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Abstract: Dental pulp stem cells (DPSCs) are a type of easily accessible adult mesenchymal stem cell.
Due to their ease of access, DPSCs show great promise in regenerative medicine. However, the tooth
extractions from which DPSCs can be obtained are usually performed at a period of life when donors
would have no therapeutic need of them. For this reason, it is imperative that successful stem cell
storage techniques are employed so that these cells remain viable for future use. Any such techniques
must result in high post-thaw stem cell recovery without compromising stemness, proliferation, or
multipotency. Uncontrolled-rate freezing is not a technically or financially demanding technique
compared to expensive and laborious controlled-rate freezing techniques. This study was aimed at
observing the effect of uncontrolled-rate freezing on DPSCs stored for 6 and 12 months. Dimethyl
sulfoxide at a concentration of 10% was used as a cryoprotective agent. Various features such as
shape, proliferation capacity, phenotype, and multipotency were studied after DPSC thawing. The
DPSCs did not compromise their stemness, viability, proliferation, or differentiating capabilities, even
after one year of cryopreservation at −80 ◦C. After thawing, they retained their stemness markers
and low-level expression of hematopoietic markers. We observed a size reduction in recovery DPSCs
after one year of storage. This observation indicates that DPSCs can be successfully used in potential
clinical applications, even after a year of uncontrolled cryopreservation.

Keywords: dental stem cells; cryopreservation; uncontrolled-rate freezing; stem cell storage; regener-
ative medicine

1. Introduction

Dental pulp stem cells (DPSCs) have a crucial advantage over other adult stem cells.
They are easily accessible from pulp tissues. As extracted teeth are typically liquidated as
biological waste, it is very convenient to preserve these teeth as a source of DPSC isolation.
Dental pulp tissues from impacted or semi-impacted wisdom teeth are most frequently
used as a source of DPSCs [1]. Surgical removal of impacted mandibular third molars
should be carried out well before the age of 24 years. Older patients are at higher risk
of postoperative complications [2]. The second most frequent source of DPSCs involves
premolars [1]. They are mostly extracted during orthodontic treatment of severe tooth
crowding, class II malocclusion [3]. The patient’s age is usually around 10 to 16 years.
Supernumerary teeth, especially in the midline (mesiodens), are the third most frequent
DPSC isolation source [1]. Removal of the mesiodens before the age of five is associated
with fewer complications and a reduced need for potential orthodontic treatment in the
future [4]. As mentioned earlier, extractions are usually performed at a period of life
when donors/patients would not need their isolated dental pulp stem cells. Therefore, the
question is how to store the isolated DPSCs with no effect on their stemness features until
such a time when donors/patients might need them in regenerative or reparative therapies.
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Cryopreservation is a process of sustaining cell and tissue viability by freezing and
storing at sub-zero temperatures, during which biochemical reactions do not occur [5].
However, stored cells are exposed to stressful conditions during cryopreservation, which
might lead to irreversible damage or cell death (so-called cryoinjury). Cryobiology is a
multidisciplinary science that studies the physical and biological behavior of cells at sub-
zero temperatures (lower than the freezing point of water) [6]. It is the process involved in
the freezing of water that can be particularly problematic in cryopreservation. Freezing
injuries are caused either by the formation of ice crystals, by cell destruction via direct
mechanical action, or through secondary effects brought about by changes in the solute
concentration or osmotic homeostasis changes extra- or intracellularly [7]. Depending on
whether the freezing rate is slow or fast, intracellular water either flows across the cell
membrane and joins the extracellular ice phase or freezes intracellularly and forms ice
crystals inside the cells [8]. Cryoprotectants (CPs) are incorporated in a cryopreservation
medium in order to obtain higher cryosurvival of stored cells. There are two categories of
CPs, distinguished according to their molecular weight. Low-molecular-weight CPs (LMW-
CPs) include dimethyl sulfoxide (DMSO), glycerol, and ethylene (propylene) glycol [7].
These can penetrate a cell cytoplasmic membrane, preventing ice crystal nuclei formation
and slowing down the rate of ice crystal growth inside cells [9]. The second group, high-
molecular-weight CPs (HMW-CPs), includes dextran, hydroxyethyl starch, polyvinyl-
pyrrolidone, and polyvinyl alcohol. These remain in the extracellular space and participate
in cell dehydration, thus minimizing intracellular ice crystal formation but helping in
membrane stabilization [10]. However, HMW-CPs are not enough on their own and are
often used in combination with LMW-CPs in order to reduce the LMW-CPA concentration.
The most versatile CP is the dimethyl sulfoxide (DMSO), commonly at a concentration
of 10%. The adverse effects of DMSO have been known since the first clinical trials in
the 1960s. A DMSO concentration of 10% or below is generally accepted as non-toxic but
concerns still remain. Therefore, it would be beneficial to find an alternative CP with the
same or similar protective effects in cryopreservation but without concerns over toxicity.

Cryopreservation protocols might also vary in the freezing technique used. There are
several cryopreservation protocols: controlled-rate freezing, uncontrolled-rate freezing,
rapid freezing (vitrification), and magnetic freezing technique [11]. The vitrification process
is applied to a high CP concentration, and rapid freezing causes the glass-like solidification
of cells and tissues [12]. This method is mainly used for the preservation of sperms and
oocytes [13]. A controlled rate can minimize the cell damage caused by rapid freezing
and ice crystal formation. The manual or programmable controlled-rate freezers precisely
control the freezing rate of 1–2 ◦C per minute or 0.3–0.6 ◦C per minute [14]. During
magnetic freezing, the freezers also apply a weak magnetic field to block water molecules
from clustering, thus preventing the formation of ice crystals [15]. The uncontrolled-rate
freezing is not a technically or financially demanding technique compared to the previously
mentioned methods. Uncontrolled-rate freezing has been most frequently applied for the
preservation of peripheral blood stem [16–19]. Only a few published studies have described
the uncontrolled-rate freezing during subsequent storage of stem cells at −80 ◦ C [20,21].
In all available studies so far, the effect of uncontrolled-rate cryopreservation on DPSCs
has been observed using the DMSO. Woods et al. reported that the optimal number of cells
for cryopreservation is 1.0–1.5 × 106 cells, using 10% DMSO as the CP [22].

The purpose of this study was to cryopreserve DPSCs for 6 and 12 months using
the uncontrolled-rate freezing, and observe the effects on cell size, viability, proliferation
activity, phenotype, and differentiation potential of stored stem cells. We used 10% DMSO
as a cryoprotective agent.

2. Results

Cryopreservation Effect on DPSC Characteristics
The study was aimed at observing the effect of uncontrolled-rate freezing on DPSC

features such as cell morphology, viability, proliferation rate, phenotype, and differentiation
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potential. To carry out such observation, we successfully isolated ten lineages of DPSCs and
characterized them during their cultivation (up to the 8th passage). These data were used
as a control group (DPSC-control). The 1.5 × 106 DPSCs from each lineage were harvested
in the first passage and stored using uncontrolled-rate freezing for 6- and 12-month periods.
For cell retrieval after cryostorage, we used a 37 ◦C thermal bath. After thawing, we
followed the same cultivation protocol we set for the negative control.

The dominant shape of the non-cryopreserved DPSCs were fibroblast-like with long
cytoplasmic fibers. We did not observe any cell morphology changes after a 6-month or
12-month cryopreservation (Figure 1).

Figure 1. The DPSC morphology (lineage Z02 in the 3rd passage). Scale bar 50 µm. (a) DPSC-control; (b) DPSC-6M;
(c) DPSC-12M.

The average size of non-cryopreserved cells (DPSC-control) was 14.2 ± 0.5 µm. The
average size of cells cryopreserved for 6 months (DPSC-6M) was 13.9 ± 0.6 µm, and the size
of cells cryopreserved for 12 months (DPSC-12M) was 13.7 ± 0.8 µm (Figure 2). The average
size of cryopreserved cells was smaller compared to control samples. The difference was
statistically significant in the case of DPSC-12M (* p > 0.05).

Figure 2. The average cell size of all cell groups in µm during entire cultivation. Data are presented
as a mean and SD plotted as error bars. The statistical analysis was performed between fresh samples
and cryopreserved samples using one-way ANOVA, followed by Dunnett’s multiple comparison test
(* p < 0.05).

We also evaluated the effect of uncontrolled-rate freezing on the viability of DPSCs.
We tested the viability based on the trypan blue extrusion method. The average percentage
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of viable DPSC-6M was 88.6 ± 4.3% in the second passage and 93.3 ± 3.2% in the eighth
passage. The DPSC-12M figures were 91.3 ± 4.3% in the second passage and 88.8 ± 6.2%
in the eighth passage. In comparison with the negative control (92.2 ± 1.8% in the second
passage and 92.7 ± 2% in the eighth passage), the data significantly differed only in the
viability of DPSC-6M measured in the second passage (p < 0.01) (Figure 3.)

Figure 3. The average DPSC viability of all cell groups evaluated in the 2nd and 8th passages. The
graph presents the percentage of viable cells. Data are presented as a mean and SD plotted as error
bars. The statistical analysis was performed between fresh samples and cryopreserved samples using
one-way ANOVA, followed by Dunnett’s multiple comparison test (** p < 0.01).

One of the remarkable features of stem cells, including DPSCs, is their proliferation
capacity. DPSCS, like other adult stem cells, have the ability to self-renew. This characteris-
tic plays a crucial role in the potential usage of cells in regenerative or reparative medicine.
All groups of cells in our study remained proliferatively active until the eighth passage
(Figure 4). The DPSC-control reached 47.2 ± 3.2 PDs from the primary passage (passage
immediately after stem cell isolation) to the eighth passage. DPSC-6M reached almost the
same number of cumulative PD (47.7 ± 2.7), while the PD number of DPSC-12M was lower
than the one for fresh samples (44.6 ± 4.1), a figure that differed significantly (p < 0.01).
We also observed a statistically significant difference in the fifth and seventh passages
(p < 0.05). The DPSC-6M figures were not statistically different in any of the passages
compared to the control group.

We observed an increasing trend in PDT with the increasing number of passages.
Cryopreservation did not change this trend. The average PDT for DPSC-control, DPSC-6M,
and DPSC-12M was 55.1 ± 24.1 h, 61.6 ± 21.1 h, and 58.8 ± 30.6 h, respectively (Figure 5).
The PDT of cells stored for 12 months in the sixth and eighth passages varied with statistical
significance from those in the control group (p < 0.01).
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Figure 4. Cumulative population doublings of all cell groups reached from the primary to 8th passage.
Data for primary and 1st passage are the same for all cell groups. The red vertical line illustrates the
time of cryopreservation and thawing. Data are presented as a mean and SD plotted as error bars.
The statistical significance was calculated between fresh samples and cryopreserved samples using
either one-way ANOVA, followed by Dunnett’s multiple comparison test for continuous variables, or
Friedman’s test, followed by Dunn’s multiple comparison test on ranks for nonparametric variables
(* p < 0.05), (** p < 0.01).

Figure 5. The population doubling time of all cell groups reached from the primary to 8th passage.
Data for primary and 1st passage are the same for all cell groups. The red vertical line illustrates the
time of cryopreservation and thawing. Data are presented as a mean and SD plotted as error bars.
The statistical significances were calculated between fresh samples and cryopreserved samples using
either one-way ANOVA, followed by Dunnett’s multiple comparison test for continuous variables,
or Friedman’s test, followed by the Dunn’s multiple comparison test on ranks for nonparametric
variables (** p < 0.01).
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Phenotype profiles of DPSCs were analyzed using flow cytometry in the third passage
(3p) and seventh passage (7p). The DPSC-control showed high positivity (>71%, [23])
for CD13, CD29, CD44, CD73, CD90, and for CD166, which are the surface markers
for mesenchymal stem cells or stromal associated surface markers. The cells showed
low (<41%, [23]) or no expression (<11%, [23]) of CD10, CD18, CD31 (the endothelial
marker), CD34, and CD45 (hematopoietic markers), CD271, STRO-1 and MHC class II.
The DPSC-control showed moderate expression of CD105 and MHC class I (<70%, [23]).
Cryopreserved cells (DPSC-6M and DPSC-12M) showed significantly lower or higher
expression of CD13, CD29, and CD 90 in selected passages compared to the control group.
However, expression of these markers remained over 71%. We observed a significantly
higher expression of endothelial marker CD31 after cryopreservation than in the control
group (<11%). We calculated no significant changes in the negative expression of the
hematopoietic marker CD34. We did not observe any significant changes in expression of
CD10, CD63, CD105, MHC class II. The expression of CD18 was significantly higher in
DPSC-12M in the third passage, but median remained below 10%. Conversely, the expres-
sion of MHC class I was significantly lower in DPSC-6M in the third passage and STRO-1 in
DPSC-12M in the seventh passage compared to DPSC-control. However, medians of both
markers remained in the same range as the figures for DPSC-control. Expressions of all
evaluated surface markers in the control group, DPSC-6M and DPSC-12M, are shown in the
layouts of graphs (Figure 6). We also observed a significantly lower expression of CD117
and higher expression of CD106 and CD146 in cryopreserved cells than in fresh cells.

We also studied the effect of the uncontrolled-rate freezing on DPSC multipotency at
six- and twelve-month storage at −80 ◦C. Multipotency is one of the main features of stem
cells, primarily in their potential usage in regenerative or reparative therapies. It was ob-
served that cryopreserved cells, even after 12-months storage, can differentiate into mature
cell populations. We were able to trigger osteogenesis and chondrogenesis. We confirmed
our observation using histological staining and immunocytochemistry (Figures 7–10).

Despite the standard adipogenic differentiation medium, fresh samples differentiated
in adipocytes unwillingly. The accumulated adipose vacuoles or droplets were scarcely
apparent in the DPSC-control group (Figure 11). Due to this observation in fresh samples,
we did not study the cryopreserved cells’ ability to differentiate in the adipose cell line.
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Figure 6. Phenotype profile of all cell group analyses in the 3rd and 7th passages. The layouts of
graphs illustrate percentages of positive cells, determined as the percentage with a fluorescence
intensity greater than 99.5% of the negative isotype immunoglobulin control. Data are presented as a
median, with boxes and whiskers representing the interquartile range and 5th–95th percentiles. The
mean is shown as ‘+.’ The statistical comparison was performed between fresh samples and cryop-
reserved samples using Friedman’s test, followed by Dunn’s multiple comparison test (* p < 0.05),
(** p < 0.01), (*** p < 0.001), (**** p < 0.0001).
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Figure 7. Immunocytochemical detection of collagen type II in the extracellular chondrogenic mass
of the lineage Z01 after 3-week cultivation in chondrogenic differentiation medium. The collagen
type II fluorescents red, and stem cell nuclei fluorescent blue. Scale bar 50 µm. (a) DPSC-control;
(b) DPSC-6M; (c) DPSC-12M; (d) non-differentiated cells.

Figure 8. Detection of collagen and procollagen in the extracellular chondrogenic mass of the lineage
Z01 after 3-week cultivation in chondrogenic differentiation medium. After histological staining
using blue Masson’s trichrome, the collagen and procollagen appear as blue areas. Scale bar 50 µm.
(a) DPSC-control; (b) DPSC-6M; (c) DPSC-12M; (d) non-differentiated cells.
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Figure 9. Immunocytochemical detection of osteocalcin, one of the main proteins of the extracellular
osteogenic matrix. Samples of lineage Z08 are after 3-week cultivation in osteogenic differentiation
medium. Osteocalcin is revealed as brown areas. Scale bar 50 µm. (a) DPSC-control; (b) DPSC-6M;
(c) DPSC-12M; (d) non-differentiated cells.

Figure 10. The presence of calcium phosphate deposits in the extracellular osteogenic matrix. Samples
of lineage Z08 are after 3-week cultivation in osteogenic differentiation medium. Calcium phosphate
deposits are colored as brown-black areas. Scale bar 50 µm. (a) DPSC-control; (b) DPSC-6M; (c) DPSC-
12M; (d) non-differentiated cells.
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Figure 11. The visualization of adipose vacuoles and droplets in the extracellular matrix of non-
cryopreserved DPSCs (Z02) after 3-weeks’ cultivation in adipogenic differentiation medium. After oil
red staining, the adipose vacuoles are revealed as red areas, visible in an inverted optical microscope.

3. Discussion

After first being identified by Gronthos and colleagues in 2000 [24], DPSCs have
become the subject of much scientific research due to their similarities with mesenchymal
stem cells. This similarity manifests not only in their shared fibroblast-like morphology
(with selective adherence to plastic surfaces) but also in their good proliferative potential
and ability to differentiate into multiple cell lineages in vitro. DPSCs have been shown
to differentiate into other cell types (including all three germ layers): odontogenic, os-
teogenic, chondrogenic, neurogenic, myogenic, endothelial cell lines, and cells producing
insulin [25,26]. The broad spectrum of differentiation potential and relative ease of harvest
favor DPSCs for use in research related to cell therapy and regenerative medicine. The
initial results of in vitro research indicate the potential future use in the treatment of en-
docrine disorders (diabetes mellitus), neurodegenerative diseases (Parkinson’s disease,
Alzheimer’s disease, stroke), spinal injury, peripheral nerve injury, and in the repair and
regeneration of bones and cartilage (osteoporosis, osteoarthritis) [27].

Cryopreservation offers several benefits. It eliminates the need to keep cells in long-
term culture and the consequent problems (such as risk of contamination, genetic drifts,
or epigenetic changes). Cryopreservation also allows the maintenance of a particular
cell phenotype of stored cells in cell banks, and enables cells to be stored for future
research, as well as for clinical use and testing; it also simplifies cell transport between
individual facilities. However, it is necessary to understand the cryopreservation process
to apply it fully and optimize the individual steps, thus minimizing the adverse freezing
effects on stored cells. In cryopreservation, the main goal is to preserve the structural
and functional integrity of cells after thawing. To achieve this goal, it is necessary to
introduce a cryoprotectant into the cryopreservation medium. The most widely used and
versatile CP is DMSO, especially at a concentration of 10%. The relatively high dose (880
g applied on skin or 320 g injected intravenously would result in 50% mortality in 80 kg
humans [28]) brought about a change in how DMSO toxicity is viewed, with the U.S. Food
and Drug Administration classifying DMSO in the same class as ethanol, namely a class 3
solvent [29]—the safest category with low toxic potential at levels commonly accepted in
pharmaceuticals. Nowadays, DMSO is used as a solvent in toxicology and pharmacology
for the cryopreservation of a broad spectrum of cells, and as a penetration enhancer during
topological treatments.

Standardized freezing protocols and procedures must adhere to good manufacturing
practice (cGMP) to ensure that cryopreserved cells are potentially suitable for clinical
application. Due to stem cell diversity, it is unlikely that a universal cryopreservation
protocol can be achieved. The optimum cryopreservation protocol for DPSC banking
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should be straightforward and effective. Uncontrolled-rate freezing is not a technically or
financially demanding method. This method has been most frequently applied to preserve
peripheral blood stem cells with consistent results [16–19]. Kumar et al. studied various
uncontrolled-rate freezing protocols and noted that samples directly stored at −80 ◦C
in 10% DMSO in uncontrolled temperature conditions for a month showed the highest
proliferation rate [20].

DPSCs can survive for extended periods and can be passaged several times. Our
research team’s previous study showed that DPSCs achieved 60 population doublings
in culture medium, with no spontaneous differentiation [30]. Laino and co-workers ac-
complished 80 passages by maintaining the DPSCs substrate interaction and cell-cell
communication in the secreted extracellular matrix central region [31]. However, exten-
sive in vitro proliferation of human DPSCs is associated with telomere attrition, with a
significant correlation to prolonging DPSC population doubling time. The telomere length
is determined as a biomarker which indicates the replicative age of stem cells [32,33].
Cryopreservation eliminates the need to keep cells in long-term culture.

The goal of our study was to evaluate the effect of the uncontrolled-rate and 10%
DMSO as CP on DPSCs stored for 6 and 12 months. We evaluated the effect on DPSC
morphology, viability, phenotype, proliferation activity, and differentiation potential in
subsequent passages after thawing. We successfully isolated ten lineages of DPSCs from
permanent teeth to achieve this goal. The spectrum of the source teeth generally corre-
sponds with the trend described in other studies [1]. Third molars were harvested the most,
followed by premolars, with mesiodens being the third most frequent.

After thawing the DPSCs in a 37 ◦C thermal bath, we did not observe changes in cell
morphology. The fibroblast-like shape with long cytoplasmic fibers remained the dominant
shape even after the 12 months of cell storage. The average size of cryopreserved cells
was smaller compared to control samples. The DPSC-12M size reduction was statistically
significant. This can be explained when we consider that stress during cryopreservation
and thawing conditions result in selecting and eliminating various subpopulations of
DPSCs. Generally speaking, cells with a higher volume and surface area are more affected
by the osmotic stress resulting from ice crystal formation, and more easily lyse during
freezing or thawing conditions [6].

Another problem associated with cryopreservation is cell death after thawing. In
our study, we evaluated the viability in subsequent passages after thawing in order to
determine the recovery of DPSC after thawing. After one year of storage, the viability
of DPSCs was over 88% at the end of the cultivation, which is still higher than has been
described in other studies [20,21]. We observed a viability reduction in DPSC-6M in
the second passage. This drop was statistically significant compared to control samples.
However, the viability of DPSC-6M was over 93% in the eighth passage. As we did not
observe this phenomenon in the DPSC-12M, we hypothesize that technical difficulties might
cause this viability reduction during CP addition or removal. DMSO toxicity increases
with higher temperature, concentration, and exposure time [34]. Therefore, we assume that
DPSCs-6M were exposed to DMSO at a higher temperature for a prolonged period of time.

Non-cryopreserved cells experienced a prolongation of population doubling time
with increased passaging. Cryopreserved cells copied this trend. Although DPSC-12M
reached a significantly lower PD number for higher PDT in the eighth passage, both groups
of cryopreserved cells remained proliferative active. DPSC proliferation potential is one of
the main features of stem cells, especially in their potential usage in cell-based therapies.
In general, cryopreserved cells needed more time for post-thaw recovery to regain their
“functional” health.

It has been demonstrated that DPSCs are heterogeneous cells with several popula-
tions significantly varying in many biological features. The minimal criteria set by The
International Society for Cellular Therapy assures MSC identity by using CD70, CD90, and
CD105 as positive markers, and CD34 as a negative marker. However, the three positive
markers are co-expressed in a wide variety of cells, and, therefore, even when used in



Int. J. Mol. Sci. 2021, 22, 4432 12 of 23

combination, they are certainly incapable of identifying MSCs in vivo [35]. We analyzed
a broad spectrum of CD markers in fresh and cryopreserved samples. Even though we
observed some significant changes, cryopreserved cells kept highly expressing (<71%)
CD markers for mesenchymal stem cells: CD29, CD44, CD90, and stromal associated
markers CD13, CD73, and CD166. We observed a statistically significant decline in the
expression of CD90 and CD13 in cryopreserved cells and an increase in the expression of
CD29 in DPSC-12M. The hematopoietic stem cell marker (CD34) remained in low-level
expression, even after 12-months storage. The low positivity of CD45 can be explained
by the cultivation of DPSCs in a medium enriched with ITS, which keeps cells at a less
differentiated level [36]. We also observed a significantly higher expression of surface
marker CD31 (PECAM-1, platelet endothelial cell adhesion molecule-1) in the DPSC-12M.
This increase can be explained by the action of free oxygen radicals [37] or in immature
dental pulp stem cells [38]. It has been demonstrated that free oxygen radicals are also
formed during the cryopreservation process [39]. Another surface molecule typical for
endothelial cells, CD106 (VCAM-1, vascular cell adhesion protein 1), was also expressed
significantly higher in DPSC-6M in the third passage. This surface molecule can also be
activated due to free oxygen radicals, mainly during inflammatory response [40].

The expression of CD146 (MCAM, melanoma cell adhesion molecule) was upregulated
after 6-months and 12-months storage. CD146 has been seen as a marker for mesenchymal
stem cells isolated from multiple adult and fetal organs, and its expression may be linked
to multipotency [41,42]. A high variability of CD146 has also been observed and published
in many studies [43,44]. We do not suggest that cryopreservation would change the ability
of DPSC to differentiate, but it might cause the selection of DPSC subpopulations with
upregulated surface marker CD146. Controversially, the surface marker CD117 (tyrosine-
protein kinase KIT) was downregulated in cryopreserved samples. CD117 plays a role in
cell survival, proliferation, and differentiation [45,46]. However, we studied multipotency
in cryopreserved DPSCs and, due to the results, DPSCs were able to differentiate into
chondroblast and osteoblast cell lines. We did not trigger adipogenesis in cryopreserved
cells because, when we tried to induce it in non-cryopreserved samples, DPSCs differen-
tiated in adipocytes unwillingly. This result is not surprising, since adipocytes are not a
physiological component of dental pulp tissues. These observations correspond with the
Gronthos study [24].

4. Materials and Methods
4.1. DPSC Lineages

We successfully isolated 10 dental pulp stem cell lineages from donors aged 13 to
18 (Table 1). All donors or their legal representatives were informed about the ongoing
study before they signed the informed consent. University Hospital Hradec Kralove’s
ethical committee approved the study guidelines and the informed consent content (ref.
no. 201812 SO7P). DPSCs cryopreserved for 6 months were indicated by the letter A, and
cells cryopreserved for 12 months were indicated by the letter B.
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Table 1. Overview of donors’, sex, extracted teeth and their root development, and levels of eruption.
(M—molar, P—premolars).

Lineage Donors Age Tooth Root Development Eruption

Z01 Female 14 Mesiodens Up to 1/2 Impacted

Z02 Female 16 M2 More than 1/2 Impacted

Z03 Female 16 M3 Up to 1/2 Impacted

Z04 Female 14 P1 Fully developed Fully erupted

Z05 Female 15 M3 Up to 1/2 Impacted

Z06 Female 15 M3 Up to 1/2 Impacted

Z07 Female 18 M3 More than 1/2 Semi-
impacted

Z08 Male 13 P1 More than 1/2 Impacted

Z09 Male 13 P1 More than 1/2 Impacted

Z10 Female 16 Supernumerary P More than 1/2 Impacted

Teeth were extracted at the Dental Clinic at University Hospital Hradec Kralove. We
have already described the DPSCs isolation technique in our previous study [11]. Briefly,
the DPSC isolation was performed on the same day as the tooth extraction. We isolated
DPSCs using an enzymatic isolation technique using a 0.5% trypsin/EDTA solution (Gibco,
UK) for 10 minutes. Before the enzymatic digestion, the minced dental pulp tissues
were ground using a homogenization method to obtain fine and homogenous pieces
of pulp tissues, thus facilitating the enzyme effect and shortening the digestion period.
After one week of cultivation, we observed small cell colonies adhering to a cultivation
dish. We then removed the cultivation medium to wash out the remaining non-adherent
cells, parts of extracellular mass, and vessels. The DPSCs were cultivated in a modified
cultivation media Minimum Essential Medium Eagle—alpha modification; (Alpha-MEM,
Gibco, Gaithersburg, MD, USA) for mesenchymal adult progenitor cells containing 2%
fetal bovine serum (FBS, PAA Laboratories, Toronto, ON, Canada), and supplemented with
10 ng/mL epidermal growth factor (PeproTech, London, UK), 10 ng/mL platelet-derived
growth factor (PeproTech), 50 mM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA),
0.2 mM L-ascorbic acid (Bieffe Medital) for protection against oxygen radicals, essential
amino acid glutamine (Invitrogen, Carlsbad, CA, USA) at a final concentration of 2%,
and antibiotics—100 U/mL penicillin, 100 µg/mL streptomycin (Invitrogen), 20 µg/mL
gentamicin (Invitrogen), and 0.4 µl/mL amphotericin (Sigma-Aldrich, St. Louis, MO, USA).
The medium was also enriched with 10 µL/mL Insulin-Transferrin-Selenium-Sodium
supplement (ITS, Bieffe Medital) to increase the nutrient utilization. We kept the cultivation
dishes at a temperature of 37 ◦C and at 5% CO2. The cultivation medium was changed
every three days and, after the cells reached a 70% confluence, we passaged them at a
final concentration of 5000 cells/cm2. We ended the cultivation when cells reached the
8th passage.

4.2. The Uncontrolled-Rate Freezing

The cells were stored using the uncontrolled-rate freezing for 6 and 12 months. We
cryopreserved 2 cryovials containing 0.5 milliliters of medium with 1.5 × 106 cells isolated
from the 1st passage. The cryopreservation medium composed of FBS and DMSO (Sigma-
Aldrich–Merck KGaA, Darmstadt, Germany) as the CP was cooled down to a temperature
of 4 ◦C and then mixed with cell pellet. The final DMSO concentration was 10% after
mixing, with the cells immersed in the cultivation medium. The cryovials were placed at a
temperature of –20 ◦C and kept for 1–1.5 h. Then they were placed directly in the freezer
and stored at –80 ◦C for 6 and 12 months.
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4.3. Cell Thawing

After the 6-months storage, one cryovial from each sample (lineage) was thawed
using a 37 ◦C warm thermal bath. The cells were mixed in a tube with an inactivation
medium (α-MEM and FBS at a concentration of 20%) to inactivate the cryopreservation
medium and the cryoprotectant. The tube was then centrifuged at 2000 rpm for 5 min
(600g). First, the obtained pellet was resuspended and then seeded in the new cultivation
dish. Subsequently, we continued in the same cultivation protocol as with the negative
control. We proceeded the same way with the second cryovial from each sample (lineage)
after the 12-months storage.

4.4. Cryopreservation Effect on DPSC Characteristics

In order to reach the primary goal of this study, we observed the effect of uncontrolled-
rate freezing on the underlying biological features of DPSCs. The lineages of non- cryopre-
served cells were taken as the control. The cell count and cell diameter were measured using
Z2-Counter (Beckman Coulter, Miami, FL, USA). The proliferation activity measurement
is described in a previous study [33]. Briefly, the proliferation activity was determined as
cumulative population doublings (PDs) and population doubling time (PDT). We used the
formula PD = log2 (Nx/N1) to calculate the population doublings reached in each passage.
Nx is the total passage cell count calculated using the Z2-Counter, and N1 is the initial cell
count seeded into the culture dish (5000 cells/cm2). To calculate the population doubling
time, we used the formula PDT = t / n, where t is the number of hours of cultivation per
passage and n is the number of PDs in that passage, calculated as described above.

We assessed the cell viability using a trypan dye exclusion method in the 2nd and
8th passage using the Vi-Cell analyzer (Beckman Coulter, USA). The trypan dye did not
penetrate viable cells due to their intact membrane. According to the number of cumulative
population doublings (PD) and population doubling time (PDT), proliferation capacity
was measured. Cryopreserved cells were thawed in the 1st passage. In order to calculate
the number of PD and PDT, we took the values reached in the primary and 1st passage
from the negative control.

We also wanted to determine the cryopreservation effect on the DPSC phenotype. We
repeated 21 cluster of differentiation (CD) marker analyses using a flow cytometer Cell
Lab Quanta (Beckman Coulter) in the 3rd and 7th passages. First, we detached adherent
stem cells using the 0.05% trypsin-EDTA solution (Gibco, London, UK); we then stained
them with primary immunofluorescence antibodies conjugated with phycoerythrin (PE) or
fluorescein (FITC) against the following CD markers: CD10 (CB-CALLA, eBioscience, San
Diego, CA, USA), CD13 (WM-15, eBioscience, San Diego, CA, USA), CD18 (7E4, Beckman
Coulter, Brea, CA, USA), CD29 (TS2/16, BioLegend, San Diego, CA, USA), CD31 (MBC
78.2, Invitrogen, Carlsbad, CA, USA), CD34 (581 (Class 287 III), Invitrogen, Carlsbad, CA,
USA), CD44 (MEM 85, Invitrogen, Carlsbad, CA, USA), CD45 (HI30, Invitrogen, Carlsbad,
CA, USA), CD49f (GoH3, Invitrogen, Carlsbad, CA, USA), CD63 (CLBGran/12, Beckman
Coulter, Brea, CA, USA), CD73 (AD2, BD Biosciences 288 Pharmingen, Erembodegen,
Belgium), CD90 (F15-42-1-5, Beckman Coulter, Brea, CA, USA), CD105 (SN6, 289, Invit-
rogen), CD106 (STA, BioLegend, San Diego, CA, USA), CD117 (2B8, Chemicon, Tokyo,
Japan), CD146 (TEA1/34, Beckman Coulter, Brea, CA, USA), CD166 (3A6, Beckman Coulter,
Brea, CA, USA), CD271 (ME20.4, BioLegend, San Diego, CA, USA), MHC class I (Tu149,
Invitrogen, Carlsbad, CA, USA), MHC class II (Tü36, Invitrogen, Carlsbad, CA, USA),
and STRO-1 (STRO-1, BioLegend, San Diego, CA, USA). Positive cells were determined
as the percentage with a fluorescence intensity greater than 99.5% of the negative isotype
immunoglobulin control. An overview of the analyzed phenotype panel is described in
Table 2.
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Table 2. Overview of analyzed CD markers.

CD
Marker Name Cellular Expression Function DPSC

Expression References

CD10

Neprilysin:
membrane metal-
loendopeptidase
(MME), neutral
endopeptidase

(NEP)

CD10 is expressed on the B
and T cell precursors, bone

marrow stromal cells,
lymphoblastic cells, Burkitt’s,
and follicular germinal center
lymphomas, immature B cells
within the adult bone marrow,

and on cells from patients
with chronic myelocytic

leukemia (CML). CD10 is also
present on myoepithelial

breast cells, bile canaliculi,
fibroblasts, with incredibly

high expression on the brush
border of kidney and gut

epithelial cells.Thought to be
expressed during the first
stages of heavy chain gene
rearrangement and in an
immunological context

It regulates B cell growth; it
reduces the cellular
response to peptide

hormone in an
immunological context.It is

thought that the enzyme
modulates the

enkephalin-mediated
inflammatory

responseinvolved in the
regulation of chemotactic

and inflammatory processes
involving neutrophils

Positive [41,47,48]

CD13

Alanyl
aminopeptidase

(AAP) or
aminopeptidase N

(AP-N)

CD13 is expressed on the
surface of early committed
progenitors of granulocytes

and monocytes CFU-GM, and
all these lineages’ cells as they
mature. It is also expressed on

endothelial cells, epithelial
cells from proximal renal

tubules and intestinal brush
border, bone marrow, stromal
cells, fibroblasts, brain cells,
osteoclasts, and cells lining
bile duct canaliculi, and is

expressed on a small
proportion of large granular

lymphocytes but not on other
lymphocytes

It has a role in cell surface
antigen presentation by

trimming the N-terminal aa
from MHC Class II-bound

peptides. CD13
ectopeptidase activity is also

thought to downregulate
cellular responses to peptide
hormones by reducing the

local concentration of
peptide available for

receptor binding

Positive [41,49]

CD18

Integrin beta
chain-2: adhesive

and signaling
molecule for

hematopoietic cell
line

Lymphocyte Functions
Associated Antigen 1 (binding
CD18 and CD11) is a protein

found on B cells, T cells,
macrophages, neutrophils,

and Natural Killer cells. The
binding of CD18 and CD11b-d

results in complement
receptors’ formation, which

are proteins mainly found on
neutrophils, macrophages,

and NK cells

The complement receptors
participate in the innate

immune response by
recognizing foreign antigen
peptides and phagocytizing

them, thus destroying the
antigen. The CD18 plays a
role in the production and
release of neutrophils from

bone marrow

Negative [50–52]
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Table 2. Cont.

CD
Marker Name Cellular Expression Function DPSC

Expression References

CD29 Integrin beta-1 Various cell types, including
mesenchymal stem cells

Integrin family members are
membrane receptors

involved in cell adhesion
and recognition in various

processes, including
embryogenesis, hemostasis,

tissue repair, immune
response, and metastatic
diffusion of tumor cells

Positive [41,53]

CD31

Platelet endothelial
cell adhesion

molecule
(PECAM-1)

Human granulocytes,
monocytes, and platelets

It plays a role in endothelial
cell intercellular junctions.
The encoded protein is a

member of the
immunoglobulin

superfamily, and is likely
involved in leukocyte

transmigration,
angiogenesis, and integrin

activation

Negative [54]

CD34
A transmembrane
phosphoglycopro-

tein

Hematopoietic stem cells,
hematopoietic progenitor
cells, vascular endothelial
progenitors, embryonic

fibroblasts

CD34 plays a role in cell
adhesion and the regulation

of cell differentiation and
proliferation

Negative [55]

CD44

A cell-surface
glycoprotein,

Hermes antigen,
Pgp-1

Leukocytes, erythrocytes;
hematopoietic and

non-hematopoietic cells
(no platelets)

It binds hyaluronic acid,
mediates adhesion of

leukocytes, adhesion of
leukocytes, endothelial cells,

stromal cells, and ECM

Positive [41,56]

CD45
Protein tyrosine

phosphatase,
receptor type C

It is present in various
isoforms on all differentiated
hematopoietic cells (except

erythrocytes and
plasma cells).

CD45 is an essential
regulator of T- and B-cell

antigen receptor signaling
Negative [41,57]

CD49f Alpha-6 Integrin

Memory T cells, thymocytes,
monocytes, memory B cells,
platelets, megakaryocytes,
epithelial cells, endothelial

cells, cytotrophoblasts

Alpha-6 Integrin, associates
with CD29, binds laminin,

adhesion and cell migration,
embryogenesis

Positive [58]

CD63

Granulophysin,
LAMP-3

(Lysosomal-
associated

membrane 3),
ME491, tetraspanin
membrane protein

Several normal tissues,
melanoma cells, a lysosomal

membrane glycoprotein
located mainly in the

cytoplasm

It regulates melanoma cell
motility and their adhesion
and migration on substrates

associated with beta1
integrins. It is associated

with cell development and
activation, and it may also
function as a blood platelet

activation marker

Positive [59]
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Table 2. Cont.

CD
Marker Name Cellular Expression Function DPSC

Expression References

CD73 5’-nucleotidase,
NTE, NT5

It is a surface enzyme
expressed on multiple cells

and used as a marker of
lymphocyte differentiation

Enzyme catalyzes the
conversion at neutral pH of

purine 5-prime
mononucleotides to

nucleosides, the preferred
substrate being AMP. It may

also have a role in cell
adhesion

Positive [60]

CD90 Thy-1

It is expressed by
hematopoietic stem cells, and
neurons in all species studied,
and it is highly expressed in

connective tissue and various
fibroblast and stromal cell

lines. It is also expressed on
all thymocytes and peripheral

T cells in mice, but, in
humans, it is expressed only

on a small % of fetal
thymocytes, 10–40% of CD34+
cells in bone marrow, and <1%
of CD3+CD4+ lymphocytes in
the peripheral circulation. It is

also expressed by human
lymph node HEV

endothelium but not
other endothelia

Thy-1 can be used as a
marker for a variety of stem

cells and the axonal
processes of mature neurons

Positive [41,61,62]

CD105 EndoglinSH2

Endothelial cell, mesenchymal
stem cell, erythroid

precursors, activated
monocytes, macrophages, and
human vascular endothelial

cells.
Expression of endoglin is

elevated on the endothelial
cells of healing wounds,

developing embryos,
inflammatory tissues, and
solid tumors.Endoglin is a

marker of activated
endothelium, and its vascular

expression is limited to
proliferating cells.

The possible ligand for an
integrin, angiogenesis,

modulates response to TGF
beta 1postulated that

endoglin is involved in the
cytoskeletal organization
affecting cell morphology

and migrationdevelopment
of the cardiovascular

system, and in vascular
remodelingprotective role of

CD105 against
pro-apoptotic factors

Positive [41,63,64]
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Table 2. Cont.

CD
Marker Name Cellular Expression Function DPSC

Expression References

CD106
Vascular cell

adhesion protein 1
(VCAM-1)

Activated endothelial
cellsmyeloid lineage and bone
marrow stromal cellsfollicular
dendritic cells, interdigitating
reticulum cells, and Kupffer

cells

It is an adhesion molecule,
ligand for VLA-4, leukocyte

adhesion, transmigration,
and T cells’ co-stimulation.It

encodes a cell surface
sialoglycoprotein expressed

by cytokine-activated
endothelium. This type I

membrane protein mediates
leukocyte-endothelial cell

adhesion and signal
transduction, and may play

a role in developing
atherosclerosis and

rheumatoid arthritis.CD106
expressed in non-vascular

tissues has been implicated
in the interaction of

hematopoietic progenitors
with bone marrow stromal

cells, B cell binding to
follicular dendritic cells,
co-stimulation of T cells,

and embryonic
development

Positive [41,65,66]

CD117

Tyrosine-protein
kinase KIT, mast or

stem cell growth
factor receptor

(SCF)

KIT is a cytokine receptor
expressed on the surface of

hematopoietic stem cells and
other cell types

Signaling through KIT plays
a role in cell survival,

proliferation, and
differentiation. For instance,
KIT signaling is required for
melanocyte survival, and it

is also involved in
hematopoiesis and

gametogenesis

Positive [45,46]

CD146

Melanoma cell
adhesion molecule

(MCAM), cell
surface

glycoprotein
(MUC18)

Activated human T cells,
endothelial progenitors such

as angioblasts and
mesenchymal stem cells, and

strongly expressed blood
vessel endothelium and

smooth muscle

CD146 has been seen as a
marker for mesenchymal
stem cells isolated from
multiple adult and fetal

organs, and its expression
may be linked to

multipotency; mesenchymal
stem cells with greater

differentiation potential
express higher levels of

CD146 on the cell surface

Positive [41,67,68]

CD166

Activated
leukocyte cell

adhesion molecule
(ALCAM)

T cells, NK cells, platelets,
thymocytes, activated B and T
cells, eosinophils, fibroblasts,

endothelial cells,
keratinocytes, monocytes,

epithelial cells, neurons, MSCs

Adhesion molecule, ligand
for CD6; T-cell activation.

Involved in neurite
extension by neurons via

heterophilic and homophilic
interactions

Positive [41,69,70]
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Table 2. Cont.

CD
Marker Name Cellular Expression Function DPSC

Expression References

CD 271

Low-affinity nerve
growth factor

receptor (LNGFR),
p75 neurotrophin

receptor

This receptor is currently
considered one of the most

efficient markers for
prospectively isolate

BM-MSCs and other adult
stem cells

It is a common receptor of
neurotrophins that mediates
different biological effects in

several cell types, like cell
survival, apoptosis,

migration, and
differentiation, and

neurotrophin binding,
interacting transmembrane

co-receptors expression,
intracellular adaptor

molecule availability, and
post-translational

modifications, such as
regulated proteolytic

processing

Positive [71]

MHC
class I

Major
histocompatibility
complex (MHC)

class I

MHC molecules are found on
the cell surface of all

nucleated cells in vertebrates
Major histocompatibility

complex (MHC) class I and
class II proteins play a

pivotal role in the immune
system’s adaptive branch.
Both classes of proteins

share the task of presenting
peptides on the cell surface

for recognition by T cells

Positive [72]

MHC
class II

Major
histocompatibility
complex (MHC)

class I

MHC class II molecules are
found only on professional

antigen-presenting cells such
as dendritic cells,

mononuclear phagocytes,
some endothelial cells, thymic

epithelial cells, and B cells

Negative [73]

STRO1

A gene for a
protein marker of

mesenchymal stem
cells (MSC)

Marker for mesenchymal
stem cells.

A gene for a protein marker
of mesenchymal stem cells

(MSC)
Positive [41,74]

One of the features of DPSCs is their multipotency; therefore, we examined the
effect of cryopreservation on differential potential as well. We triggered osteogenesis,
chondrogenesis, and adipogenesis in cells harvested from the fourth passage. We followed
the same differentiation protocols with all groups.

For osteogenic differentiation, the cells were exposed to the Differentiation of Basal
Medium-Osteogenic (Lonza, Basel, Switzerland) for three weeks. At the end of differen-
tiation, we examined the origin of the produced extracellular matrix using immunohis-
tochemistry and histological staining. Osteogenic mass with stem cells harvested after
three weeks was fixed using 10% formalin, embedded in paraffin, and cut at 7 µm slices.
After their deparaffinization, the samples were stained using von Kossa histological stain-
ing in order to reveal calcium phosphate deposits as black spots. Immunocytochemistry
was used to visualize the main bone protein osteocalcin as rusty colored areas. Samples
were exposed to the primary antibody, a primary mouse IgG antibody (1:50, Millipore,
Burlington, MA, USA), and a donkey anti-mouse secondary IgG antibody (1:250, Jackson
ImmunoResearch Labs).

Chondrogenesis was initiated using the Differentiation Basal Medium-Chondrogenic
(Lonza), supplemented with 50 ng/mL TGF-β1 (R&D Systems, Minneapolis, MN, USA).
We exchanged the medium every three days for three weeks. Before histological staining,
the samples were fixed, paraffined, and stained using blue Masson trichrome to reveal
procollagen and collagen in the produced extracellular mass. The collagen and procollagen
appeared blue. We also confirmed the presence of collagen type II using a primary mouse
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IgM antibody (1:500, Sigma-Aldrich, St. Louis, MA, USA) and Cy3TM-conjugated goat
anti-mouse secondary IgM antibody. Cell nuclei were counterstained with 4’-6-diamidino-
2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MA, USA).

Differentiation in adipocytes was induced in the monolayer when DPSCs reached 100%
confluence with hMSC Adipogenic Induction SingleQuots (Lonza, Basel, Switzerland), and
maintained with hMSC Adipogenic Maintenance SingleQuots (Lonza, Basel, Switzerland).
Media were used subsequently and switched every three days for three weeks. After
that time, cultures were fixed with 10% formalin and stained with oil red (lipid particles
vacuoles or droplets stained red).

4.5. Statistical Analysis

All statistical analyses were performed using the statistical software GraphPad Prism
6 (San Diego, CA, USA). The data are presented as the mean ± SD or median, with boxes
and whiskers representing the interquartile range and 5th–95th percentiles, respectively,
according to the data distribution. The statistical significances (* p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001) were calculated using either one-way ANOVA, followed by
Dunnett’s multiple comparison test for continuous variables, or Friedman’s test, followed
by the Dunn’s multiple comparison test on ranks for nonparametric variables. The Shapiro–
Wilk test or Kolmogorov–Smirnov test were used for normal distribution evaluations.

5. Conclusions

The study was aimed at evaluating the effect of uncontrolled-rate freezing and 10%
DMSO as CP on DPSCs stored for 6 and 12 months. DPSCs were able to withstand stress
conditions when they were stored for 12 months, while maintaining the characteristics
that typically define mesenchymal stem cells. DPSCs did not compromise their stemness,
proliferation, or differentiating capabilities, even after one year of cryopreservation at
−80 ◦C. DPSCs can thus be used as an ideal source for stem cell banking. However, we
used DMSO at a concentration of 10% as the cryoprotective agent. Even though 10%
concentration is generally accepted for the cryopreservation of stem cells, we would like
to lower the DMSO concentration or, ideally, eliminate DMSO from the cryopreservation
medium in our future research.

Author Contributions: All authors contributed to this study: conceptualization: T.S. and J.S.
(Jakub Suchanek); methodology: R.K.I.; software: J.S. (Jan Schmidt) and R.K.I.; validation: N.P.,
and J.S. (Jan Schmidt); formal analysis: R.K.I.; investigation: N.P.; resources: J.S. (Jan Schmidt);
data curation: N.P.; writing—original draft preparation: N.P.; writing—review and editing: T.S., J.S.
(Jakub Suchanek) and R.K.I.; visualization: N.P and J.S. (Jan Schmidt); supervision: J.S.
(Jakub Suchanek); project administration: T.S.; funding acquisition: T.S. and J.S. (Jakub Suchanek).
All authors have read and agreed to the published version of the manuscript.

Funding: The study was financially supported by the Charles University program PROGRES
Q40/13and PROGRES Q40/06.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by The Ethical Committee in Hradec Kralove, Czech Republic
(ref. no. 201812 S07P).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors thank Mesdames Helena Ruckerova, Simona Vrchotova, and Petra
Hajzlerova, from the Department of Histology and Embryology at Charles University, Faculty of
Medicine in Hradec Kralove, for their skillful technical assistance. The authors also thank Matthew
Shane Renfro, for English language editing.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2021, 22, 4432 21 of 23

References
1. Ferrúa, C.P.; Centeno, E.G.Z.; Rosa, L.C.D.; Amaral, C.C.D.; Severo, R.F.; Sarkis-Onofre, R.; Nascimento, G.G.; Cordenonzi, G.;

Bast, R.K.; Demarco, F.F.; et al. How has dental pulp stem cells isolation been conducted? A scoping review. Braz. Oral Res. 2017,
31, e87. [CrossRef] [PubMed]

2. Blondeau, F.; Daniel, N.G. Extraction of impacted mandibular third molars: Postoperative complications and their risk factors. J.
Can. Dent. Assoc. 2007, 73, 325. [PubMed]

3. Omar, Z.; Short, L.; Banting, D.W.; Saltaji, H. Profile changes following extraction orthodontic treatment: A comparison of first
versus second premolar extraction. Int. Orthod. 2018, 16, 91–104. [CrossRef] [PubMed]

4. Shih, W.Y.; Hsieh, C.Y.; Tsai, T.P. Clinical evaluation of the timing of mesiodens removal. J. Chin. Med. Assoc. 2016, 79, 345–350.
[CrossRef] [PubMed]

5. Mullen, S.F.; Critser, J.K. The science of cryobiology. Cancer Treat. Res. 2007, 138, 83–109. [CrossRef] [PubMed]
6. Gao, D.; Critser, J.K. Mechanisms of cryoinjury in living cells. ILAR J. 2000, 41, 187–196. [CrossRef] [PubMed]
7. Pegg, D.E. Principles of cryopreservation. Methods Mol. Biol. 2015, 1257, 3–19. [CrossRef] [PubMed]
8. Mazur, P. Kinetics of water loss from cells at subzero temperatures and the likelihood of intracellular freezing. J. Gen. Physiol.

1963, 47, 347–369. [CrossRef]
9. Zambelli, A.; Poggi, G.; Da Prada, G.; Pedrazzoli, P.; Cuomo, A.; Miotti, D.; Perotti, C.; Preti, P.; Robustelli della Cuna, G. Clinical

toxicity of cryopreserved circulating progenitor cells infusion. Anticancer Res. 1998, 18, 4705–4708.
10. Stolzing, A.; Naaldijk, Y.; Fedorova, V.; Sethe, S. Hydroxyethylstarch in Cryopreservation—Mechanisms, Benefits and Problems.

Transfus. Apher. Sci. 2012, 46, 137–147. [CrossRef]
11. Pilbauerova, N.; Soukup, T.; Suchankova Kleplova, T.; Suchanek, J. Enzymatic Isolation, Amplification and Characterization of

Dental Pulp Stem Cells. Folia Biol. 2019, 65, 124–133.
12. Li, T.; Mai, Q.; Gao, J.; Zhou, C. Cryopreservation of human embryonic stem cells with a new bulk vitrification method. Biol.

Reprod. 2010, 82, 848–853. [CrossRef]
13. Bagchi, A.; Woods, E.J.; Critser, J.K. Cryopreservation and vitrification: Recent advances in fertility preservation technologies.

Expert Rev. Med. Devices 2008, 5, 359–370. [CrossRef]
14. Thirumala, S.; Zvonic, S.; Floyd, E.; Gimble, J.M.; Devireddy, R.V. Effect of various freezing parameters on the immediate

post-thaw membrane integrity of adipose tissue derived adult stem cells. Biotechnol. Prog. 2005, 21, 1511–1524. [CrossRef]
15. Kojima, S.; Kaku, M.; Kawata, T.; Sumi, H.; Shikata, H.; Abonti, T.R.; Kojima, S.; Fujita, T.; Motokawa, M.; Tanne, K. Cryopreserva-

tion of rat MSCs by use of a programmed freezer with magnetic field. Cryobiology 2013, 67, 258–263. [CrossRef]
16. Almici, C.; Ferremi, P.; Lanfranchi, A.; Ferrari, E.; Verardi, R.; Marini, M.; Rossi, G. Uncontrolled-rate freezing of peripheral blood

progenitor cells allows successful engraftment by sparing primitive and committed hematopoietic progenitors. Haematologica
2003, 88, 1390–1395.

17. Detry, G.; Calvet, L.; Straetmans, N.; Cabrespine, A.; Ravoet, C.; Bay, J.O.; Petre, H.; Paillard, C.; Husson, B.; Merlin, E.; et al.
Impact of uncontrolled freezing and long-term storage of peripheral blood stem cells at −80 ◦C on haematopoietic recovery after
autologous transplantation. Report from two centres. Bone Marrow Transpl. 2014, 49, 780–785. [CrossRef]

18. Setia, R.D.; Arora, S.; Handoo, A.; Choudhary, D.; Sharma, S.K.; Khandelwal, V.; Kapoor, M.; Bajaj, S.; Dadu, T.; Dhamija, G.; et al.
Outcome of 51 autologous peripheral blood stem cell transplants after uncontrolled-rate freezing (“dump freezing”) using −80
◦C mechanical freezer. Asian J. Transfus. Sci. 2018, 12, 117–122. [CrossRef]

19. Zeng, G.; Hu, Y.; Hu, X.; Zeng, W.; Liang, X.; Liu, Y.; Peng, H.; Liao, Y.; Ren, Y.; Tang, Z.; et al. Cryopreservation of peripheral
blood mononuclear cells using uncontrolled rate freezing. Cell Tissue Bank 2020, 21, 631–641. [CrossRef]

20. Kumar, A.; Bhattacharyya, S.; Rattan, V. Effect of uncontrolled freezing on biological characteristics of human dental pulp stem
cells. Cell Tissue Bank 2015, 16, 513–522. [CrossRef]

21. Raik, S.; Kumar, A.; Rattan, V.; Seth, S.; Kaur, A.; Bhatta Charyya, S. Assessment of Post-thaw Quality of Dental Mesenchymal
Stromal Cells After Long-Term Cryopreservation by Uncontrolled Freezing. Appl. Biochem. Biotechnol. 2020, 191, 728–743.
[CrossRef]

22. Woods, E.J.; Perry, B.C.; Hockema, J.J.; Larson, L.; Zhou, D.; Goebel, W.S. Optimized cryopreservation method for human dental
pulp-derived stem cells and their tissues of origin for banking and clinical use. Cryobiology 2009, 59, 150–157. [CrossRef]

23. Suchánek, J.; Visek, B.; Soukup, T.; El-Din Mohamed, S.K.; Ivancaková, R.; Mokrỳ, J.; Aboul-Ezz, E.H.; Omran, A. Stem cells
from human exfoliated deciduous teeth–isolation, long term cultivation and phenotypical analysis. Acta Med. 2010, 53, 93–99.
[CrossRef]

24. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef]

25. Yang, X.; Li, L.; Xiao, L.; Zhang, D. Recycle the dental fairy’s package: Overview of dental pulp stem cells. Stem Cell. Res. Ther.
2018, 9, 347. [CrossRef]

26. Suchanek, J.; Nasry, S.A.; Soukup, T. The Differentiation Potential of Human Natal Dental Pulp Stem Cells into Insulin-Producing
Cells. Folia Biol. 2017, 63, 132–138.

27. Nuti, N.; Corallo, C.; Chan, B.M.; Ferrari, M.; Gerami-Naini, B. Multipotent Differentiation of Human Dental Pulp Stem Cells: A
Literature Review. Stem Cell Rev. Rep. 2016, 12, 511–523. [CrossRef]

http://doi.org/10.1590/1807-3107bor-2017.vol31.0087
http://www.ncbi.nlm.nih.gov/pubmed/29267658
http://www.ncbi.nlm.nih.gov/pubmed/17484797
http://doi.org/10.1016/j.ortho.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29478932
http://doi.org/10.1016/j.jcma.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27090104
http://doi.org/10.1007/978-0-387-72293-1_7
http://www.ncbi.nlm.nih.gov/pubmed/18080659
http://doi.org/10.1093/ilar.41.4.187
http://www.ncbi.nlm.nih.gov/pubmed/11123179
http://doi.org/10.1007/978-1-4939-2193-5_1
http://www.ncbi.nlm.nih.gov/pubmed/25428001
http://doi.org/10.1085/jgp.47.2.347
http://doi.org/10.1016/j.transci.2012.01.007
http://doi.org/10.1095/biolreprod.109.080713
http://doi.org/10.1586/17434440.5.3.359
http://doi.org/10.1021/bp050007q
http://doi.org/10.1016/j.cryobiol.2013.08.003
http://doi.org/10.1038/bmt.2014.53
http://doi.org/10.4103/ajts.AJTS_42_17
http://doi.org/10.1007/s10561-020-09857-w
http://doi.org/10.1007/s10561-015-9498-5
http://doi.org/10.1007/s12010-019-03216-6
http://doi.org/10.1016/j.cryobiol.2009.06.005
http://doi.org/10.14712/18059694.2016.66
http://doi.org/10.1073/pnas.240309797
http://doi.org/10.1186/s13287-018-1094-8
http://doi.org/10.1007/s12015-016-9661-9


Int. J. Mol. Sci. 2021, 22, 4432 22 of 23

28. Smith, E.R.; Hadidian, Z.; Mason, M.M. The single–and repeated–dose toxicity of dimethyl sulfoxide. Ann. N. Y. Acad. Sci. 1967,
141, 96–109. [CrossRef] [PubMed]

29. Food and Drug Administration (FDA). Guidance for Industry: Q3C Tables and List; Food and Drug Administration: Silver Spring,
MD, USA, 2017.

30. Suchánek, J.; Soukup, T.; Ivancaková, R.; Karbanová, J.; Hubková, V.; Pytlík, R.; Kucerová, L. Human dental pulp stem
cells–isolation and long term cultivation. Acta Med. 2007, 50, 195–201. [CrossRef]

31. Laino, G.; d’Aquino, R.; Graziano, A.; Lanza, V.; Carinci, F.; Naro, F.; Pirozzi, G.; Papaccio, G. A new population of human adult
dental pulp stem cells: A useful source of living autologous fibrous bone tissue (LAB). J. Bone Min. Res. 2005, 20, 1394–1402.
[CrossRef] [PubMed]

32. Mokry, J.; Soukup, T.; Micuda, S.; Karbanova, J.; Visek, B.; Brcakova, E.; Suchanek, J.; Bouchal, J.; Vokurkova, D.; Ivancakova, R.
Telomere attrition occurs during ex vivo expansion of human dental pulp stem cells. J. Biomed. Biotechnol. 2010, 2010, 673513.
[CrossRef]

33. Pilbauerova, N.; Soukup, T.; Suchankova Kleplova, T.; Schmidt, J.; Suchanek, J. The Effect of Cultivation Passaging on the Relative
Telomere Length and Proliferation Capacity of Dental Pulp Stem Cells. Biomolecules 2021, 11, 464. [CrossRef]

34. Wang, X.; Hua, T.C.; Sun, D.W.; Liu, B.; Yang, G.; Cao, Y. Cryopreservation of tissue-engineered dermal replacement in Me2SO:
Toxicity study and effects of concentration and cooling rates on cell viability. Cryobiology 2007, 55, 60–65. [CrossRef]

35. Lin, C.S.; Xin, Z.C.; Dai, J.; Lue, T.F. Commonly used mesenchymal stem cell markers and tracking labels: Limitations and
challenges. Histol. Histopathol. 2013, 28, 1109–1116. [CrossRef]

36. Suchanek, J.; Kleplova, T.S.; Kapitan, M.; Soukup, T. The effect of fetal calf serum on human dental pulp stem cells. Acta Med.
2013; 56, 142–149. [CrossRef]

37. Venkataramani, V.; Küffer, S.; Cheung, K.C.P.; Jiang, X.; Trümper, L.; Wulf, G.G.; Ströbel, P. CD31 Expression Determines Redox
Status and Chemoresistance in Human Angiosarcomas. Clin. Cancer Res. 2018, 24, 460–473. [CrossRef]

38. Vishwanath, V.R.; Nadig, R.R.; Nadig, R.; Prasanna, J.S.; Karthik, J.; Pai, V.S. Differentiation of isolated and characterized human
dental pulp stem cells and stem cells from human exfoliated deciduous teeth: An in vitro study. J. Conserv. Dent. 2013, 16,
423–428. [CrossRef]

39. Mazzilli, F.; Rossi, T.; Sabatini, L.; Pulcinelli, F.M.; Rapone, S.; Dondero, F.; Gazzaniga, P.P. Human sperm cryopreservation and
reactive oxygen species (ROS) production. Acta Eur. Fertil. 1995, 26, 145–148.

40. Cook-Mills, J.M.; Marchese, M.E.; Abdala-Valencia, H. Vascular cell adhesion molecule-1 expression and signaling during disease:
Regulation by reactive oxygen species and antioxidants. Antioxid. Redox Signal. 2011, 15, 1607–1638. [CrossRef]

41. Gardin, C.; Ricci, S.; Ferroni, L. Dental Stem Cells (DSCs): Classification and Properties. In Dental Stem Cells: Regenerative Potential;
Zavan, B., Bressan, E., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 1–25. [CrossRef]

42. Matsui, M.; Kobayashi, T.; Tsutsui, T.W. CD146 positive human dental pulp stem cells promote regeneration of dentin/pulp-like
structures. Hum. Cell 2018, 31, 127–138. [CrossRef]

43. Karbanová, J.; Soukup, T.; Suchánek, J.; Pytlík, R.; Corbeil, D.; Mokrý, J. Characterization of dental pulp stem cells from impacted
third molars cultured in low serum-containing medium. Cells Tissues Organs 2011, 193, 344–365. [CrossRef]

44. Wang, X.T.; Rao, N.Q.; Fang, T.J.; Zhao, Y.M.; Ge, L.H. Comparison of the properties of CD146 positive and CD146 negative
subpopulations of stem cells from human exfoliated deciduous teeth. Beijing Da Xue Xue Bao Yi Xue Ban 2018, 50, 284–292.
[PubMed]

45. Rusu, M.C.; Loreto, C.; Sava, A.; Manoiu, V.; Didilescu, A.C. Human adult dental pulp CD117/c-kit-positive networks of stromal
cells. Folia Morphol. 2014, 73, 68–72. [CrossRef] [PubMed]

46. Blume-Jensen, P.; Claesson-Welsh, L.; Siegbahn, A.; Zsebo, K.M.; Westermark, B.; Heldin, C.H. Activation of the human c-kit
product by ligand-induced dimerization mediates circular actin reorganization and chemotaxis. EMBO J. 1991, 10, 4121–4128.
[CrossRef] [PubMed]

47. LeBien, T.W.; McCormack, R.T. The common acute lymphoblastic leukemia antigen (CD10)–emancipation from a functional
enigma. Blood 1989, 73, 625–635. [CrossRef] [PubMed]

48. Jongeneel, C.V.; Quackenbush, E.J.; Ronco, P.; Verroust, P.; Carrel, S.; Letarte, M. Common acute lymphoblastic leukemia antigen
expressed on leukemia and melanoma cell lines has neutral endopeptidase activity. J. Clin. Invest. 1989, 83, 713–717. [CrossRef]
[PubMed]

49. Ledesma-Martinez, E.; Mendoza-Nunez, V.M.; Santiago-Osorio, E. Mesenchymal Stem Cells Derived from Dental Pulp: A Review.
Stem Cells Int. 2016, 2016, 4709572. [CrossRef] [PubMed]

50. Verma, N.K.; Kelleher, D. Not Just an Adhesion Molecule: LFA-1 Contact Tunes the T Lymphocyte Program. J. Immunol. 2017,
199, 1213–1221. [CrossRef]

51. Todd, R.F., 3rd. The continuing saga of complement receptor type 3 (CR3). J. Clin. Invest. 1996, 98, 1–2. [CrossRef]
52. Gomez, J.C.; Doerschuk, C.M. The role of CD18 in the production and release of neutrophils from the bone marrow. Lab. Invest.

2010, 90, 599–610. [CrossRef]
53. Rodriguez-Lozano, F.J.; Bueno, C.; Insausti, C.L.; Meseguer, L.; Ramirez, M.C.; Blanquer, M.; Marin, N.; Martinez, S.;

Moraleda, J.M. Mesenchymal stem cells derived from dental tissues. Int. Endod. J. 2011, 44, 800–806. [CrossRef]
54. Lertkiatmongkol, P.; Liao, D.; Mei, H.; Hu, Y.; Newman, P.J. Endothelial functions of platelet/endothelial cell adhesion molecule-1

(CD31). Curr. Opin. Hematol. 2016, 23, 253–259. [CrossRef]

http://doi.org/10.1111/j.1749-6632.1967.tb34870.x
http://www.ncbi.nlm.nih.gov/pubmed/4962802
http://doi.org/10.14712/18059694.2017.82
http://doi.org/10.1359/JBMR.050325
http://www.ncbi.nlm.nih.gov/pubmed/16007337
http://doi.org/10.1155/2010/673513
http://doi.org/10.3390/biom11030464
http://doi.org/10.1016/j.cryobiol.2007.05.006
http://doi.org/10.14670/hh-28.1109
http://doi.org/10.14712/18059694.2014.9
http://doi.org/10.1158/1078-0432.CCR-17-1778
http://doi.org/10.4103/0972-0707.117509
http://doi.org/10.1089/ars.2010.3522
http://doi.org/10.1007/978-3-319-33299-4_1
http://doi.org/10.1007/s13577-017-0198-2
http://doi.org/10.1159/000321160
http://www.ncbi.nlm.nih.gov/pubmed/29643528
http://doi.org/10.5603/FM.2014.0009
http://www.ncbi.nlm.nih.gov/pubmed/24590525
http://doi.org/10.1002/j.1460-2075.1991.tb04989.x
http://www.ncbi.nlm.nih.gov/pubmed/1721869
http://doi.org/10.1182/blood.V73.3.625.625
http://www.ncbi.nlm.nih.gov/pubmed/2465037
http://doi.org/10.1172/JCI113936
http://www.ncbi.nlm.nih.gov/pubmed/2521492
http://doi.org/10.1155/2016/4709572
http://www.ncbi.nlm.nih.gov/pubmed/26779263
http://doi.org/10.4049/jimmunol.1700495
http://doi.org/10.1172/JCI118752
http://doi.org/10.1038/labinvest.2010.4
http://doi.org/10.1111/j.1365-2591.2011.01877.x
http://doi.org/10.1097/MOH.0000000000000239


Int. J. Mol. Sci. 2021, 22, 4432 23 of 23

55. Sidney, L.E.; Branch, M.J.; Dunphy, S.E.; Dua, H.S.; Hopkinson, A. Concise review: Evidence for CD34 as a common marker for
diverse progenitors. Stem Cells 2014, 32, 1380–1389. [CrossRef]

56. Morath, I.; Hartmann, T.N.; Orian-Rousseau, V. CD44: More than a mere stem cell marker. Int. J. Biochem. Cell Biol. 2016, 81,
166–173. [CrossRef]

57. Rheinländer, A.; Schraven, B.; Bommhardt, U. CD45 in human physiology and clinical medicine. Immunol. Lett. 2018, 196, 22–32.
[CrossRef]

58. Sundberg, M.; Jansson, L.; Ketolainen, J.; Pihlajamäki, H.; Suuronen, R.; Skottman, H.; Inzunza, J.; Hovatta, O.; Narkilahti, S.
CD marker expression profiles of human embryonic stem cells and their neural derivatives, determined using flow-cytometric
analysis, reveal a novel CD marker for exclusion of pluripotent stem cells. Stem Cell Res. 2009, 2, 113–124. [CrossRef]

59. Weng, J.; Krementsov, D.N.; Khurana, S.; Roy, N.H.; Thali, M. Formation of syncytia is repressed by tetraspanins in human
immunodeficiency virus type 1-producing cells. J. Virol. 2009, 83, 7467–7474. [CrossRef]

60. Kweekel, D.M.; Antonini, N.F.; Nortier, J.W.; Punt, C.J.; Gelderblom, H.; Guchelaar, H.J. Explorative study to identify novel
candidate genes related to oxaliplatin efficacy and toxicity using a DNA repair array. Br. J. Cancer 2009, 101, 357–362. [CrossRef]

61. Craig, W.; Kay, R.; Cutler, R.L.; Lansdorp, P.M. Expression of Thy-1 on human hematopoietic progenitor cells. J. Exp. Med. 1993,
177, 1331–1342. [CrossRef]

62. Saalbach, A.; Anderegg, U. Thy-1: More than a marker for mesenchymal stromal cells. FASEB J. 2019, 33, 6689–6696. [CrossRef]
63. Dallas, N.A.; Samuel, S.; Xia, L.; Fan, F.; Gray, M.J.; Lim, S.J.; Ellis, L.M. Endoglin (CD105): A marker of tumor vasculature and

potential target for therapy. Clin. Cancer Res. 2008, 14, 1931–1937. [CrossRef]
64. Fonsatti, E.; Maio, M. Highlights on endoglin (CD105): From basic findings towards clinical applications in human cancer. J.

Transl. Med. 2004, 2, 18. [CrossRef] [PubMed]
65. Martinelli, R.; Gegg, M.; Longbottom, R.; Adamson, P.; Turowski, P.; Greenwood, J. ICAM-1-mediated endothelial nitric oxide

synthase activation via calcium and AMP-activated protein kinase is required for transendothelial lymphocyte migration. Mol.
Biol. Cell 2009, 20, 995–1005. [CrossRef] [PubMed]

66. Cook-Mills, J.M. VCAM-1 signals during lymphocyte migration: Role of reactive oxygen species. Mol. Immunol. 2002, 39, 499–508.
[CrossRef]

67. Covas, D.T.; Panepucci, R.A.; Fontes, A.M.; Silva, W.A., Jr.; Orellana, M.D.; Freitas, M.C.; Neder, L.; Santos, A.R.; Peres, L.C.;
Jamur, M.C.; et al. Multipotent mesenchymal stromal cells obtained from diverse human tissues share functional properties and
gene-expression profile with CD146+ perivascular cells and fibroblasts. Exp. Hematol. 2008, 36, 642–654. [CrossRef]

68. Russell, K.C.; Phinney, D.G.; Lacey, M.R.; Barrilleaux, B.L.; Meyertholen, K.E.; O’Connor, K.C. In vitro high-capacity assay
to quantify the clonal heterogeneity in trilineage potential of mesenchymal stem cells reveals a complex hierarchy of lineage
commitment. Stem Cells 2010, 28, 788–798. [CrossRef]

69. Swart, G.W. Activated leukocyte cell adhesion molecule (CD166/ALCAM): Developmental and mechanistic aspects of cell
clustering and cell migration. Eur. J. Cell Biol. 2002, 81, 313–321. [CrossRef]

70. Ponnaiyan, D.; Bhat, K.M.; Bhat, G.S. Comparison of immuno-phenotypes of stem cells from human dental pulp and periodontal
ligament. Int. J. Immunopathol. Pharm. 2012, 25, 127–134. [CrossRef]

71. Quirici, N.; Soligo, D.; Bossolasco, P.; Servida, F.; Lumini, C.; Deliliers, G.L. Isolation of bone marrow mesenchymal stem cells by
anti-nerve growth factor receptor antibodies. Exp. Hematol. 2002, 30, 783–791. [CrossRef]

72. Hewitt, E.W. The MHC class I antigen presentation pathway: Strategies for viral immune evasion. Immunology 2003, 110, 163–169.
[CrossRef]

73. Machado Cde, V.; Telles, P.D.; Nascimento, I.L. Immunological characteristics of mesenchymal stem cells. Rev. Bras. Hematol.
Hemoter. 2013, 35, 62–67. [CrossRef]

74. Lv, F.J.; Tuan, R.S.; Cheung, K.M.; Leung, V.Y. Concise review: The surface markers and identity of human mesenchymal stem
cells. Stem Cells 2014, 32, 1408–1419. [CrossRef]

http://doi.org/10.1002/stem.1661
http://doi.org/10.1016/j.biocel.2016.09.009
http://doi.org/10.1016/j.imlet.2018.01.009
http://doi.org/10.1016/j.scr.2008.08.001
http://doi.org/10.1128/JVI.00163-09
http://doi.org/10.1038/sj.bjc.6605134
http://doi.org/10.1084/jem.177.5.1331
http://doi.org/10.1096/fj.201802224R
http://doi.org/10.1158/1078-0432.CCR-07-4478
http://doi.org/10.1186/1479-5876-2-18
http://www.ncbi.nlm.nih.gov/pubmed/15193152
http://doi.org/10.1091/mbc.e08-06-0636
http://www.ncbi.nlm.nih.gov/pubmed/19073885
http://doi.org/10.1016/S0161-5890(02)00206-7
http://doi.org/10.1016/j.exphem.2007.12.015
http://doi.org/10.1002/stem.312
http://doi.org/10.1078/0171-9335-00256
http://doi.org/10.1177/039463201202500115
http://doi.org/10.1016/S0301-472X(02)00812-3
http://doi.org/10.1046/j.1365-2567.2003.01738.x
http://doi.org/10.5581/1516-8484.20130017
http://doi.org/10.1002/stem.1681

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	DPSC Lineages 
	The Uncontrolled-Rate Freezing 
	Cell Thawing 
	Cryopreservation Effect on DPSC Characteristics 
	Statistical Analysis 

	Conclusions 
	References

