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Abstract: Autogenous gingival grafts used for root coverage or gingival augmentation procedures
often result in donor site morbidity. Living cellular constructs as an exogenous alternative have been
proven to be associated with lower morbidity. With the available background information, the present
study aims to assess if quercetin-induced living cell constructs, derived from dental pulp stem cells,
have the potential to be applied as a tool for soft tissue augmentation. The characterized dental pulp
stem cells (positive for CD73, CD90, and negative for CD34, HLA-DR) were expanded in Dulbecco’s
Modified Eagle’s medium (DMEM) supplemented with 10 mM quercetin. The handling properties of
the quercetin-induced dental pulp stem cell constructs were assessed by visual, and tactile sensation.
A microscopic characterization using hematoxylin and eosin staining, and qRT-PCR-based analysis
for stemness-associated genes (OCT4, NANOG, SOX2, and cMyc) was also performed. Dental pulp
stem cells without quercetin administration were used as the control. Dental pulp stem cell constructs
induced by quercetin easily detached from the surface of the plate, whereas there was no formation
in the control cells. It was also simple to transfer the induced cellular construct on the flattened
surface. Microscopic characterization of the constructs showed cells embedded in a tissue matrix.
Quercetin also increased the expression of stemness-related genes. The use of quercetin-induced
DPSC living constructs for soft tissue augmentation could provide an alternative to autogenous soft
tissue grafts to lower patient morbidity and improve esthetic outcomes.
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1. Introduction

One of the main challenges faced in clinical periodontology is restoration of the lost
supporting apparatus. Periodontitis, as an inflammatory condition of microbial etiology, dis-
rupts the integrity of the periodontium and causes gingival recession with loss of keratinized
tissues. It is also noteworthy that gingival recession could arise from calculus deposition [1],
faulty tooth-brushing habits [2,3], and could also be an outcome of anatomic anomalies of the
mucogingival apparatus. Whatever the case, elimination of the etiology of gingival recession,
coupled with periodontal plastic surgical procedures in indicated cases, is considered the
standard management approach for gingival recessions and other mucogingival defects. Root
coverage procedures are achieved often by the use of repositioned flap techniques, or by the
use of free grafts/biomaterials, such as enamel matrix derivatives, to cover the denuded root
and restore aesthetics. In this regard, the most commonly employed technique is to obtain
autogenous soft tissue grafts from the patient’s palate. A recently published consensus report,
analyzing three significant systematic reviews, concluded that root coverage of single tooth
recessions with the use of coronally advanced flaps or connective tissue autografts/enamel
matrix derivatives is clinically feasible; however, the coverage of multiple tooth recessions
with interdental tissue loss remains a clinical challenge [1]. It is in this scenario that the field
of regenerative medicine could come to the rescue. With advancements in the field of tissue
engineering and regenerative medicine, cell sheets have been cultured and could be clinically
used for the management of gingival recession.

In dentistry, the cultivation of living cells such as fibroblasts and keratinocytes into
a scaffolding matrix has gained popularity in the field of periodontal plastic surgery
and mucogingival procedures. The cells obtained from a patient are cultured and used
in an autogenous manner in the same patient for periodontal reconstruction. Yamada
et al., for the first time, published their pioneering work on cell sheet engineering [4,5].
Recently, a more cost-effective approach to cell sheet formation, by culturing cells under the
high-density condition on regular culture dishes, has been propounded and successively
utilized [4–6]. The cell sheet technology has the potential to rectify the conundrum of
scaffold fabrication [4,7,8]. The biggest setback of scaffold-based tissue engineering is the
inflammatory response post-implantation, which hinders the utility of scaffolds and tissue
engineering processes [9,10]. There is no need to employ synthetic biodegradable scaffolds
in cell sheet technology, which thereby attenuates the risks of using scaffolds, and also
reduces the post-transplantation immune response which can lead to graft rejection [11,12].
Cell sheet technology promotes the secretion of a matrix from cultured cells, which is
feasible to harvest as an intact sheet [4,13,14]. By using this technique, the disbandment of
isolated cells can be thwarted, even without using artificial scaffolds. This also helps in
maintaining the desired shape by stacking the sheets of cell monolayers. Moreover, cell
sheets show superior adhesion and ameliorated tissue regeneration. At the same time,
cell sheets prevent unforeseen effects of the matrix as well as the action of proteolytic
enzymes on surface molecules, hence representing a more innovative approach [4,7,11,15].
It has been understood that living cells, when used for the above-mentioned purpose,
interact well with the host tissues modulating cytokine and growth factor expression and
release, which heralds the process of wound healing and regeneration [16,17]. It is also
understood that living cell constructs can be fabricated from stem cells under the influence
and inducement of various chemical signals that can be administered in vitro. In this
regard, quercetin is a molecule that has not been explored for its potential in inducing
the formation of living cell constructs. Quercetin is a flavonoid molecule found in fruits,
vegetables, grains, and wine [18]. It can be aptly termed a phytoestrogen, and has anti-
inflammatory [19], antibacterial [20], and anticancer [21] properties.

Other than these properties, quercetin is also known to promote the proliferation and
maintenance of stem cell integrity, without altering the stemness properties of the cells.
The abovementioned effect of quercetin has been tested on human skin tissue stem cell
cultures, where quercetin administration increased the proliferation rate of the stem cells
through the estrogen receptor/β-catenin/c-Myc/cyclin A2 signaling pathway [22]. These
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functions compel us to explore the effects of quercetin on dental pulp stem cells. With the
available background information, the present research study proposes the alternative use
of living cell constructs, derived from dental pulp stem cells akin to scaffolds, consequently
augmented with quercetin administration as a tool intended for soft tissue augmentation.
It is reiterated that the principal objective behind the present study, although clinically
not tested or implemented, is the fabrication of autogenous cell constructs, viz., obtaining
dental pulp stem cells from a patient, followed by fabrication of living cell constructs under
the influence of quercetin, for clinical use on the same patient.

2. Materials and Methods

The study protocol was approved by Scientific Research (IRB), College of Dentistry,
Jazan University, Jazan, Saudi Arabia (CODJU-19702).

2.1. Sample Collection

Human third molar teeth were collected from healthy subjects, aged 14–25, undergoing
orthodontic tooth extraction with appropriate oral hygiene (n = 5). Informed consent
was obtained in accordance with institutional ethics considerations. The pulp tissue
was extirpated from the extracted teeth using sterile and aseptic protocols, and directly
transferred to the molecular biology laboratory for further processing.

2.2. Culture and Expansion of Human DPSCs

Isolation and characterization of DPSCs was carried out using the explant culture method
described previously. Briefly, pulp tissue was minced into tiny fragments, and the pieces were
placed in 35 mm polystyrene plastic culture dishes. A sufficient amount of fetal bovine serum
(FBS) (Gibco, Rockville, MD, USA) was added to the tissues to cover them completely. A 24 h
incubation at 37 ◦C and 5% CO2 was completed for explant tissue containing FBS; the whole
DPSCs culture system was further maintained in DMEM (Invitrogen, Carlsbad, CA, USA),
supplemented with 20% FBS and antibiotic-antimycotic solution at the same temperature
and CO2 conditions. The culture medium was replenished twice weekly, and the cell growth,
health, and morphology were monitored regularly with an inverted phase-contrast micro-
scope. At 70–80% confluence, cells were detached using 0.25% Trypsin-EDTA solution
(Invitrogen, Carlsbad, CA, USA) and transferred to a bigger, 25 cm2 polystyrene culture flask
(Nunc, Rochester, NY, USA). Confluent DPSCs were detached using 0.25% Trypsin-EDTA
solution and then continuously passaged in for expansion and further experiments. Cells
from passage 2 to 4 were used in the experimentation.

2.3. Characterization of DPSCs Using Flow Cytometry

The confluent DPSCs were garnered for flow cytometry analysis. They were doused
with phosphate buffer saline and incubated with anti-CD73-PE, anti-CD34-APC, anti-CD90-
FITC, and anti-HLA-DR-PE (all monoclonal) antibodies (all from Invitrogen) for 30 min at
4 ◦C. Per sample, a minimum acquirement of 10,000 events was achieved. In comparison
to the control, the calculation of the positive staining degree was inferred in percentage.

2.4. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assay of DPSC
Following Quercetin Treatment

MTT assay was employed to assess the cell viability for DPSCs treated with quercetin.
The cells were seeded into 96-well plates (cell density per well was 5 × 103 cells) and
incubated with appropriate concentrations of quercetin (0.5 µM, 2 µM, 5 µM, 10 µM, 20 µM,
and 50 µM) mixed with the complete medium (DMEM + 10% FBS) for 48 h. Following
this, to individual wells, an addition of MTT (Sigma, St. Louis, MO, USA) solution of
0.5 mg/mL was made, and the plates were incubated for 4 h at 37 ◦C. Subsequently,
following the removal of the medium, to the individual wells, 100 µL dimethyl sulfoxide
(DMSO) (Sigma) was added. The measurement of absorbance was performed at 570 nm
using a spectrophotometer.
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2.5. Formation of Cell Constructs

The DPSCs were seeded in 35 mm tissue culture dishes and fed with the complete
growth medium containing DMEM with 20% FBS, with or without 10 µM quercetin directly
dissolved in DMEM for 15 days. The medium was changed every alternate day. The layer
and cell constructs formed by the cells were then gently detached from the surface of the
dishes with forceps.

2.6. Characterization of Living Cell Constructs

The cell constructs formed by the DPSCs were further subjected to experimental
procedures to assess the histology of the cell sheets by hematoxylin and eosin staining.

2.7. Real-Time PCR for Analysis of Gene Expression

Using the Trizol RNA extraction method, the RNA was obtained from the pelleted
cells fractionated from the cell sheets. cDNA synthesis kit was used for reverse transcribing
and 1 µg RNA. Quantitative analysis of genes of interest presented in Table 1 along with
the primer sequences was performed using SYBR Green PCR master mix on a quantitative
RT-PCR system. Expression of target genes was normalized to a β-actin gene using the
∆∆Ct method. The 2−∆∆Ct method was employed to quantify the data on the relative gene
expression. This was normalized to the average CT for the β-actin gene.

Table 1. List of primers.

Gene Forward Primer Reverse Primer

NANOG 5′-TTT GTG GGC CTG AAG AAA ACT-3′ 5′-AGG GCT GTC CTG AAT AAG CAG-3′

OCT4 5′-GTG GAG GAA GCT GAC AAC AA-3′ 5′-ATT CTC CAG GTT GCC TCT CA-3′

cMyc 5′-AGA AAT GTC CTG AGC AAT CAC C-3′ 5′-AAG GTT GTG AGG TTG CAT TTG A-3′

SOX2 5′-CCA GCA GAC TTC ACA TGT CC-3′ 5′-ACA TGT GTG AGA GGG GCA GT-3′

ACTIN 5′-AGA GCT ACG AGC TGC CTG AC-3′ 5′-AGC ACT GTG TTG GCG TAC AG-3′

3. Results

DPSCs were observed under a phase-contrast microscope for their morphological
attributes. DPSC appeared elongated and spindle-shaped (Figure 1A). The growth of the
cells was continuously monitored throughout the protocol duration. The cells looked
healthy with some gradual morphological changes. There was no sign of cell death as
no floating cells were observed, and the cells remained attached to the surface. The MTT
assay was performed to check the viability of the DPSCs after treatment with quercetin.
Concentrations including and below 10 µM of quercetin were found to be non-toxic to
DPSCs (Figure 1B).
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Figure 1. Characterization of DPSCs. (A) DPSCs at Passage 2. Scale bar = 100 µm; (B) The MTT 
assay. Concentrations including and below 10 µM of quercetin were found to be non-toxic to 
DPSCs. n.s. not significant. ** p < 0.001. 

3.1. Assessment of Expression of Stem Cell Markers in the Dental Pulp Stem Cells by Flow 
Cytometry

Expression of CD73 (>90%) and CD90 (>90%), the mesenchymal stem cell markers, were 
shown by the DPSCs (Figure 2); however, all the DPSCs did not show the expression of CD34, 
which is a hematopoietic stem cell marker, and HLA-DR, the MHC class-II cell surface 
receptor (Figure 2). 

Figure 1. Conts.
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Figure 1. Characterization of DPSCs. (A) DPSCs at Passage 2. Scale bar = 100 µm; (B) The MTT assay.
Concentrations including and below 10 µM of quercetin were found to be non-toxic to DPSCs. n.s.
not significant. ** p < 0.001.

3.1. Assessment of Expression of Stem Cell Markers in the Dental Pulp Stem Cells by Flow
Cytometry

Expression of CD73 (>90%) and CD90 (>90%), the mesenchymal stem cell markers,
were shown by the DPSCs (Figure 2); however, all the DPSCs did not show the expression
of CD34, which is a hematopoietic stem cell marker, and HLA-DR, the MHC class-II cell
surface receptor (Figure 2).
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3.2. Effects of Quercetin Administration on Cell Sheet Characteristics and Physical Properties

The morphology of DPSCs at different time points of cell sheet induction (Day 3,
Day 10, and Day 15) were assessed (Figure 3). The cell constructs induced from the
DPSCs with the treatment of quercetin were easily detached from the surface of the plate
with the forceps, whereas there was no formation in the control cells (without quercetin
treatment) (Figure 4A). We observed that it was simple to transfer the cell construct on the
flattened surface (Figure 4B). Histological characterization of the cell construct stained with
hematoxylin and eosin showed that the sheet was intermingled with cells surrounding a
tissue matrix (Figure 4C).
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Figure 4. Acquisition and microscopic analysis of the cell constructs. (A) A cell construct detached
from the surface of the plate; (B) DPSC–cell construct spread on a flat surface; (C) Histology of the
cell construct with H & E staining.

3.3. Assessment of Expression of Stemness-Related Genes in DPSCs with and without Quercetin
Treatment

The cells from the living construct were subjected to RNA isolation, and the same was
conducted for DPSCs without treatment. The qRT-PCR analysis demonstrated that the
expression of stemness-related genes OCT4, NANOG, SOX2, and cMyc was significantly
increased with the use of quercetin (Figure 5).
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4. Discussion

The present study was performed to fabricate cell constructs, derived from human
dental pulp stem cells, and cultured from explant tissues. The purpose was to form an
exogenous living scaffold as an alternative to autogenous tissue grafts. A plethora of
surgical techniques aimed at augmenting soft tissues around both natural teeth and dental
implants have been documented in the literature. These procedures use the principles
of periodontal plastic surgery and employ the use of soft tissue grafts obtained from the
patient as an autograft from suitable donor sites [23,24]. The preferred donor site for
graft harvest is mainly the hard palate from which both free gingival autografts and free
connective tissue autografts can be obtained. However, these techniques, even though they
are associated with moderate predictability, are associated with other combined adverse
effects such as severe pain and ulceration in the donor site, and aesthetic concerns such
as color match discrepancy with the neighboring grafted sites, and so on. To circumvent
these difficulties, tissue engineering and regenerative medicine techniques have employed
the use of scaffolds that have biomimetic properties and can be used in soft tissue aug-
mentation [25,26]. There are also commercially available scaffolds obtained from various
sources such as AlloDerm, which are classically described as human-derived acellular
dermal matrices. The problem which can be anticipated with synthetic scaffolds, termed
alloplasts, is a lack of biocompatibility. Moreover, the lack of presence of living cells in a
viable state in these alloplastic scaffolds reduces their regenerative potential. Concerning
xenograft materials, there is an associated risk of prion-induced diseases which can occur
with long-term use [27]. It is also noted that cultural and social concerns may reduce
the acceptability of animal-derived products for many patients undergoing periodontal
regenerative procedures.
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Today can be rightly called the era of stem cell advances. Stem cells can be obtained
from various sources such as blood, umbilical cord, bone marrow, and human teeth, and
are broadly hematopoietic or mesenchymal in origin. Mesenchymal stem cells (MSCs) have
been shown to improve wound healing and regenerate tissue owing to their paracrine
secretions and differentiation ability [28,29]. Various organs and connective tissues com-
prising fat tissue, umbilical cord, bone marrow, dental pulp, and skin can be used to
retrieve or isolate MSCs [4,28–31]. Dental stem cells, a particular type of MSC, have been
retrieved from the periodontal ligament, apical papilla, gingiva, dental follicle, and dental
pulp [29,30]. Each of these sources can give rise to another, different type of dental stem
cell. Stem cells from dental pulp (DPSCs) are exclusive since these are of neural crest origin
and possess the aptitude for self-replenishment and differentiation into many specialized
cell lineages [29]. Human DPSCs express a specific set of surface markers that are exclu-
sively expressed by embryonic stem cells (ESCs) and MSCs [7,29,31]. Furthermore, DPSCs
have been revealed to demonstrate a great aptitude for bone or dentin construction in
colony-derived clones after being introduced to animal models [29–32]. The DPSCs could
provide a valued reserve for cell replacement therapeutics and tissue engineering. Besides
this, there are very narrow legal and ethical concerns about the therapeutic practice of the
DPSCs, hence the accumulated attention on DPSCs for regenerative biology research [33].
Human dental pulp tissue is rich in stem cells and can be easily harvested from extracted
healthy human teeth. Cell sheet technology is another advance in the field of stem cell
biology. A recent study [7] has used this technology to fabricate dental pulp stem cell
sheets for bone regeneration. It is noteworthy that this study used a clonogenic medium
containing vitamin C. The present study had a similar aim of fabricating dental pulp stem
cell, living constructs. As a part of this pursuit, pulp tissue was obtained from human teeth,
extracted for orthodontic purposes. The pulp tissue was subjected to maceration, and the
stem cells isolated from the tissues were cultured and expanded in vitro. To characterize the
same as stem cells, the flow cytometry technique was used with an array of markers. The
results revealed that the cells expressed CD73 (>90%) and CD90 (>90%), the mesenchymal
stem cell markers, and did not express CD34, the hematopoietic stem cell marker. This
finding is of paramount importance to ascertain that the cells were mesenchymal stem cells
and were not hematopoietic in origin. Furthermore, these cells were cultured in a medium
containing quercetin. It was found by MTT assay that quercetin concentrations <10 µM
were non-toxic to the DPSCs. Concerning stem cells, quercetin has been shown to increase
the proliferation rate of epidermal stem cells in an in vitro skin culture model [22]. These
results demonstrate the positive effects of quercetin in stem cell biology. However, this
molecule has not been used in the fabrication of living stem cell constructs. To explore
this, the present study administered quercetin to the stem cells during the cell construct
fabrication process. This addition yielded promising results. The mechanical properties
of the cell constructs were better in the present study, as manipulation of the sheet was
easier in the quercetin group, compared to the control cells that were cultured without
quercetin administration. A hematoxylin and eosin staining process revealed the presence
of an extracellular matrix with significant content in the cell sheets. Furthermore, a ge-
netic analysis by PCR technique revealed an elevation in stemness-related genes under
the influence of quercetin. Previous studies have reported that there is an expression
of chondrogenesis-related genes in the stem cells after cell sheet formation [10,11]. The
stem cells start differentiating after the cell sheet induction. However, with the use of
quercetin, this hurdle could be overcome. It is always considered a necessary task for a
stem cell to maintain its pluripotency while multiplying in number [7,30], in order for the
stem cells to further grow and fulfill their functions in the transplanted environment. The
findings of the present study shed light on the use of a modality, termed bioengineered
live cellular therapy, which precisely denotes the use of live cell constructs to achieve the
regeneration of soft tissues. Previous studies have used constructs with living keratinocytes
and fibroblasts, obtained from oral tissues, for soft tissue augmentation [34,35]. The pri-
mary advantage of using living cell constructs as modalities for attempting tissue repair
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is mainly based on the fact that these constructs, even though composed of live cells, do
not act like autografts. When they are placed in the surgical site, they aid orchestrated
healing by timed production and release of growth factors and cytokines, such as vascular
endothelial growth factor. This stimulates angiogenesis and fosters the cells in the wound
microenvironment to differentiate into an array of different cell types in a timed manner
for complete regeneration [16]. The present study is novel; a live cell construct composed
of DPSC has been successfully initiated and carried out under the influence of quercetin.
The multifaceted properties of quercetin make this molecule ideal for use in aiding the
formation of dental pulp stem cell living constructs. These constructs are predominantly
intended for use in periodontal plastic surgical procedures, where they would be grafted
onto the gingival recession sites to regenerate the lost gingiva. The significant hurdle
associated with the procedure is the need for tooth extraction to isolate and expand dental
pulp stem cells. This may be a concern and may have reduced acceptance among patients
who may defer dental extraction. However, considering the benefits over the risks, there
could be more patients in the future opting for such novel treatment modalities.

5. Conclusions

In the present study, quercetin was shown to successfully initiate living cell constructs
in DPSCs, under specific nutritional supplementation. The procedure of obtaining DPSCs
and subsequent fabrication of the living cell constructs takes approximately 2 weeks. In
terms of timing, the procedure is highly clinically feasible. However, these protocols
need to be further optimized to achieve tailor-made living cell constructs within a shorter
period, for applications in regenerative medicine. This technique is easy to apply and is a
promising alternative to current treatments. The present research is in a nascent stage and
has not yet been applied on patients. The future target would be to apply the living cell
constructs successfully on patients needing periodontal plastic surgery. If fruitful results
are obtained, it will be easy and feasible to use these cell constructs for autogenous soft
tissue augmentation in dentistry.
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