Space for cell survival §l
i
>
ECM
3392 g%“@ 1333
S
Cell .
Hypoxia l
Apoptosis I

DPSC autocrine/paracrine

Rl

I

TGF-B1

TGFBR1

Smad3

M
Cytoplasm Smad3

¥
Nuclei
) AN VANV VARN
N ™~
ALP, OCN, POSTN, ITGB1,
RUNX2, BMP2 CcoL1

Cell V|ab|I|ty I

+

-

ECM secretion

I—

Osteogenesis I

: / z | / f’&
18 FORY | TGF-B1/Smads path J18 FOAY B
| E mad3 pathwa | |
%) | Zafo= W P Y t 2. . | [\
“ | ‘) “ ‘ t “, ‘:‘\\‘ \h“
4p " &) 1 | Host stem cell recruitment 4) A 1S
1\:‘ L REAL N4 . ANSNFIRRRLE R
4 ah @ o, / aj S a
OAN IS LINI AL O ST A,

Scheme 1. Schematic illustration showing structural and functional periodontal tissue regeneration by biomineralized ECM/DPSC microspheroids via the TGF-$1/
Smad3 signaling pathway. Biomineralization of microspheroids modulates multiple cellular processes of DPSCs, including viability, osteogenesis and ECM secretion
in vitro; and promotes structural and functional periodontal tissue regeneration and host stem cell recruitment in vivo.

method to achieve complex tissue regeneration [3]. Park et al. engi-
neered bone-ligament complex structure using poly-e-caprolactone
fiber-guiding scaffolds with periodontal ligament cell transplantation
[4]. Liu et al. reported a specific “cell perfusion” technique that loaded
human periodontal ligament stem cells on poly[lactic-co-(glycolic acid)]
hybrid porous microspheres for periodontitis treatment [5]. However,
the use of exogenous scaffold is inevitably associated with various
problems, including immunorejection, poor degradation rate and in-
compatibility between the exogenous scaffold and the host [6]. There-
fore, a scaffold-free MSC carrier would be an excellent alternative to
address these problems.

The self-secreted extracellular matrix (ECM) by MSCs is a complex
structural network consisting of primarily fibrous proteins, pro-
teoglycans and glycosaminoglycans, and plays a vital role in MSC
recognition of physical and biochemical cues [7]. It has been shown that
cell-ECM reciprocal communications influence MSC stemness and cell
fate [8]. Further, cell-secreted ECM reportedly maintains MSC multi-
potency during in vitro expansion and rejuvenates the cell functions of
aging MSCs [9]. However, conventional two-dimensional cell culture
results in altered cell shape (e.g., cell flattening and cytoskeletal
remodeling), which can eventually affect cellular perception of the
external microenvironment and cause changes in related gene expres-
sion [10]. Compared with traditional two-dimensionally cultured cells,
three-dimensionally cultured cell aggregates (e.g., cell sheets and

microspheroids) maintain microenvironmental conditions similar to the
conditions they encounter in vivo, which thus promote active ECM
synthesis [11]. Zhang et al. showed complex periodontium-like forma-
tion by combination of MSC cell sheets and ceramic bovine bone in nude
mice [12]. Although cell sheets showed promising periodontal regen-
erative effects, they still rely on the combination of exogenous scaffolds
or multiple derived MSCs or specific gene transfection to enhance the
therapeutic capacity [13,14]. Compared with cell sheets fabricated
through complicated procedures, cell microspheroids could spontane-
ously form three-dimensional (3D) endogenous scaffolds. However, the
application of cell microspheroids still have some problems, such as the
impaired cell maturation and cell viability due to the enlarged spheroid
size and consequent hypoxia in the spheroid core [15].

An ideal biomaterial for periodontal regeneration must provide
sufficient mechanical strength to maintain defect space and support MSC
proliferation and differentiation. In the present study, we constructed
3D osteoinductive microspheroids composed of dental pulp stem cells
(DPSCs) with multilineage differentiation potential and mineralized
ECM as an endogenous scaffold. Mineralization of the ECM enhanced the
mechanical strength of cell microspheroids, prevented cell hypoxia and
apoptosis, and improved cell viability; this effect was most evident in the
spheroid core area. Moreover, biomimetic mineralization activated the
transforming growth factor beta 1 (TGF-1)/Smad3 signaling pathway,
then upregulated the ECM synthesis and osteogenesis abilities. By
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Fig. 1. Fabrication and characterization of 3D mineralized cell microspheroids after 7 days cultivation. (a) Scheme showing fabrication of CMs and MMCMs. (b)
Gross morphology and diameter of CMs and MMCMs (n = 5, Student’s t-test). (¢) Ultrastructure and composition of CMs and MMCMs. Yellow arrows: ECM collagen
filaments; Blue arrows: MAs; Red arrows: DPSCs. (d) AFM height mapping images and corresponding amplitude spectrums of CMs and MMCMs. (e) AFM Young’s

modulus of CMs and MMCMs (n = 40, Kolmogorov-Smirnov nonparametric test). **: P < 0.01, ***: P < 0.001. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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constructing full periodontal defects in a rat model, we showed that
mineralized ECM/dental pulp stem cell microspheroids (MMCMs)
recruited CD90TCD73™ host MSCs, then potently induced structural and
functional periodontium regeneration with orderly aligned periodontal
ligament fibers inserted into the newly formed bone and cementum
through activation of the TGF-p1/Smad3 signaling pathway. Further-
more, blockade of TGF-p1 significantly impaired matrix secretion and
osteogenesis, while exogenous TGF-pl treatment improved the peri-
odontal regeneration effect of MMCMs (Scheme 1). Taken together,
these observations suggested that MMCMs offer a promising alternative
for structural and functional periodontium regeneration.

2. Materials and methods
2.1. Isolation and identification of human DPSCs

Primary human DPSCs were isolated from dental pulps of the
extracted healthy premolars or wisdom teeth due to orthodontic treat-
ment. All procedures were approved by the Ethics Committee of Peking
University School of Stomatology (No. PKUSSIRB-201951179). The
harvested pulp tissues were dissected and digested in 3 mg/ml Type I
collagenase (Thermo Fisher Scientific) and 4 mg/ml dispase (Roche) at
37 °Cfor 1 h as previously described [16]. After passing through a 70-ym
strainer, single-cell suspensions were cultured in of minimum essential
Eagle medium-alpha modification (a-MEM, Hyclone) supplemented
with 15% fetal bovine serum (FBS, Hyclone), 2 mM L-glutamine
(Thermo Fisher Scientific), and 100 U/ml penicillin/streptomycin
(Thermo Fisher Scientific). At 80%-90% confluence, cells were digested
with trypsin, centrifuged and resuspended in culture medium as passage
1, and incubated in a humidified atmosphere of 5% CO5 at 37 °C, with
medium changing every 2-3 days.

For flow cytometry analysis, 1 x 10® DPSCs were incubated with
fluorescently conjugated antibodies of CD90, CD105, CD146, CD29,
CD34 and CD11b or isotype-matched IgG controls at room temperature
for 1 h. Stained cells were analyzed with flow cytometer (BD Accuri C6).

To investigate the osteogenic potential, DPSCs at passage 3 were
cultured in the osteogenic induction medium when the cells achieved
70%-80% confluency. After 21 days, DPSCs were fixed for alizarin red S
staining (Sigma-Aldrich). For adipogenic differentiation, DPSCs at pas-
sage 3 were cultured in the adipogenic induction medium for 21 days.
Then, cells were fixed and stained with fresh oil red O solution (Sigma-
Aldrich).

2.2. Preparation of cell microspheroids

Human DPSCs at passage 4 were seeded in microporous agarose plate
(Ryan) with a density of 5 x 103 cells/microwell (Fig. 1a). Two kinds of
cell culture media were used as follows: regular medium (a-MEM con-
taining 15% FBS, 2 mM L-glutamine, and 100 U/ml penicillin/strepto-
mycin) was utilized to prepare conventional cell microspheroids (CMs),
while mineralization medium (regular medium with 9 x 103 M CaCly,
4.2 x 1073 M KoHPO, and 0.2 mg/ml polyaspartic acid) was used to
fabricate MMCM:s. Cells were cultured in a humidified atmosphere of 5%
CO; for 1, 3 and 7 days, and the culture medium was changed 24 h after
primary seeding and then refreshed every two days. The harvested
microspheroids were then selected by 40-um cell sieves and those>40
pm in diameter were collected for the following experiments.

To evaluate the influence of TGF-p1/Smad3 pathway, the specific
inhibitor LY364947 (3 pM, Selleck) or TGF-p1 (10 ng/mL, Peprotech)
were consistently added into the mineralization culture medium,
respectively.

2.3. Characterization of cell microspheroids

Microspheroids were randomly selected from each group. Samples
were fixed by 2.5% glutaraldehyde. All the samples were dehydrated in
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a graded series of ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%),
and observed under scanning electron microscopy (SEM) at 15 kV
(Hitachi S-4800, Japan). The elemental compositions of CMs and
MMCMs were examined through energy dispersive X-ray spectroscopy
(EDS) coupled to SEM. For morphological observation by transmission
electron microscopy (TEM), samples were fixed with 2.5% fluter-
aldehyde solution. The samples were embedded in epoxy resin. Before
observed by TEM at 80 kV (JEOL, Japan), ultrathin sections (70 nm)
were stained with uranyl acetate.

Microspheroids were washed twice with phosphate-buffered saline
(PBS), and immediately embedded with Tissue-Tek (Sakura Finetek) to
make 20 pm thick frozen sections. Using the Bruker Icon Atomic force
microscopy (AFM) and TAP150A silicon cantilever, the same maximum
force value was applied to different samples during the experiment, and
the Young’s modulus and corresponding adhesive force of the samples in
the range of 8 pm x 8 pm were scanned. A 512 x 512 high-resolution
contour map was generated. Data for statistical analysis for AFM was
collected from at least three independent samples.

2.4. Cell viability and proliferation

To detect cell viability, CMs and MMCMs were stained with a live/
dead assay kit (Thermo Fisher Scientific) according to the manufac-
turer’s protocol and observed with a Zeiss laser scanning confocal mi-
croscope LSM 710.

To evaluate the proliferation of cells, samples were incubated in Cell
Counting Kit-8 (CCK-8) solution (Dojindo) according to standard pro-
cedures (37 °C for 2 h), and the absorbance was read at 450 nm by a
microplate reader (Bio-Rad). Each group had eight replicates.

2.5. Assessment of relative gene expression

Quantitative real-time polymerase chain reaction (qPCR) was
applied to examine the expression of B-cell lymphoma-2 (BCL2), BCL2
associated X protein (BAX), periostin (POSTN), integrin 2 (ITGB2), alka-
line phosphatase (ALP), runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN), bone morphogenetic protein 2 (BMP2) and collagen type
I alpha 1 chain (COL1A1). 18S RNA served as the housekeeping gene.
Total RNA was extracted by TRIzol reagent (Invitrogen) and synthesis of
cDNA was performed using SuperScript® III One-Step RT-PCR System
with Platinum® Taq High Fidelity (Invitrogen). QPCR was performed on
a 7500HT Fast Real Time PCR machine (Applied Biosystems) using
SYBR Green (Invitrogen). The primers designed by primer premier 5.0
software and commercially synthesized were shown in Table S1.

2.6. Assessment of protein expression

Total proteins of cells in CMs and MMCMs were lysed using a protein
extraction kit (RIPA Cocktail, Thermo). Equal protein quantities were
separated by SDS-PAGE and transferred onto a polyvinylidene difluoride
membrane. The membranes were blocked with 5% non-fat milk and
0.1% Tween-20 for 1 h, then incubated with hypoxia-inducible factor 1-
alpha (HIF-1a), carbonic anhydrase IX (CA IX), ALP (Santa Cruz
Biotechnology), OCN, BMP2, TGF-p1 (Abcam), cleaved Caspase3, p-
Smad3, Smad3 (Cell Signaling Technology), COL1 (collagen type I,
Proteintech), p-actin (ZSGB-BIO) and GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase, Affinity) primary antibodies overnight at 4 °C
(Table S2). The blots were developed using an HRP-conjugated sec-
ondary antibody and enhanced chemiluminescence detection. Quanti-
tative analysis was performed by the ImageLab software. The original
images of all Western blotting were displayed in Fig. S5.

2.7. In vivo tests

Eight-week-old male Sprague-Dawley rats were randomly divided
into different groups. After intraperitoneal injection of 1%
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Fig. 2. Promotion of DPSC viability by ECM biomineralization. (a) Scheme of MMCM biofunctions in vitro. (b) The protein expression of hypoxia related markers
HIF-1a and CA IX by Western blotting (i) and corresponding semi-quantitative analysis (ii) (n = 3). (¢) The mRNA expression of apoptosis related genes BAX and
BCL2 by qPCR (n = 3). (d) The expression of apoptosis related protein cleaved Caspase3 by Western blotting (i) and corresponding semi-quantitative analysis (ii) on
day 3 (n = 3). (e) Live/dead assay on day 7 (i) and its semi-quantitative analysis (ii). (f) Cell morphology and organelle status by TEM on day 7. N: nuclei; ER:
endoplasmic reticulum; M: mitochondria; G: Golgi apparatus; EV: extracellular vesicle. The P values were calculated by Student’s t-test. *: P < 0.05, **: P < 0.01, ***:

P < 0.001.

pentobarbital, we chose the alveolar crest at the buccal side of the distal
buccal root of the mandibular first molar on the right side as a reference,
then removed the buccal alveolar bone, periodontal ligament and root
surface of the first molar and made a 5 mm x 4 mm x 1 mm periodontal
defects. After 2 or 4 weeks, rats were sacrificed by overanesthesia, and
the defects were fixed with 10% formalin. All procedures involving
animals were approved by the Peking University Institutional Animal
Care and Use Committee (No. LA2019072). According to the animal
models in previous studies [13], we removed all the alveolar bone,
periodontal ligament and a slice of cementum, until the distal buccal
root surface could be seen. For the control group, the defect area was
filled without materials and covered with Bio-Gide® membrane. For
experimental groups, the defect area was filled with CMs, MMCMs or

MMCMs with TGF-p1 (MMCM + TGF-B1) cultured for 7 days respec-
tively, and covered with Bio-Gide® membrane.

All fixed samples were scanned with a micro computed tomography
system (micro-CT, SkyScan 1174, Bruker) at 53 kV and 810 pA. The
NRecon and CTvox softwares (Bruker) were used for 3D image recon-
struction and the CTAn software (Bruker) was applied to calculate the
volume of new bone (gray value > 1000). The measurement was made
in triplicate by a trained researcher blinded to the group design.

The harvested tissues were decalcified by 10% EDTA and embedded
in paraffin. Tissue sections with 5 pm in thickness were prepared and
stained with hematoxylin and eosin (HE), Masson’s trichrome and pic-
rosirius red staining according to standard procedures. For immuno-
histochemistry, tissue sections were deparaffinized, blocked and
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Fig. 3. Complete periodontal tissue regeneration by MMCMs. (a) Scheme of surgical procedure for periodontal regeneration. (b) (i) Representative micro-CT images
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Tukey’s comparison test). *: versus control, #: versus CM.*: P < 0.05. NB: new bone; PDL: periodontal ligament; black dotted frame: the boundary of alveolar bone
area; red frame: high magnification the defect area. (d, €) Masson trichrome and picrosirius red (under polarized light) stainings of coronal sections. NB: new bone;
PDL: periodontal ligament; NC: new cementum; red frame: high magnification the defect area. (f) Representative images (i) and semi-quantitative analysis (ii) of
immunofluorescence staining of CD90 (red) and CD73 (green) (n = 3, ANOVA with Tukey’s comparison test). CD90"CD73" cell number was counted in 400 pm x
400 pm area. *: versus control, #: versus CM. ***: P < 0.001. (g) Representative images (i) and semi-quantitative analysis (ii) of immunohistochemistry of TGF-p1 (n
= 3, ANOVA with Tukey’s comparison test). Positive cell number was counted in 300 pm x 300 pm area. *: versus control, #: versus CM.*: P < 0.05, **: P < 0.01. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

incubated with anti-BMP2 (1:200; Abcam), anti-POSTN (1:200; Abcam)
and anti-TGF-p1 (1:250; Abcam) antibodies overnight at 4 °C, followed
by washing and incubating with horseradish-peroxidase-conjugated
secondary antibodies. For immunofluorescence staining, sections or
cells were incubated with anti-CD90 (1:200; BD Pharmingen), anti-
CD73 (1:200; BD Pharmingen), anti-TGF-f1 (1:200; Abcam), anti-
Smad3 (1:200; Cell Signaling Technology), anti-F-actin (1:200; Solar-
bio), anti-COL1 (1:400; Proteintech), and anti-IL-10 (1:200; Abcam)
primary antibodies for overnight at 4 °C. Next, the samples were incu-
bated with FITC or Rhodamine-conjugated secondary antibodies for 1 h
at room temperature (1:200; Invitrogen). After washing with PBS, the
samples were mounted with mounting media containing 4’,6-diamidino-
2-phenyl-indole (DAPI) for nuclei staining and viewed by a Zeiss laser
scanning confocal microscope LSM 710.

2.8. Statistical analysis

Values were averaged and expressed as mean =+ standard deviation.
Statistical differences were evaluated by non-parameter analysis for
AFM; For qPCR, Western blotting and semi-quantitative analysis of
histological staining and micro-CT, and other experiments, Student’s t-
test (between two groups) and one-way ANOVA with the Tukey’s mul-
tiple comparisons test (among three groups) were used by the SPSS 20.0
program. The differences were considered statistically significant at o =
0.05.

3. Results and discussion

3.1. Fabrication and characterization of 3D mineralized cell
microspheroids

Compared with commonly used MSCs (e.g., bone marrow-derived
MSCs or periodontal ligament stem cells), DPSCs have excellent multi-
lineage differentiation potential [16] and resistance to senescence; they
can also be easily acquired from extracted teeth. Here, primary human
DPSCs were isolated from dental pulp and characterized based on
CD90" CD105" CD146" CD29" CD34~ CD11b~ markers, as reported
previously (Fig. Sla). The isolated DPSCs exhibited osteogenic and
adipogenic differentiation potentials, as indicated by positive alizarin
red S and oil red O staining results (Fig. S1b).

To generate the 3D spheroid architecture, DPSCs were seeded into
microporous agarose plates (Fig. 1a). Under 3D culture with regular
medium, DPSCs could secrete abundant ECM and self-aggregate into
uniform-sized soft CMs with a diameter of 120.31 + 8.12 pm. When
DPSCs were cultured in mineralizing culture medium containing poly-
aspartic acid and calcium and phosphate ions, the self-produced ECM
was mineralized, resulting in almost twofold greater size of solid
MMCMs with a diameter of 218.75 + 7.65 pm (Fig. 1b). The enlarged
size of MMCMs was due to the mineralization of ECM, which provided
appropriate space between cells. Appropriate space provided by the
extra dimension of cell microspheroids could maintain receptor
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activation on the cell membrane [17]. Meanwhile, the cell phenotype
and function may be regulated by changing the intrinsic stimuli or
contents in the culture microenvironment of cell aggregates [18].

Biomineralization of ECM endowed MMCMs distinct physiochemical
properties compared to CMs. SEM showed that MMCMs exhibited a
granular appearance, with inorganic mineral apatites (MAs) deposited
around collagen filaments, while CMs showed a flat surface morphology
with organic ECM alone (Fig. 1c, Fig. S2a, b). Cross-sectional exami-
nation demonstrated apatite aggregates deposited around DPSCs and
ECM collagen filaments in MMCMs, while CMs had smooth morphology
(Fig. 1c). AFM of MMCMs revealed an undulating topography with a
greater amplitude and enhanced Young’s modulus (420.8-1923.0 MPa),
compared with CMs (311.0-720.0 MPa) (Fig. 1d, e). Two phases were
observed in MMCMs: an inorganic phase with higher Young’s modulus
and an organic phase with lower Young’s modulus. These results indi-
cated that mineralization significantly increased the Young’s modulus of
ECM. Taken together, our findings indicated that endogenous ECM
secreted by DPSCs exhibited distinct physiochemical properties in CMs
and MMCMs, which may further influence cell activities in tissue engi-
neering [19].

3.2. Promotion of DPSC viability by biomineralization

Three-dimensional spheroid architecture assembled by cell-secreted
ECM could provide an optimized microenvironment for stem cell ac-
commodation, self-renewal, and multilineage differentiation potential
[20,21]. Here, biomineralized ECM with improved mechanical proper-
ties provided sufficient space and protection for internal cells to resist
the stress from surrounding cells, thereby increasing cell viability
(Fig. 2a). Cellular vulnerability to hypoxia places an important limita-
tion on spheroid size. As CMs became larger, the inner cells were inev-
itably subjected to external pressure, which may result in exacerbated
hypoxia. This was confirmed by Western blotting analysis of hypoxia
markers HIF-1a and CA IX (Fig. 2b). The expression levels of HIF-1a and
CA IX in CMs were nearly twofold greater than those in MMCMs on day
3, although no obvious hypoxia occurred on day 1.

Because of continuous insufficient nutrient substances and oxygen in
central regions, the cell viability was decreased in the necrotic core [22].
To elucidate the cell fate of mineralized microspheroids, the mRNA
expression patterns of apoptosis-related genes BAX and BCL2 were
examined (Fig. 2¢). The expression level of the apoptosis-promoting
gene BAX was significantly higher in CMs than in MMCMs on day 1,
while the expression level of the apoptosis-suppressing gene BCL2 was
significantly lower in CMs than in MMCMs from day 1 to day 3.
Furthermore, the higher expression level of cleaved Caspase3 protein in
CMs indicated substantial cell apoptosis (Fig. 2d).

After 7 days of cultivation, > 99% of DPSCs in MMCMs were alive,
while 18.26% =+ 0.90% DPSCs in CMs were dead after 7 days in culture
(Fig. 2e). Notably, TEM scanning showed that the cells located in the
core region in CMs were almost collapsed, indicating insufficient oxygen
supply for internal cells (Fig. 2f). In contrast to CMs, the central cells in
MMCMs showed normal cell morphology, with the presence of impor-
tant organelles, including mitochondria, endoplasmic reticulum, Golgi
apparatus and large quantities of secretary vesicles. ECM as an endog-
enous scaffold was reported to regulate function of stem cells [23]. The
synthesis and secretion of extracellular vesicles (EVs) had intensive
relationship with the autocrine and/or paracrine of stem cells and
influenced the self-renewal and differentiation potential [24]. As pre-
vious studies reported, EVs showed therapeutic effects on tissue damage
and induced tissue regeneration [25,26]. Taken together, these results
demonstrated enhanced cell viability and active cellular function of
MMCMs, which might possess better regeneration capacity in vivo.

3.3. Complete periodontal tissue regeneration by MMCMs

A successful tissue-engineered construct for complex periodontal

Chemical Engineering Journal 431 (2022) 133220

regeneration should possess adequate biomechanical stability to fill the
defect space and prevent gingival epithelium migration; it should also
deliver multiple cells (e.g., osteoblasts, fibroblasts, and cementoblasts)
or recruit local progenitor stem cells toward bone and periodontal lig-
ament tissues [27]. To evaluate the regeneration potential of MMCMs, a
complete periodontal tissue defect including alveolar bone, periodontal
ligament, and cementum loss was created at the buccal side of the distal
buccal root of the mandibular first molar in rats (Fig. 3a) [13]. The
defect area was filled with CMs or MMCMs and stabilized by covering
with Bio-Gide® membrane (Geistlich). At 4 weeks postoperatively, the
MMCM group reached 88.8% =+ 9.0% recovery with vertical bone
augmentation of 3.55 + 0.36 mm, as determined on micro-CT cross-
section images of the distal buccal root of the first molar (Fig. 3b). In
marked contrast, the defect area showed almost no change in the control
group with Bio-Gide® membrane alone. Semi-quantitative analysis of
continuous scanning images of micro-CT showed that the bone volume
density and trabecular number of the regenerated alveolar bone were
much higher in the MMCM group than those in the CM and control
groups.

The regeneration of alveolar bone is particularly important because
bone tissue provides the most important structural basis for the stability
of the tooth root, and is fundamental for the generation of Sharpey’s
fibers that are needed for the proper functioning of periodontal tissue
[28]. Histological staining confirmed the complete periodontal tissue
regeneration by MMCMs (Fig. 3c¢). The quantity of new bone area was
significantly higher in the MMCM group than those in the CM and
control groups. Native-like periodontium structures including alveolar
bone, periodontal ligament, and cementum were formed in the MMCM
group, while a mass of fibrous tissue alone was evident in the control
group and limited neo-bone formation was observed in the CM group.
Masson’s trichrome staining and picrosirius red staining under polarized
light were used to detect collagen formation in periodontal defects
(Fig. 3d, e). Sparse, randomly arranged collagen fibers were formed in
the control and CM groups. In marked contrast, dense hierarchically
organized collagen fibers were regenerated by MMCMs and acted as
functional periodontal ligament to connect newly formed alveolar bone
with cementum [29].

Construction of a microenvironment similar to typical physiological
conditions is a key factor for the regeneration of complex periodontal
tissues. Here, immunofluorescence staining demonstrated that the
recruited cells in defect area expressed both CD90 and CD73 (surface
markers for rat MSCs) at 4 weeks postoperatively (Fig. 3f). The number
of CD90"CD73" cells was significantly greater in the MMCM group than
those in the CM and control groups. BMP2, an important factor during
bone formation, was highly expressed in and around the newly formed
bone in the MMCM group; additionally, POSTN, a vital component of
native periodontal ligament, was highly expressed in newly formed
periodontal ligament tissues in the MMCM group (Fig. S3). These results
indicated that MMCMs may induce appropriate microenvironment for
stem cells differentiation to form bone and fibrous tissue in periodontal
defect area.

To clarify the possible signaling pathway involved in the MMCM-
induced periodontal regeneration, we testified the expression level of
TGF-f1, an important marker of active matrix metabolism [30], and
found the enhanced expression of TGF-f1 both in neo-bone and peri-
odontal ligament area in the MMCM group (Fig. 3g). TGF-f1 was re-
ported to be loaded on different scaffolds in tissue engineering strategy
and induced multiple types of tissue regeneration [31,32]. Taken
together, these observations indicated that MMCMs provide a favorable
microenvironment to promote complete periodontal tissue formation,
and that TGF-p1 may play an important role in this process.

3.4. Promotion of ECM synthesis and osteogenesis in MMCMs by
activating the TGF-$1/Smad3 signaling pathway

To elucidate the TGF-p1 signaling pathway related mechanism in
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Fig. 4. Promotion of ECM synthesis and osteogenesis and activation of TGF-$1/Smad3 signaling pathway by MMCMs. (a) POSTN and IGTB2 gene expression on day
1 and day 3 by gPCR (n = 3). (b) ALP, RUNX2, OCN and BMP2 gene expression on day 3 and day 7 by qPCR (n = 3). (c) Western blotting (i) and semi-quantitative
analysis (ii) of ALP, OCN and BMP2 on day 7 in CMs and MMCMs (n = 3). (d) Western blotting (i) and semi-quantitative analysis (ii) of TGF-p1 in CMs and MMCMs
(n = 3). (e) Western blotting (i) and semi-quantitative analysis (ii) of p-Smad3 and Smad3 in CMs and MMCMs on day 1 (n = 3). (f) Immunofluorescence staining (i)
and semi-quantitative analysis (ii) of TGF-p1, Smad3 and F-actin in CMs and MMCMs on day 3 (n = 3). The P values were calculated by Student’s t-test. *: P < 0.05,

**: P < 0.01, ***: P < 0.001.

ECM synthesis and osteogenesis in MMCMs, we firstly testified the
expression of ECM-related genes POSTN and ITGB2—both critical in cell
adhesion, differentiation, and periodontal regeneration [33]—in CMs
and MMCMs. The results showed that POSTN and ITGB2 were highly
expressed in MMCMs, indicating that biomineralization promotes
endogenous ECM synthesis and secretion (Fig. 4a). The osteogenic ca-
pacity of MMCMs was activated with enhanced expression levels of
osteogenesis-related markers ALP, RUNX2, OCN and BMP2. In partic-
ular, the expression levels of ALP and OCN increased sharply from day 3
to day 7 (Fig. 4b). Accordingly, the expression of ALP, OCN and BMP2
was tested by Western blotting and showed consistent tendency with the
results of qPCR (Fig. 4c¢).

The expression of TGF-p1 was also examined in CMs and MMCMs.
Western blotting analysis showed that ECM mineralization promoted
the expression and activation of TGF-B1 from the early stages during the
cultivation process from day 1 to day 3 (Fig. 4d). The phosphorylation

and expression of Smad3, downstream of the TGF-p1 signaling pathway,
were also elevated at early stages in MMCMs (Fig. 4e). Immunofluo-
rescence staining confirmed the activation of TGF-p1/Smad3 in MMCMs
(Fig. 4f). These observations suggested that under conditions of bio-
mineralization, TGF-f1/Smad3 signaling pathway was activated and
might affect the activation of downstream ECM synthesis and
osteogenesis.

To confirm the functional role of TGF-f1/Smad3 signaling pathway,
we used a selective TGF-p1 inhibitor, LY364947 [34]. Gross morpho-
logical observations showed that TGF-p1 inhibition did not change the
size of MMCMs but decreased the homogeneity and ECM secretion at
high magnification; immunofluorescence staining demonstrated the
downregulation of COL1 (Fig. 5a). The shrinkage of the cytoskeleton
was observed after 3 days of cultivation. The morphological changes
indicated that the TGF-f1/Smad3 signaling pathway participates in
cytoskeletal arrangement [35], which may further influence stem cell
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function. This hypothesis was confirmed by the significantly down-
regulated gene expression of the osteogenic markers ALP, BMP2,
RUNX2, and ECM-related marker COL1A1 in the MMCM -+ LY364947
group (Fig. 5b). Meanwhile, the expression levels of ALP and COL1 were
tested by Western blotting and showed consistent tendency with the
results of qPCR (Fig. 5c¢). These results demonstrated that TGF-f1
signaling pathway positively regulated ECM synthesis and secretion in
MMCMs [36]. The effects of TGF-p1 signaling pathway activation on
osteogenesis remain controversial. Previous studies have suggested that
the activation of TGF-p1 signaling pathway inhibited osteogenic differ-
entiation in bone marrow derived MSCs [37]. In contrast, Man-
okawinchoke et al. showed that the activation of TGF-p1 signaling could
induce upregulation of osteogenesis-related genes in periodontal liga-
ment cells [38]. These opposite results might be due to various exoge-
nous stimulus, distinct derivation of cells, and different stage of
osteogenesis.

3.5. Enhanced periodontal tissue regeneration using MMCMs loaded with
TGF-p1

To test whether TGF-f1 could improve the regenerative potential of
MMCMs, TGF-B1 was delivered into the culture medium of MMCMs for
7 days. Live/dead and CCK-8 assays showed that exogenous TGF-p1
stimulation did not influence cell viability after cultivation for 7 days
(Fig. 6a, b). Consistent with our previous findings, the MMCM + TGF-$1
group showed enhanced osteogenesis related markers, ALP and BMP2,
compared with the MMCM group (Fig. 6¢, d).

To examine how TGF-p1-treated MMCMs exerts biological effects in
vivo, MMCMs or MMCMs with TGF-p1 were implanted into full peri-
odontal defect areas. After implantation for 2 weeks, continuous alve-
olar bone with higher density was formed in the defect area in the

1.

MMCM + TGF-p1 group (Fig. 7a). Quantitative analysis revealed that
the bone volume and trabecular bone of the defect area were signifi-
cantly enhanced in the MMCM + TGF-f1 group, compared with the
MMCM group. The microstructure of newly formed periodontal tissues
was assessed by HE, Masson’s trichrome, and picrosirius red staining;
the results indicated that TGF-f1 promoted the formation of alveolar
bone and functional, mature, well-organized periodontal fibers (Fig. 7b-
d). SEM confirmed that dense, hierarchically organized periodontal fi-
bers were inserted into the newly formed alveolar bone and cementum
in the MMCM + TGF-f1 group, with periodic banding of collagen mi-
crofibrils visible under high magnification (Fig. 7e). Furthermore,
endogenous MSC recruitment was detected by immunofluorescence
analysis at 2 weeks postoperatively. In the MMCM + TGF-p1 group,
more CD737CD90" MSCs were recruited into the defect area (Fig. 7).
Meanwhile, an important anti-inflammatory cytokine interleukin-10,
which plays a critical role in organ repair and cementoblastic differen-
tiation [39], was highly expressed on the surface of root and alveolar
bone in the MMCM -+ TGF-p1 group, suggesting TGF-f1-treated MMCMs
could accelerate bone and cementum regeneration (Fig. S4). Taken
together, consistent with the results of in vitro studies, the in vivo ob-
servations suggested that TGF-p1 could boost MMCM-induced peri-
odontal tissue regeneration by promoting MSC recruitment.

Owing to the complex structure of periodontium, different cytokines
have been applied to enhance periodontal regeneration, including FGF-2
for fiber synthesis [40] and IL-2 for immunoregulation [41]. Moreover,
the clinical periodontal defects are often accompanied with local
infection and sustained inflammatory infiltration, which may interfere
with the function of implanted MSC aggregates. Whether the combina-
tion of TGF-p1 with other type of cytokines or bioactive molecules could
improve the regenerative effects of MMCMs in inflammatory or infec-
tious condition still need further investigation.
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Fig. 7. Enhanced periodontal tissue regeneration
using MMCMs loaded with TGF-p1. (a) (i) Represen-
tative micro-CT images (3D, horizontal plane, coronal
plane) of periodontal tissues at 2 weeks post-
operatively. A: anterior; L: lingual; white arrows:
newly formed bone. (ii) Semi-quantitative analysis of
bone-related parameters including Tb.N and BV/TV%
(n = 3 or 4). The P values were calculated by Stu-
dent’s t-test. *: P < 0.05, ***: P < 0.001. (b-d) HE,
Masson trichrome and picrosirius red (under polar-
ized light) stainings of coronal sections. NB: new
bone; PDL: periodontal ligament; Black dotted frame:
the boundary of alveolar bone area; black frame: high
magnification the defect area. (e) Representative SEM
images of newly formed periodontal tissues. Pink
part: root; gray part: periodontal ligament; blue part:
alveolar bone; violet part: transition area. The black/
red frame represented the location of magnified im-
ages. (f) Representative images of immunofluores-
cence staining of CD90 (red) and CD73 (green). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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4. Conclusion

This study demonstrated complete periodontal tissue regeneration
by mineralized microspheroids and revealed the underlying mecha-
nisms. We showed the mineralized microspheroids exhibited enhanced
strength, provided sufficient oxygen supply and avoided the develop-
ment of a central necrotic core. ECM mineralization increased cell
viability, ECM secretion, and osteogenesis via the TGF-f1/Smad3
signaling pathway. These enhancing effects could be blocked by TGF-$1
depletion. MMCM-induced improvement of ECM secretion and osteo-
genic differentiation promoted the complete regeneration of periodontal
tissues, including alveolar bone, periodontal ligament, and cementum,
through activation of the TGF-$1/Smad3 signaling pathway. This study
demonstrated that mineralized microspheroids have potential for use in
stem cell therapy to facilitate clinical periodontal tissue regeneration.
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