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Abstract Background/purpose: Demineralized dentin matrix (DDM) is used as a tissue regen-
eration scaffold. Effective preservation of DDM benefits clinical applications. Cryopreservation
and freeze-drying may be effective methods to retain DDM mechanical properties and biolog-
ical activity.
Materials and methods: Human periodontal ligament stem cells (hPDLSCs) isolated using enzy-
matic dissociation were identified by multidirectional differentiation and flow cytometry. DDM
was prepared with EDTA and divided into four groups: fresh DDM (fDDM), room temperature-
preserved DDM (rtDDM), cryopreserved DDM (cDDM) and freeze-dried DDM (fdDDM). The DDM
surface morphology was observed, and microhardness was detected. Transforming growth fac-
tor-b1 (TGF-b1), fibroblast growth factor (FGF) and collagen-I (COL-I) concentrations in DDM
liquid extracts were detected by enzyme-linked immunosorbent assay (ELISA). The hPDLSCs
were cultured with DDM liquid extracts. The effect of DDM on cells proliferation was examined
by CCK-8 assay. The effect of DDM on hPDLSC secreted phosphoprotein-1 (SPP1), periostin
(POSTN) and COL-I gene expression was examined by real-time qPCR.
Results: cDDM dentinal tubules were larger than those of the other groups. The three storage
conditions had no significant effect on DDM microhardness and COL-I concentration. However,
TGF-b1 and FGF concentrations decreased after storage, with the greatest change in rtDDM,
followed by fdDDM and cDDM. The liquid extracts of fDDM, cDDM and fdDDM slightly inhibited
hPDLSCs proliferation, but those of rtDDM had no significant effect. The hPDLSCs cultured with
fDDM, cDDM and fdDDM liquid extracts showed increased SPP1, POSTN and COL-I gene
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expression.
Conclusion: Cryopreservation and freeze-drying better maintain the mechanical properties
and biological activity of DDM.
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Periodontal disease is one of the most common diseases
that endangers human oral health. The development of
tissue engineering provides a new method for periodontal
tissue regeneration. Periodontal tissue regeneration re-
quires multipotent stem cells, scaffolds, and signaling
molecules.1 In recent years, demineralized dentin matrix
(DDM) has been increasingly used in the dental field for
applications such as alveolar bone regeneration, vital pulp
preservation and tooth regeneration.2e10 Dentin is the
extracellular matrix secreted by odontoblasts. During
dentin mineralization, its bioactive molecules, including
various growth factors such as TGF-b, FGF, vascular endo-
thelial growth factor (VEGF) and bone morphogenetic pro-
tein (BMP), which are related to periodontal regeneration,
are embedded in matrix, but can be released after
demineralization.11

DDM is mainly derived from the third molar and teeth
that need to be extracted for orthodontic or other rea-
sons. However, DDM is not usually needed at the time of
tooth extraction. Therefore, preservation of the activity
of DDM within a certain period is a challenge in the clinic.
At present, the temperatures commonly used to store
biological samples are room temperature, 4 �C, �20 �C,
�80 �C and �196 �C. In general, proteins, RNA and cells
are usually stored at �80 �C or �196 �C because low-
temperature damage is more likely to occur between 0 �C
and �60 �C. Freeze-drying, also known as lyophilization, is
a low-temperature dehydration process that can basically
maintain the original chemical composition, physical
properties and biological activity of the sample. Bone and
teeth have similar compositions. Research has shown that
demineralized bone matrix after freeze-drying can be
transported and stored at room temperature for a long
time.12 Therefore, we speculate that cryopreservation
(�196 �C) and freeze-drying better maintain the me-
chanical properties and biological activities of DDM than
storage at room temperature.

In this study, we chose three storage methods, room-
temperature preservation, cryopreservation and freeze-
drying, with which to store fresh DDM and compared
changes in surface morphology, microhardness, and protein
concentration and the effects of preservation on the pro-
liferation and differentiation of human periodontal liga-
ment stem cells (hPDLSCs). Our purpose was to determine
whether DDM can promote the proliferation and differen-
tiation of hPDLSCs and to explore the effects of different
storage methods on DDM activity to provide evidence for
the further use of DDM for periodontal tissue regeneration.
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Materials and methods

hPDLSC isolation and culture

Premolars and third molars without any disease were
collected from the Department of Oral and Maxillofacial
Surgery, Xiangya Stomatological Hospital, Central South
University with patient consent and approval of the Ethics
Committee. The patients were 18e25 years old with good
health, no systemic diseases, normal tooth development
and apical foramen closure. Immediately after each tooth
was removed, it was placed in a phosphate-buffered saline
(PBS, BI, Kibbutz, Israel) solution containing 100 U/ml
penicillin and 100 mg/ml streptomycin (BI). The periodontal
ligament was scraped from the middle part of the root,
rinsed with PBS at least three times, cut, placed into a
solution containing type I collagenase (3 mg/ml,
SigmaeAldrich, Saint Louis, MO, USA) and Dispase II (4 mg/
ml, SigmaeAldrich), and digested at 37 �C for 40 min. The
suspension was centrifuged at 1100 rpm � 7 min, and the
supernatant was removed. The cells were resuspended in
aMEM (BI) containing 15% fetal bovine serum (FBS, BI),
2 mmol/L glutamine (BI), 100 U/ml penicillin and 100 mg/ml
streptomycin and stored in an incubator at 37 �C and 5%
CO2. The culture medium was changed every 3 days, and
cells were subcultured when the cell confluence reached
80%. Cells from passages 3 to 4 were used for our
experiments.

Osteogenic differentiation

The cells were seeded at 1 � 105 cells/well into 6-well
plates. At 80% cell confluence, the medium was changed
to osteogenic medium containing 15% FBS, 1% antibiotics,
100 mmol/L ascorbic acid (SigmaeAldrich), 10 mmol/L b-
glycerophosphate (SigmaeAldrich), 10 nmol/L dexametha-
sone (SigmaeAldrich) and 10 mmol/L glutamine. The control
group was cultured in the previously described medium.
After culture at 37 �C and 5% CO2 for 14 days, the cells were
washed twice with PBS, fixed with 4% paraformaldehyde
and stained with alizarin red S for 30 min at room tem-
perature. Excess dye was washed away with ddH2O. The
cells were observed and photographed under a microscope
(Olympus, Tokyo, Japan).

Adipogenic differentiation

The cells were seeded at 1 � 105 cells/well into 6-well
plates. At 80% cell confluence, the medium was changed
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to MSCgo� Adipogenic complete medium (BI). The control
group was cultured in the previously described medium.
After culture at 37 �C and 5% CO2 for 21 days, the cells were
washed twice with PBS, fixed with 4% paraformaldehyde
and stained with oil red O for 30 min at room temperature.
Excess dye was washed away with ddH2O. The cells were
observed and photographed under a microscope.

Flowcytometric analysis

The cells were detached and resuspended at a concentra-
tion of 1 � 106 cells/ml with PBS. The cell suspension (100
ml/tube) was added to 7 EP tubes, to which 5 ml of each of
the following antibodies (Biolegend, San Diego, CA, USA)
was added: PE-conjugated anti-human CD73, CD90, CD14,
CD 105, and CD34 and PE-conjugated anti-mouse IgG2a and
IgG1. The cells were incubated in the dark for 30 min,
washed twice, resuspended in 300 ml of PBS and immedi-
ately analyzed on a flow cytometer (Beckman Coulter,
Brea, CA, USA).

Preparation of DDM

DDM was prepared as described by Li et al.13 Premolars and
third molars without any disease were collected from
Xiangya Stomatological Hospital, Central South University.
The tooth crowns, periodontal tissues, cementum, pulp and
predentin were mechanically removed. The dentin was
made into 1 cm � 0.4 cm pieces and ultrasonically washed
with ddH2O for 30 min. Then, the dentin was treated with
17% EDTA for 5 min, 10% EDTA for 5 min, and 5% EDTA for
10 min and washed with ddH2O for 30 min.

DDM storage

DDM after the above treatment was divided into the
following four groups. (1) fresh DDM (fDDM) (no further
processing required), (2) DDM preserved at room tempera-
ture for 6 months (rtDDM), (3) DDM cryopreserved in liquid
nitrogen for 6 months (cDDM), and (4) DDM that was freeze-
dried (FD5-6B, SIM, Newark, DE, USA) and preserved at
room temperature for 6 months (fdDDM).

Analysis of the surface morphology of DDM

After the DDM (3 per group, 12 in total) was dried at the
critical point and sprayed with gold, the surface morphology
of the DDM was observed by scanning electron microscopy
Table 1 Primer sequences.

Gene name Primer sequence (50 -30)

SPP1 F CTCCATTGACTCGAACGACTC
R CAGGTCTGCGAAACTTCTTAGAT

POSTN F CTCATAGTCGTATCAGGGGTCG
R ACACAGTCGTTTTCTGTCCAC

COL-I F GAGGGCCAAGACGAAGACATC
R CAGATCACGTCATCGCACAAC
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(SEM, Quanta 250 FEG, FEI, Hillsboro, OR, USA). Dentinal
tubule diameters were measured based on three images at
5000 � magnification, and the test was repeated three
times.

Test of the microhardness of the DDM

The samples (3 per group, 12 in total) were embedded in
denture base resin and polished with a polishing machine
(UNIPOL-802, KEJING, Shenyang, China). A load of 0.025 kg
was applied to the specimens for 10 s using the diamond
pyramid indenter of a microhardness tester (HMV-2T, Shi-
madzu, Kyoto, Japan).

COL-I and growth factor detection

Liquid extract was prepared according to the International
Standard ISO 10993 and Li et al.13 Briefly, fDDM, rtDDM,
cDDM and fdDDM were ground into powder and sterilized by
irradiation. In addition, the fdDDM was rehydrated for
30 min before subsequent use. Two grams of each powder
were individually added to 10 ml of aMEM and incubated at
37 �C for 7 days. The filtered solutions were collected for
growth factor detection. ELISA was used to determine the
concentrations of TGF-b1, FGF-2 and COL-I in the liquid
extracts with kits purchased from EXCELL (Taicang, China)
and Dogesce (Beijing, China) according to the instructions.
OD measurements were performed using a microplate
reader (Epoch, BioTek, Winooski, VT, USA). Four-parameter
logistic curve fitting was used to obtain the standard curve
equation, and the concentrations of the samples were
calculated by their OD. Two replicates were set for each
group of samples, and the experiment was repeated three
times.

Cell proliferation

The cells were seeded at 2 � 103 cells/well into 96-well
plates (three parallel control wells per group). After cell
attachment, the medium was changed to one of the
following media (100ml/well) and cultured for 1, 3, 5 and 7
days: (1) aMEM þ 15% FBS, (2) liquid extract of fDDM þ 15%
FBS, (3) liquid extract of rtDDM þ 15% FBS, (4) liquid extract
of cDDM þ 15% FBS, and (5) liquid extract of fdDDM þ 15%
FBS. Then, 100 ml of culture medium and 10 ml of CCK-8
reagent were added to each well and incubated in the
dark at 37 �C and 5% CO2 for 2 h. The absorbance at 450 nm
was determined by a microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA).
Product size (bp) Transcript ID

230 NM_001,251,830

138 NM_001,135,935

140 NM_000088



Y. Xiong, T. Shen and X. Xie
Real-time qPCR to assess cell differentiation

The cells were seeded at 1 � 105 cells/well into 6-well
plates, and the medium was changed as described above.
After 7 days, RNA was extracted by using TRIzol (Ambion,
Austin, TX, USA) and a small total RNA extraction kit
(Tianmobio, Beijing, China). HiScript II Q RT SuperMix
(Vazyme, Nanjing, China) and ChamQ Universal SYBR qPCR
Master Mix (Vazyme) were used for reverse transcription
PCR and real-time qPCR. All steps were performed ac-
cording to the manufacturer’s instructions. The sequences
of the primers used are listed in Table 1. Endogenous
reference gene (GAPDH) primers were purchased from
Sangon Biotech (Shanghai, China), which also synthesized
the other primers. Reverse transcription PCR was per-
formed using Biometra TOne (Analytik Jena, Jena, Ger-
many). Real-time qPCR was performed using an Applied
Biosystems QuantStudio instrument (Thermo Fisher Scien-
tific). Relative quantification was calculated using 2-DDCt.

Statistical analysis

SPSS 21.0 was used for statistical analysis. One-way or 2-
way ANOVA followed by LSD t-test were used for multiple
comparisons among groups. A P-value below 0.05 indicated
statistical significance. Error bar represents standard error
(SE).

Results

hPDLSC culture and identification

The hPDLSCs at passage three had a typical long and fusi-
form shape (Fig. 1A). After 14 days of osteogenic induction,
mineralized nodules were observed after alizarin red S
staining (Fig. 1B). After 21 days of adipogenic induction, a
large number of red lipid droplets were visible after oil red
O staining (Fig. 1C).

The flow cytometry results (Fig. 2) showed that the cells
were positive for the mesenchymal stem cell markers CD73,
CD90, and CD105. The cells were negative for the monocyte
marker CD14 and the hematopoietic stem cell marker CD34.
Figure 1 hPDLSCs were cultured and identified (A) Third-passage
nodules were stained with alizarin red S (C) In adipogenic differen
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Combined with the results of multidifferentiation experi-
ments, the above flow cytometry results confirmed that the
cells were mesenchymal stem cells with multidirectional
differentiation capability and thus met the needs of sub-
sequent experiments.

Surface morphology and microhardness of DDM

The surface morphologies are shown in Fig. 3AeD. The
dentinal tubule diameters were measured by ImageJ, and
the results are shown in Fig. 3E. The diameters of dentinal
tubules in the fDDM, rtDDM and fdDDM were smaller than
that in the cDDM (P < 0.001).

The microhardness test results are shown in Fig. 3F;
there was no significant difference in microhardness be-
tween any group (P > 0.05).

COL-1 and growth factor detection

The concentrations of COL-I and growth factors in the liquid
extracts are shown in Fig. 4. The concentrations of TGF-b1
and FGF-2 decreased in order from fDDM to cDDM, fdDDM
and rtDDM. There were significant differences in their
expression levels among the groups (P < 0.05). However,
there were no significant differences in COL-I expression
between any group (P > 0.05).

Cell proliferation

The cell proliferation results are shown in Fig. 5 and showed
no significant differences in cell proliferation between the
groups on the first and third days (P > 0.05). On the fifth
day, cell proliferation in the fDDM group was lower than
that in the other groups (P < 0.05). On the seventh day, cell
proliferation in the fDDM, cDDM and fdDDM groups was
lower than that in the control and rtDDM groups (P < 0.05).

Cell differentiation

The real-time qPCR results are shown in Fig. 5. After
hPDLSCs were cultured with the liquid extracts for 7 days,
cells in the fDDM, cDDM and fdDDM groups highly expressed
hPDLSCs (B) In osteogenic differentiation culture, mineralized
tiation culture, lipid droplets were stained with oil red O.



Figure 2 Flow cytometry results showed that the cells were positive for the mesenchymal stem cell markers CD73, CD90 and
CD105 and negative for the monocyte marker CD14 and the hematopoietic stem cell marker CD34.
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the genes SPP1, POSTN and COL-I (P < 0.05), while the gene
expression of SPP1, POSTN and COL-I did not increase in the
rtDDM group (P > 0.05). SPP1 gene expression was highest
in the fDDM and cDDM groups, followed by the fdDDM group
(P < 0.05). The expression of POSTN and COL-I was highest
in the fdDDM group, followed by the fDDM and cDDM group
(P < 0.05).
Discussion

The mechanical properties and biological activity of a
scaffold material may change after its long-term storage.
We first tested the microhardness of each group of DDM.
The average Knoop hardness value for dentin is 68.14 EDTA
can chelate the Ca2þ in dentin and may reduce the hard-
ness of dentin. Our experiment showed that the hardness
of DDM in the fdDDM group was lower than that in the
other groups, but this difference was not statistically
significant. Then, we observed the surface morphology of
each group by SEM and found that dentinal tubules in the
cDDM group had larger pore sizes than those in the other
groups. This may be because freeze-drying removes the
water from a frozen sample by sublimation, so the mate-
rial maintains the original skeleton structure during the
drying process, and the dried material has a loose struc-
ture and larger pores.15 These two experiments showed
1139
that the storage method had little effect on the me-
chanical properties of DDM.

The advantage of DDM over other scaffold materials is
that it is rich in growth factors. However, proteins may
denature and become inactivated under long-term storage.
We chose DDM subjected to two feasible storage methods,
cryopreservation and freeze-drying, as the experimental
groups, fresh DDM as the positive control and room-
temperature DDM as the negative control groups. We
detected the contents of several proteins in the liquid
extract of each group by ELISA. Growth factor levels were
reduced after 6 months of storage, with the highest pres-
ervation rate observed in the cryopreservation group, fol-
lowed by the freeze-dried group, while DDM in the room-
temperature group exhibited low growth factor levels. This
finding was somewhat different from the results of a study
by Jiao et al.16 The authors found that the growth factor
levels in the sample cryopreserved for 3 and 6 months were
not significantly different from those in the fresh sample.
This might be due to the addition of a protein-stabilizing
cocktail, which can slow down the loss of proteins. In
addition, both freeze-drying and storage may cause protein
inactivation. Freeze-drying is more complicated than
cryopreservation because it requires two drying steps in
addition to freezing. The pressure during freeze-drying
process can cause changes in protein structure. The dry-
ing process can increase the a-helical and random structure



Figure 3 The surface morphology of fDDM (A), rtDDM (B), cDDM (C) and fdDDM (D) was observed by SEM (5000 � ) (E) Dentinal
tubule diameter data were measured using ImageJ, the diameters of dentinal tubules in the fDDM, rtDDM and fdDDM were smaller
than that in the cDDM (***P < 0.001) (F) The microhardness of DDM was measured with a microhardness tester, there was no
significant difference in microhardness between any group (P > 0.05).
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and decrease the b-sheet structure of proteins.17 Pre-
strelski et al.18 used enhanced Fourier transform infrared
spectroscopy to find that FGF, g-interferon and a-lactal-
bumin exhibited large conformational changes and
1140
aggregation during freeze-drying. In the presence of mois-
ture, freeze-dried proteins may undergo disulfide inter-
change reactions, resulting in protein inactivation.17 We
also found that there were no differences in the



Figure 4 Concentrations of TGF-b1, FGF-2 and COL-I in liquid extracts detected by ELISA. The concentrations of TGF-b1 (A) and
FGF-2 (B) decreased in order from fDDM to cDDM, fdDDM and rtDDM (groups labeled with different letters indicate significant
differences with P < 0.05). There were no significant differences in COL-I (C) expression between any group (P > 0.05).

Figure 5 (A) Cell proliferation was assessed with the CCK-8 assay, cell proliferation in the fDDM, cDDM and fdDDM groups was
lower than that in the control and rtDDM groups (*P < 0.05) (B) RT-qPCR was used to detect SPP1, POSTN and COL-I gene expression,
after hPDLSCs were cultured with the liquid extracts for 7 days, cells in the fDDM, cDDM and fdDDM groups highly expressed the
genes SPP1, POSTN and COL-I (groups labeled with different letters indicate significant differences with P < 0.05).
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concentration of COL-I among liquid extracts of the
different groups. This may be because COL-I is more stable
than the other proteins examined or because its content
was so high that no significant change was observed after 6
months.19 Notably, while different methods used to treat
DDM altered the concentrations of the measured growth
factors, previous work and our research results showed that
TGF-b1 was the most abundant growth factor in DDM.20

By detecting cell proliferation through the CCK-8 assay,
we found that except for rtDDM, the liquid extracts of other
groups slightly inhibited the proliferation of hPDLSCs. This
may be due to the levels of growth factors in the liquid
extracts. The effect of TGF-b1 on cell activities depends on
the experiment conditions, the type of the cellular popu-
lation as well as the presence of other growth factors.21

Studies have suggested that TGF-b1 has dual effects on
the proliferation of human periodontal ligament cells
(PLCs) depending on their differentiation state. TGF-b1 was
found to stimulate the proliferation of PLCs but reduce the
proliferation of a human periodontal ligament stem/pro-
genitor cell line.22 The effect of TGF-b1 on cell differenti-
ation is also ambiguous. Depending on the culture condition
and cell types, TGF-b1 may show dual effects on bone
sialoprotein expression.23 Some researches showed that
1141
TGF-b1 upregulated COL-I mRNA expression of PLCs in the
early phase of culture with TGF-b1 in a dose-dependent
manner, whereas the prolonged exposure to TGF-b1
attenuated the ability of PLCs to express COL-I mRNA.24,25

In addition, TGF-b1 can induce periostin expression in
PLCs.23 FGF-2 displays broad mitogenic and angiogenic
properties.26 It can promote hPDLSCs proliferation, while
modulating the balance between their osteoblastic and
fibroblastic phenotypes by affecting the gene expression of
Runx2 and COL-I.27,28 Because the concentration of TGF-b1
in the DDM was much higher than that of FGF, TGF-b1 might
play a major role in hPDLSCs proliferation. SPP1, also
known as osteopontin or bone sialoprotein 1 (BSP-1), is
related to the mineralization of bone, dentin and
cementum.29,30 Collagen plays an important role in
anchoring the tooth into the alveolar bone socket. The
main collagen in periodontal ligament tissue is COL-I.31 The
increased gene expression of SPP1 and COL-I is beneficial to
the formation of extracellular matrix and the process of
biomineralization. POSTN plays an important role in perio-
dontium maintenance and regeneration and has been used
as a successful periodontal regeneration marker.32 The re-
sults of our study showed that the liquid extracts of fDDM,
cDDM and fdDDM could significantly increase the gene
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expression of POSTN in hPDLSCs. This result indicated that
under these stimulating conditions, hPDLSCs could differ-
entiate into the periodontal ligament, which would be
beneficial for periodontal tissue regeneration. Except for a
slight increase in the expression of SPP1, the rtDDM group
showed no significant change in the gene expression of
POSTN and COL-I, indicating that DDM essentially lost its
biological activity under room-temperature storage and
could not promote periodontal tissue regeneration. Each
group showed slight differences in its ability to promote
gene expression, which might be related to the concen-
tration of various bioactive components in DDM. Further
studies are required to clarify the effects and mechanisms
of the interactions between these components.

In our experiment, DDM was well preserved after freeze-
drying or cryopreservation, but DDM stored at room tem-
perature could not be used. In addition, the properties of
cDDM were close to those of fDDM. Nevertheless, further
in vivo experiments are needed to verify our conclusions. If
fdDDM has the ability to induce periodontal tissue regener-
ation similar to that of cDDM in in vivo experiments, then
fdDDM may be more clinically useful because it can reduce
storage space and cost. In addition, DDM preparation
methods need to be standardized, like demineralization and
sterilization methods, as well as the shape and size of the
DDM. These factors may cause deviations between research
results.

In conclusion, our study indicates that cryopreservation,
freeze-drying and storage at room temperature did not
substantially change the mechanical properties of DDM.
Storage at room temperature did not maintain the biolog-
ical properties of DDM. Growth factor levels were reduced
after cryopreservation and freeze-drying, which slightly
inhibited cell proliferation, but these DDM could still pro-
mote the expression of osteogenic and periodontal genes in
hPDLSCs.
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