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Abstract: Stem cell usage provides novel avenues of tissue regeneration and therapeutics across 

disciplines. Apart from ethical considerations, the selection and amplification of donor stem 

cells remain a challenge. Various biopolymers with a wide range of properties have been used 

extensively to deliver biomolecules such as drugs, growth factors and nucleic acids, as well as 

to provide biomimetic surface for cellular adhesion. Using human tooth germ stem cells with 

high proliferation and transformation capacity, we have investigated a range of biopolymers 

to assess their potential for tissue engineering. Tolerability, toxicity, and their ability to direct 

differentiation were evaluated. The majority of pluronics, consisting of both hydrophilic and 

hydrophobic poly(ethylene oxide) chains, either exerted cytotoxicity or had no significant 

effect on human tooth germ stem cells; whereas F68 increased the multi-potency of stem cells, 

and efficiently transformed them into osteogenic, chondrogenic, and adipogenic tissues. The 

data suggest that differentiation and maturation of stem cells can be promoted by selecting the 

appropriate mechanical and chemical properties of polymers. It has been shown for the first 

time that F68, with its unique molecular characteristics, has a great potential to increase the 

differentiation of cells, which may lead to the development of new tissue engineering strategies 

in regenerative medicine.

Keywords: biopolymer, differentiation, human tooth germ stem cell (hTGSC), mesenchymal 

stem cell, pluronic, toxicity

Introduction
Various pathological conditions such as trauma, inflammation, degeneration, 

neoplastic proliferation, and surgical removal of tumors may lead to loss of skel-

etal tissue. Bony dehiscence can be treated by either replacement (ie, implanting 

grafts or prostheses) or by locally increasing osteogenesis to stimulate internal 

repair mechanisms of the body.1,2 The latter is addressed by regenerative medicine, 

including tissue engineering, whereby various sources are utilized to fabricate a 

desired biological structure. Stem cells have recently become prime candidates 

as they are capable of self-renewal and can differentiate into diverse specialized 

cellular types. These donor cells may be of embryonic or adult (post-natal) origin. 

However, induced pluripotent stem (iPS) cell sources have also become of interest 

whereby somatic cells are artificially transformed into pluripotency. Despite great 

enthusiasm and major progress, various ethical, legal, technical, safety, and other 

concerns still exist.

Complex regeneration of the skeletal system requires bony structures as well 

as cartilage. Multipotent mesenchymal stem cells (MSCs) can be converted into 
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osteoblasts and chondrocytes, and can be found in virtually 

all postnatal organs, such as nonhematopoietic bone marrow, 

adipose tissue, synovial membrane, skeletal muscle, skin, 

trabecular bone, lung, and dental pulp.3 Recently, human 

tooth germ stem cells (hTGSCs), isolated from the third 

molars (wisdom teeth) of young adults, have been shown 

to exert MSC characteristics. The tooth germ (or tooth bud) 

is an aggregation of progenitor cells that forms a tooth, 

consisting of the dental papilla, the dental follicle, and the 

enamel organ.4 Tooth germs of third molars were reported 

to develop after the age of 6 years, but remain undifferenti-

ated before this time. This may explain why MSCs derived 

from third molars are highly proliferative and multipotent.5 

Moreover, stem cells residing in tooth germs have the ability 

to differentiate into several cell lines that originate from any 

of the three germ layers (ecto-, meso-, and endoderm).6

Instead of producing a mere cluster of newly formed 

cells, developing specific mechanical and structural proper-

ties for adequate functioning is essential in order to attain 

clinical relevance. To address this problem, stem cells can be 

cultured on natural or synthetic constructs that are intended 

to simulate a physiological microenvironment in order to 

promote tissue development. Such engineered extracellular 

matrices provide a foundation to adhere as well as grow, 

and are capable of supporting three-dimensional tissue 

formation. The properties of these biomimetic scaffolds can 

be manipulated to control cell behavior, including differentia-

tion towards a specific lineage.7,8

Pluronics, also known as poloxamers, are biologically 

active polymers. Based on their relative biocompatibility 

and low cost, pluronics are good candidates in tissue engi-

neering applications.9,10 Consisting of triblocks composed 

of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic 

poly(propylene oxide) (PPO) chains in the form of PEO
X
-

PPO
Y
-PEO

X
, pluronics exhibit surfactant properties and can 

interact with biological membranes. For instance, pluronic 

unimers (single chain molecules) are able to incorporate into 

lipid bi-layers or even translocate through cell membranes.11,12 

At high concentrations, pluronics aggregate into micelles 

between 10 and 100 nm in size, whereby PPO chains form 

the hydrophobic core enclosed by a  hydrophilic PEO sur-

face. As they can spontaneously incorporate  (“solubilize”) 

several molecules, such micelles may serve as vehicles for 

delivery of therapeutic agents, including drugs, growth-

factors, or nucleic acids (genes).13 The various subtypes 

have specific structure-dependent properties.14 Pluronic F68 

of the PEO
76

PPO
29

PEO
76

 formula, also known as poloxamer 

188, prevents cellular aggregation and protects cells from 

mechanical stress by attaching to the cellular membrane 

surface.15,16 Pluronic P85 (PEO
26

PPO
40

PEO
26

) has the 

 ability to inhibit various transporters, such as breast cancer-

 resistant protein, multidrug resistance protein 2 (MDR
2
), and 

P- glycoprotein (Pgp, also known as MDR
1
), thereby enhanc-

ing the cellular accumulation of anticancer and other drugs 

that are normally excluded from cells by these transporters.17 

Pluronic F127 (PEO
100

PPO
65

PEO
100

), or poloxamer 407,  easily 

forms micelles and has been used as an efficient carrier for 

various hydrophobic drugs. It also interacts with cell surfaces, 

and can therefore be used as a scaffold system for carrying 

cells in various tissue engineering applications.9,18,19

In this study, we hypothesize that these various poly-

meric biomaterials with distinctive chemical and mechanical 

properties could be employed to enhance the differentiation 

of hTGSCs to bony tissues as a potential system for skel-

etal repair. This study represents one of the first attempts 

to use synthetic amphiphilic block copolymers as bio-

logical response modulators in culturing and differentiating 

MSCs.

Materials and methods
Isolation and characterization of hTGSCs
Human tooth germs were taken from the wisdom teeth of 

a 13-year-old patient following a routine dental  treatment. 

Following approval from the Institutional Ethics Committee 

of Istanbul University (Turkey), written consent was 

obtained from the patient and his parents. hTGSCs were 

isolated and characterized as described previously by our 

group.20 Cells were removed from flasks with trypsin-

ethylenediaminetraacetic acid (Invitrogen, Paisley, UK) and 

incubated with primary antibodies diluted in phosphate-

buffered saline (PBS; cat no 10010, pH 7,4; Invitrogen) for 

1 hour. Primary antibodies against CD29 (cat no BD556049), 

CD34 (cat no SC-51540), CD45 (cat no SC-70686), CD90 

(cat no SC-53456), CD105 (cat no SC-71043), CD133 

(cat no SC-65278), CD166 (cat no SC-53551) (Santa Cruz 

Biotechnology Inc, Santa Cruz, CA), and CD73 (cat no BD 

550256) (Zymed, San Francisco, CA) were used in this study. 

Cells were washed with PBS to discard excess antibodies 

and incubated with fluorescein isothiocyanate-conjugated 

chicken anti-mouse secondary antibodies (cat. no. SC-2989, 

200 µg/0.5 mL; Santa Cruz Biotechnology) at 4°C for 1 hour, 

except for CD29, against which chromophore-containing 

phycoerythrin protein-conjugated monoclonal antibody was 

used. The flow cytometry analysis of cells was completed 

using a Becton Dickinson FACSCalibur (Becton Dickinson, 

San Jose, CA) flow cytometry system.
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Preparation of pluronic solutions
Solutions of pluronic block copolymers were prepared 

according to previously described protocols.21 Briefly, 

P85, F68, and F127 (Badische Anilin und Soda-Fabrik, 

Ludwigshafen-am-Rhein, Germany) were dissolved into 

PBS at a 10% (w/v) concentration by vortexing and incu-

bating on ice, and were subsequently diluted to 1% (w/v) in 

Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, 

CA). Following sterilization using a 0.2 µm filter (Sartorius 

AG, Göttingen, Germany), the solution was then used as a 

stock solution and kept at 4°C until further use.

Cytotoxicity assay
Four separate concentrations (0.01%, 0.02%, 0.05%, 

and 0.1% w/v) of the three pluronics were prepared 

in Dulbecco’s modified Eagle’s medium using 10% 

fetal bovine serum (Invitrogen), and 1% of penicillin, 

streptomycin, and amphotericin (Biological Industries, 

Beit Haemek, Israel) from the 1% stock solution. hTGSCs 

at passage number 2 were seeded onto 96-well plates 

(Corning Glasswork, Corning, NY) at a concentration of 

5000 cells/well followed by the addition of pluronics. Cell 

viability was measured by the 3-(4,5-di-methyl-thiazol-

2-yl)-5-(3-carboxy-methoxy-phenyl)-2-(4-sulfo-phenyl)-

2H-tetrazolium (MTS)-assay (CellTiter96 AqueousOne 

Solution; Promega, Southampton, UK) according to 

the manufacturer’s instructions. Briefly, following the 

incubation of cells with pluronics for 24, 48, and 72 hours, 

10 µL of MTS reagent in 100 µL of growth medium was 

added to each well, and was subsequently incubated for 

2 hours at 37°C. Absorbance at 490 nm was detected using 

an ELISA plate reader (Biotek, Winooski, VT).

Differentiation of MSCs
hTGSCs were induced to differentiate into osteo-, chondro-, 

and adipogenic cells according to the protocol used previ-

ously by our group.20 For osteo- and adipogenic differentia-

tion, hTGSCs at passage number 2 were counted and seeded 

onto 24-well plates (Corning Glasswork) at a concentration 

of 15,000 cells/well, and StemPro osteo- and adipogenic dif-

ferentiation medium was added (Invitrogen). Cells were then 

incubated either with or without pluronics in a humidified 

incubator supplemented with 5% CO
2
 at 37°C for 7–10 days 

with the differentiation media being changed every other 

day. For chondrogenic differentiation, a micromass culture 

system was applied as previously described.22 Briefly, 

12.5 µL medium droplets containing 250,000 cells were 

placed in the center of each well of a 24-well plate, and were 

then incubated for 2 hours to provide cellular attachment. 

Subsequently, 500 µL of StemPro chondrogenic medium 

(Invitrogen) was added, and the medium was changed every 

other day.

Immunocytochemistry analysis
hTGSCs were fixed in 2% (w/v) of paraformaldehyde 

for 30 minutes at 4°C, and were subsequently washed 

three times for 5 minutes in PBS by gentle shaking. 

Permeabilization of cells was obtained by incubating them 

with 0.1% (v/v) Triton-X 100 diluted in PBS for 5 minutes 

at room temperature. After rinsing in PBS three times for 

5 minutes, samples were then incubated with 2% of goat 

serum (Sigma-Aldrich, Steinheim, Germany) diluted in PBS 

for 20 minutes at 4°C in order to block nonspecific binding 

of antibodies. Cells were then incubated with the following 

primary antibodies (Santa Cruz Biotechnology) overnight 

at 4°C: for osteogenic differentiation anti-collagen-type-1 

(Santa Cruz #59772) and antiosteocalcin (Santa Cruz # 

30044), for chondrogenic differentiation anti-collagen-type-2 

(Santa Cruz #28887), and for adipogenic differentiation 

anti-fatty-acid-binding-protein-4 (anti-FABP
4
: Santa Cruz 

#136150) primary antibodies were used. After labeling, 

cells were washed three times with PBS for 5 minutes to 

remove unbound primary antibodies, and were subsequently 

incubated with AleaFluor-488 goat anti-rabbit or goat anti-

mouse immunoglobulin G (Invitrogen) secondary antibodies 

for 1 hour at 4°C. Samples were subsequently rinsed three 

times with PBS for 5 min, and cell nuclei were stained for 

20 minutes at 4°C with diluted (1:1000) 4′,6-di-amidino-2-

phenyl-indole (DAPI: Applichem, Darmstadt, Germany). 

After rinsing three times with PBS, cells were then observed 

under a fluorescence microscope (Nikon Eclipse TE200: 

Nikon, Tokyo, Japan).

Real-time (RT) polymerase  
chain-reaction (PCR) analysis
Primers for collagen type-3, FABP

4
, and cartilage-specific 

proteoglycan core protein (aggrecan) genes were designed 

by using Primer-BLAST online software from the National 

Center for Biotechnology (Bethesda, MD) and synthesized 

by Invitrogen. Other primer sequences were used as described 

elsewhere,23,24 and Table 1 delineates primers that were used 

in this study. Total RNAs from differentiated samples were 

isolated using High Pure RNA-isolation kit (Roche, Indianap-

olis, IN) according to the manufacturer’s suggestions. cDNA 

was synthesized by using High Fidelity cDNA-synthesis kit 

(Roche). Reverse transcription polymerase chain reaction 
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(RT-PCR) using SYBR Green staining method was utilized 

to quantify mRNA levels of the genes. cDNAs were mixed 

with primers and SYBR-Premix ExTaq (TaKaRa, Shiga, 

Japan) in a final volume of 20 µL. The glycolysis-catalyzing 

housekeeping gene (GAPDH: glycer-aldehyde-3-phosphate-

de-hydrogenase) was used for normalization of data. All RT-

PCR experiments were done using iCycler RT-PCR system 

(Bio-Rad, Hercules, CA).

Alkaline-phosphatase (ALP) activity
ALP enzyme activity assay was performed to confirm osteo-

genic differentiation. Cells were trypsinized and centrifuged 

at 1000 rpm for 5 minutes. Pellets were re-suspended in 

500 µL cell-lysis buffer containing 0.2% (v/v) triton-X 

100 in PBS, and were shaken at 850 rpm for 30 minutes at 

room temperature. Subsequently, 25 µL of protein lysate was 

mixed with 75 µL of ALP ligand (Randox ALP detection 

kit; Randox, Antrim, UK) in a 96-well plate and incubated 

for 15 minutes followed by measuring the absorbance at 

405 nm using an ELISA plate reader (Biotek) to detect 

enzyme activity.

von Kossa staining
von Kossa staining was performed to visualize calcium 

depositions, which are characteristic of osteogenic differ-

entiation. Following 10 days of incubation with osteogenic 

medium, cells in a 24-well plate were fixed with 2% (w/v) 

of paraformaldehyde (Sigma-Chemical Co, St Louis, MO) 

at 4°C for 30 min, rinsed with distilled water, and stained 

with vonKossa kit (BioOptica, Milano, Italy) according to 

the manufacturer’s recommendations. Calcium depositions 

were identified using phase contrast light microscopy.

Alcian blue staining
Alcian blue stain sulfated proteoglycan deposits are 

indicative of functional chondrocytes. The staining solution 

was prepared by dissolving 1.00 g of Alcian blue dye (Sigma-

Chemical Co) into 100 mL of 3% (v/v) acetic acid. Cells were 

fixed with 2% (w/v) paraformaldehyde for 30 minutes and 

stained with Alcian-blue staining solution for 30 minutes. 

Following incubation, cells were washed three times with 

PBS, and samples were observed using phase contrast light 

microscopy.24

Oil-red staining
Oil-red was used to visualize lipid vesicles, which are char-

acteristic of adipogenic differentiation. A stock solution was 

prepared by dissolving 0.5 g oil-red (Sigma-Chemical Co) 

into 100 mL of isopropanol. Cells were fixed with 2% (w/v) 

of paraformaldehyde for 30 minutes, rinsed with PBS, and 

stained with oil-red in PBS (diluted 6:4) for 1 hour. The 

preparation was then washed with PBS and assessed under 

phase contrast light microscopy.

Identification of fatty acids
Fatty acids were assessed to evaluate the effect of pluron-

ics on the membrane fatty acid profile. Isolation was 

performed according to a previously described protocol25 

modified by our group. In short, hTGSCs were counted and 

seeded in Petri-dishes at a concentration of 1 × 106 cells/

dish in growth media supplemented with 0.05% (w/v) of 

F68, P85, or F127. Cells were trypsinized on the third day 

and pellets were collected after 5 minutes centrifugation at 

1000 rpm. Following the transfer to glass screw cap tubes, 

1 mL of 1.2 M NaOH dissolved in 50% aqueous methanol 

was added to the pellets and incubated in a water bath at 

100°C for 30 minutes. After cooling at room temperature 

for 25 minutes, 2 mL of 54% (w/v) 6 N HCl in 46% aque-

ous methanol (v/v) was added and incubated in a water 

bath at 80°C for 10 minutes. Samples were than cooled 

on ice, and 1.25 mL of hexane solution containing 50% 

methyl tert-butyl ether (MTBE) was administered to form 

a top and bottom phase in the tubes. The bottom phase 

was removed with a Pasteur pipette, and the top phase was 

mixed with 3 mL of 0.3M NaOH, cleaned with anhydrous 

sodium sulfate, and transferred into a 1 mL clean glass vial 

for analysis using a midi-fatty acid analysis system (Agilent 

Technologies, Wilmington, DE).

Table 1 Sense and anti-sense primers used in the study

Primer Sense (5′-3′) Anti-sense (5′-3′) Base-pair

GAPDH TGGTATCGTGGAAGGACTCA GCAGGGATGATGTTCTGGA 123
Osteonectin ATGAGGGCCTGGATCTTCTT CTGCTTCTCAGTCAGAAGGT 576
Collagen II GTGTGGAAGCCGGAGCCCTG GGTCCTGGTTGCCCACTGGC 170
Aggrecan ACTGCTGCAGACCAGGAGGT TCCTCGGGGGTGACGATGCT 152
FABP4 GGGTCACAGCACCCTCCTGA TGGTGGCAAAGCCCACTCCTAC 162

Note: GAPDH, osteonectin, collagen 2, aggrecan, and FABP4 primers used in the study.
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FABP4, fatty-acid-binding-protein 4.
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Figure 1 Isolated hTGSCs. hTGSCs at (A) day 3 and (B) day 8. 
Notes: Scale bar = 400 µm. Cells started to grow from human tooth germ tissues that were dismembered and minced by scalpel (resulting scratches on the flask surface are 
marked by arrows).
Abbreviations: hTGSCs, human tooth germ stem cells.
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Figure 2 Immunophenotypic characteristics of hTGSCs.
Notes: Flow cytometry analysis showing hTGSCs express MSC-associated cell surface antigens (CD29, CD73, CD90, CD105 and CD166), but not markers characteristic 
of hematopoietic lines (CD34, CD45 and CD133).
Abbreviations: hTGSCs, human tooth growth cells; MSC, mesenchymal stem cells.
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Statistical calculations
Standard errors and t-test values were calculated using Graph-

Pad Prism 5 (GraphPad, La Jolla, CA) software. Differences 

were considered to be significantly significant at P values 

of less than 0.05.

Results
Isolation and characterization of hTGSCs
hTGSCs were successfully isolated in culture dishes from 

tooth explants (Figure 1), and were characterized for their 

surface markers by flow cytometry. Cells were shown to be 

positive for MSCs markers (CD29, CD73, CD90, CD105, 

CD166) and proved to be negative for hematopoietic markers 

(CD34, CD45, CD133) (Figure 2).

Cytotoxicity of pluronics in hTGSCs
The impact of various pluronics on hTGSC viability was 

tested at different concentrations (0.01%, 0.02%, 0.05%, 

and 0.1% w/v) and exposure times (24, 48, and 72 hours). 

No cytotoxic effect of these copolymers was detected on 

resting samples (data not shown). F68 and F127 have proved 

to be safe during transformation into osteo-, chondro-, and 

adipogenic directions; however, P85 caused cell death in 

differentiating hTGSCs. Showing toxic effects in a dose-

dependent manner, P85 at 0.05% appeared to be lethal on the 

first day of differentiation, whereas the lowest dose of 0.01% 

demonstrated toxic effects on day 55 only (Figure 3). Since 

P85 appeared to be noxious, it was excluded from further 

studies involving differentiation.

Immunocytochemistry
In order to confirm the differentiation of cells, hTGSCs were 

labeled with specific antibodies against markers of osteo-

genic (collagen type-1, osteocalcin), chondrogenic (collagen 

type-2), and adipogenic (FABP
4
) transformation. The results 

indicate that all samples, including those treated with F68 and 

F127, were positive for these markers (Figure 4).

RT-PCR analysis
Treatment of hTGSCs with F68 resulted in a significant 

increase in mRNA levels of osteonectin, collagen type-2, 

aggrecan, and FABP
4
 (Figure 5). In contrast, F127 had 

either no effect (collagen type-2) or considerably suppressed 

(osteonectin, aggrecan, FABP
4
) mRNA expression.

ALP activity in differentiating hTGSCs
ALP is an osteogenic marker found at high concentrations 

in the growing bone and teeth where it plays essential roles 
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Figure 3 Cytotoxicity of P85. Pluronic P85 exerted toxic effects on day 1 
at 0.05% concentration, and from day 5 at 0.01% strength during (A) osteo-,  
(B) chondro-, and (C) adipogenic differentiation.
Notes: hTGSCs without P85 treatment were used as controls. *P , 0.05, **P , 0.001.
Abbreviations: hTGSCs, human tooth germ growth cells; P, probability level.

for the deposition of minerals.26 F68 and F127 significantly 

increased ALP levels during the osteogenic differentiation 

of cells (Figure 6).

von Kossa staining
Controls and F68-treated samples exhibited considerable 

calcium deposition that is characteristic of osteogenic trans-

formation, and F127 cells appeared to have less mineraliza-

tion (Figure 7).

Alcian blue staining
All samples stained positive with Alcian blue, indicat-

ing mucopolysaccharide and glycosaminoglycan forma-

tion during the course of chondrogenic differentiation 

(Figure 8).
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Figure 5 Comparison of mRNA expression levels of differentiation marker genes. F68 increased mRNA levels of (A) FABP4, (B) osteonectin, (C) collagen type-2, and 
(D) aggrecan.
Abbreviation: mRNA, messenger ribonucleic acid.
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Figure 7 vonKossa staining. Calcium depositions in (A) control, (B) F68, and (C) F127-treated groups were detected during osteogenic differentiation.
Note: Scale bar = 400 µm.
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Figure 6 Analysis of ALP activity.
Notes: ALP was detected to be highest in F68 group during osteogenic 
differentiation. *P , 0.05, **P , 0.001.
Abbreviations: ALP, alkaline-phosphatase; P, probability level.

Oil-red staining
Upon adipogenic differentiation, neutral triglycerides and 

lipid vesicles were stained with oil-red in all experimental 

groups (Figure 9).

Effect of pluronics on fatty acid  
profile of hTGSCs
F68 has profoundly altered the lipid composition of  hTGSCs. 

Moreover, it caused the depletion of a few saturated fatty 

acids, in particular 16:0 fatty, 20:04 w6c, and led to the 

incorporation of four new unsaturated ones (16:1w9c, 

16:1w7c, 18:2w6c, and 22:1w9c alcohol) into the cellular 

membrane (Figure 10). In contrast, hTGSCs replaced one of 

their characteristic lipid groups (called summed feature 4) to 

another fatty acid (18:2w6c) because of P85, whereas F127 

caused an addition of 22:1w9c alcohol into the cellular lipid 

bi-layer.

Discussion
The capacity of the human body to regenerate itself greatly 

varies depending on the affected tissue. For instance, epi-

thelial cells can repair skin wounds throughout life; whereas 

connective tissues including bone or cartilage have limited 

repair ability, and terminally differentiated structures such as 

the heart or brain cannot compensate for the large-scale loss 

of cells seen after myocardial infarction or degenerative neu-

rological conditions. Transplantation is a viable treatment 

method for select end-stage organ failures (eg, heart, kidney, 

liver), but is not applicable in early stages. Furthermore, 

transplantation involves immunogenic responses, and is 

restricted by the limited number of donors. Function per-

mitting, such as with the skeletal system, an alternative 

option is replacement with a bio-prosthesis; these artificial 

materials, however, are associated with several foreign 

body related complications such as bone resorption that 

may lead to the loosening of the implant or even fractures. 

Cell-based therapies have therefore emerged as new poten-

tial therapeutic options in structures with low regenerative 

potential. The focus has shifted to stem cells because of their 

unique proliferation and differentiation capacity. Due to the 

ethical problems over-shadowing the clinical application 

of embryonic stem cells, post-natal sources have become 

of much interest. However, the number of pluripotent stem 

cells is limited in the adult body, although there are a few 

sites such as bone marrow, adipose tissue, and dental mate-

rial that can serve as potential well-springs.27 Bone marrow 

derived MSCs can be easily isolated and expanded in vitro, 

but several factors such as painful surgical isolation proce-

dures, contamination risk, bone-related diseases and low 

yield of isolated cells limit their usage.28 As an alternative 

source, valuable by-products of routine dental operations 

that cause no ethical or safety controversies are hTGSCs. In 

addition to efficient isolation, they have MSC properties and 

were shown to differentiate into many cell types including 

osteo-, adipo-, and chondrocytes, as well as neurons.20,29 

Moreover, surgery-related issues are not independent risks 

or concerns when isolating hTGSCs, as they are harvested 

from dental waste material after intervention due to other 

(ie, dental) reasons.
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In addition to stem cells, novel tissue engineering 

approaches utilize suitable biomaterials that provide a 

molecular matrix as a biomimetic surface for cell attach-

ment to promote proliferation and differentiation. These 

scaffolds must be nontoxic and biocompatible in order to 

develop cell-seeded bio-engineered tissues. Various materi-

als (natural and synthetic, biodegradable and permanent) 

have been investigated. F68, P85, and F127 are widely 

used, commercially available block copolymers. This 

study, therefore, tested the effects of these pluronics on the 

differentiation of hTGSCs derived from human impacted 

third molars.

Here we showed that the differentiation efficiency of 

hTGSCs was increased by F68, and cells in the presence 

of this pluronic showed the highest expression of osteo-, 

chondro-, and adipogenic-related genes when compared to 

baseline or treatment with other copolymers. Indeed, F68 is 

known to promote cellular attachment to the culture dish by 

interacting with lipid bi-layers, which eventually stimulates 

cell growth in vitro.30,31 F68 also raised the unsaturated fatty 

acid levels of cell membranes in this study. This is in line 

with the fact that F68 can incorporate into bio-membranes 

and modify their structural and functional properties by alter-

ing the lipid composition.32 An elevated unsaturated ratio is 

known to increase membrane fluidity,33 which may generally 

promote cellular differentiation.

Transforming hTGCSs into the osteogenic direction has 

obvious clinical relevance as it may serve as a springboard 

for managing skeletal dehiscence via tissue engineering 

modes. Complex reconstruction of bony structures, however, 

requires cartilage as well, which has limited blood supply 

and their cells are terminally differentiated into chondrocytes 

that are unable to proliferate and regenerate effectively.34 

F68 demonstrated an ability to promote the differentiation of 

hTGSCs into both osteo- and chondrogenic lines, therefore 

it might be a good candidate in regenerative medicine for 

skeletal lesions. In addition, the use of adipogenic progenitor 

cells derived from hTGSCs may also emerge as a promising 

approach for cell-based adipose tissue engineering with vari-

ous clinical implications: fatty defects are usually seen after 

traumas, deep burns, tumor resections such as mastectomies, 

and are important in cosmetic facial problems involving the 

cheek, chin, and jaw.35–37

In contrast, P85 had no significant impact on the fatty 

acid profile of hTGSCs; however, it displayed considerable 

cytotoxic effect during differentiation even at low concentra-

tions (0.01%, 0.05%). P85 is generally used for the inhibition 

of the Pgp drug efflux system, which is crucial for improved 

Figure 8 Alcian-blue staining. (A) control, (B) F68, and (C) F127-treated groups all stained positive with Alcian-blue, confirming chondrogenic differentiation.
Note: Scale bar = 400 µm.

Figure 9 Oil-red staining. (A) control, (B) F68, and (C) F127-treated groups all stained positive with oil-red, confirming the presence of neutral triglycerides and lipid vesicles 
that are characteristic of adipogenic differentiation.
Note: Scale bar = 400 µm.
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delivery of Pgp-dependent molecules through the blood–brain 

barrier, intestinal tight-junctions, and MDR-tumors.38,39 As 

such, P85 may facilitate the intake of various chemicals such 

as dexamethasone that are used in differentiation experiments, 

causing their accumulation in high concentrations which 

leads to cell death. However, P85 appeared to be toxic only 

during differentiation. hTGSCs might undergo major changes 

in cell metabolism, including over-expressing drug efflux 

transporters during proliferation. Inhibition of Pgp-dependent 

mechanisms during sensitive cell growth by this pluronic 

could explain the phase-specific toxicity of P85.

F127 has many favorable noxious properties and is highly 

water-soluble at low temperatures.40,41 Being prone to micelle-

formation, F127-mediated controlled release of growth 

factors was shown to increase differentiation efficiency of 

MSCs.9,10,42 This study, unlike the previous reports, used F127 

as an ingredient in the differentiation medium at a very low 

concentration (0.05%). The results indicate that although ALP 

activity is increased, this biopolymer has very little effect on 

the expression of differentiation-related genes. As such, F127 

perhaps has more relevance in tissue engineering when used 

as a micelle and combined with various growth factors.

This is the first study to demonstrate the impact of these 

pluronics on membrane fatty acid profiles along with the 

expression of differentiation markers in a relatively new 

stem cell source (hTGSCs). Of all poloxamers assessed, F68 

has proven to be a promising synthetic polymeric agent that 

might lead to the development of highly productive regen-

erative therapies for various bone, cartilage, and adipose 

tissue defects. These data also indicate that hTGSC-derived 

differentiation and maturation can be promoted by tuning 

the mechanical and chemical properties of the polymer 

scaffold by applying the most appropriate PEO/PPO chain 

blocks. This feature extends the potential applications of this 

postnatal progenitor cell-based technology for transplantable 

large tissue-engineered constructs.

Acknowledgments
The authors would like to express their gratitude to Dr Burcin 

Keskin for her assistance in flow cytometry analysis. This 

study was supported by Yeditepe University (Turkey), grants 

from the Russian Foundation for Basic Research, Pharma-

ceutical Research and Education Center of Kazan (Volga 

Region) Federal University (Russia), and by Asklepios-Med 

(Hungary). AVK acknowledges support in part from the United 

States National Institutes of Health grants 2RO1 CA89225, 

1R01 CA116591, and from the Russian Ministry of Science and 

Education (contract 11.G34.31.0004 and 16.552.11.7008).

Disclosure
The authors report no conflicts of interest in this work.

References
1. Perry CR. Bone repair techniques, bone graft, and bone graft substitutes. 

Clin Orthop Relat Res. 1999;360:71–86.
2. Heary RF, Schlenk RP, Sacchieri TA, Barone D, Brotea C. Persistent iliac 

crest donor site pain: independent outcome assessment. Neurosurgery. 
2002;50(3):510–516.

0

16
:0

 fa
tty

18
:1

 w
9c

18
:0

 fa
tty

20
:0

4 
w6c

su
m

4
su

m
8

16
:1

 w
9c

16
:1

 w
7c

18
:2

 w
6c

22
:1

 w
9c

 a
lco

ho
l

10

20

30

*

*

Fatty acids

0.05% (w/v) F68A
F

at
ty

 a
ci

d
 (

%
)

0

16
:0

 fa
tty

18
:1

 w
9c

18
:0

 fa
tty

20
:0

4 
w6c

su
m

4
su

m
8

18
:2

 w
6c

10

20

30

Fatty acids

0.05% (w/v) P85B

F
at

ty
 a

ci
d

 (
%

)

0

16
:0

 fa
tty

18
:1

 w
9c

18
:0

 fa
tty

20
:0

4 
w6c

su
m

4
su

m
8

22
:1

 w
9c

 a
lco

ho
l

10

20

30

Fatty acids

0.05% (w/v) F127C

F
at

ty
 a

ci
d

 (
%

)

Control
P68

Control
P85

Control
F127

Figure 10 Fatty acid profile of cells. (A) treatment with F68 caused a significant 
decrease in the levels of certain saturated lipids (16:0 fatty, 20:04 w6c), and triggered 
cells to produce new unsaturated fatty acids (16:1w9c (1.9%), 16:1w7c (2.2%), 
18:2w6c (4.6%), and 22:1w9c alcohol). (B) F85 group showed altered sum4 (summed 
featured 4) and 18:1ω9t levels, whereas (C) administration of F127 resulted in the 
introduction of 22:1w9c alcohol into the lipid bi-layer.
Note: *P , 0.05.
Abbreviation: P, probability level.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4858
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