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Cellular viability and osteogenic differentiation
potential of human gingiva-derived stem cells in 2D
culture following treatment with anionic, cationic,
and neutral liposomes containing doxorubicin
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Abstract. The effects of doxorubicin, particularly doxorubicin
liposome, on stem cells have remained to be fully elucidated.
The aim of the present study was to evaluate the effects of
anionic, cationic and neutral liposomes loaded with doxoru-
bicin on the viability and osteogenic differentiation potential of
human gingiva-derived stem cells in two-dimensional culture.
Doxorubicin-loaded liposomes were prepared using the tradi-
tional thin-lipid-film hydration method. Stem cells were seeded
on a culture plate and maintained in osteogenic media. The
morphology of the stem cells was observed under an inverted
microscope. The number of viable cells was determined using
a Cell-Counting Kit-8 assay. The alkaline phosphatase activity
was assessed and Alizarin Red S staining was performed to
evaluate osteogenic differentiation. A higher concentration of
doxorubicin caused noticeable changes in the morphology of the
stem cells. Decreases in cellular viability were observed after
applying doxorubicin. The application of doxorubicin, particu-
larly at higher concentrations, produced a noticeable decrease in
alkaline phosphatase activity and Alizarin Red S staining. The
present study indicated that application of doxorubicin with or
without liposomes reduced the cellular viability and osteogenic
differentiation. Among the different treatments, the doxoru-
bicin-loaded cationic liposomes induced the strongest reduction
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in the cellular viability and osteogenic differentiation in the
stem cell culture.

Introduction

Doxorubicin is an anthracycline-based topoisomerase II
inhibitor and DNA-modifying agent that has exhibited
remarkable anti-tumor effects against multiple cancer
types, including ovarian, lung and endometrial cancers (1).
Doxorubicin is known to act by intercalating into DNA and
interfering with nucleic acid synthesis, which halts the cell
cycle and inhibits DNA transcription (2). However, the clinical
utility of doxorubicin as an anti-tumor drug is hampered by
cardiotoxicity and drug resistance (3). Doxorubicin-mediated
bone loss in cancer patients is produced by an interaction
between oxidative stress and the induction of transforming
growth factor-f (TGF-p) (4). Doxorubicin treatment has also
been indicated to increase the levels of circulating TGF-f in
murine pre-clinical models, and TGF-f promoted osteolytic
bone damage, leading to increased osteoclast-mediated
resorption and suppression of osteoblast differentiation (4).
In numerous previous studies, liposomes have been used
to deliver anti-cancer drugs, including doxorubicin, to local
tumors (5). Liposomal doxorubicin along with conventional
doxorubicin has potential risks of causing adverse events,
including myelosuppression, cardiotoxicity, alopecia, nausea
and vomiting (6). However, liposomal doxorubicin formula-
tions are associated with lower reported odds ratios with
regard to myelosuppression, cardiotoxicity and alopecia
than conventional doxorubicin on its own (6). The effects
of doxorubicin, particularly doxorubicin liposomes, on stem
cells have remained to be fully elucidated (7). The aim of the
present study was to evaluate the effects of anionic, cationic
and neutral liposomes loaded with doxorubicin on the
viability and osteogenic differentiation potential of human
gingiva-derived stem cells in two-dimensional culture.

Materials and methods

Preparation of doxorubicin-loaded liposomes. The
thin-lipid-film hydration method was used to prepare
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liposomes from the mixture. 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, Echelon Biosciences, Salt Lake City,
UT, USA) and cholesterol (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) at a weight ratio of 10:1 was used for the
neutral liposome. For the cationic liposome, DPPC, 1,2-dipal-
mitoyl-3-trimethylammonium-propane (chloride salt, 16:0
TAP; Avanti Polar Lipids; Birmingham, AL, USA) and choles-
terol were used at a weight ratio of 5:5:1 and for the anionic
liposome, DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphoserine
plus sodium salt (Echelon Biosciences) and cholesterol were
used at a weight ratio of 5:5:1.

The lipids were dissolved in dichloromethane and the
solvent was removed via evaporation under reduced pressure
at 55°C. Subsequently, a thin film of lipids was dispersed in
distilled water (lipid concentration of 2.2 mg/ml) with doxo-
rubicin hydrochloride (LC Laboratories, Woburn, MA, USA)
by sonication. Dialysis was then performed in order to remove
the unloaded doxorubicin using distilled water for 1 h. After
disrupting the liposomes completely with a detergent solution
(1% Triton X-100; Samchun, Pyeongtaek-Si, South Korea), the
amount of doxorubicin in the liposomes was evaluated based
on the fluorescence of doxorubicin (490/570 nm).

Isolation of human gingiva-derived stem cells. The
Institutional Review Board of Seoul St. Mary's Hospital
(College of Medicine, Catholic University of Korea,
Seoul, Republic of Korea) approved the present study (nos.
KC17SNSI0606 and KC11SIS10348), and informed consent
was obtained from the participants. Healthy patients visiting
the Department of Periodontics of Seoul St. Mary's Hospital
(College of Medicine, The Catholic University of Korea, Seoul,
Republic of Korea) provided the gingiva tissue for the study.
The epithelium of the gingiva was removed and the tissue was
fragmented into 1-2 mm sections. The tissues were digested
with a medium containing dispase (I mg/ml; Sigma-Aldrich;
Merck KGaA) and collagenase IV (2 mg/ml; Sigma-Aldrich;
Merck KGaA) (8). Unattached cells were removed from the
culture dish. The cells were then cultured in an incubator with
5% CO, and 95% O, at 37°C, and the medium was changed
every two to three days. For identification, ~1.5x10° cells were
incubated with specific fluorescein isothiocyanate-conjugated
mouse monoclonal antibodies to human CD44 (11-0441-81;
1:200; BD Biosciences, Franklin Lakes, NJ, USA), CD73
(11-0739-42; 1:40; BD Biosciences), CD90 (11-0909-42; 1:40;
BD Biosciences), CD14 (11-0149-42; 1:40; BD Biosciences) and
CD34 (11-0349-42; 1:40; BD Biosciences) at room tempera-
ture for 30 min. Flow cytometric analysis was performed
using a flow cytometer (FACS Canto II; BD Biosciences,) and
FACSDiva software (v8.0.1; BD Biosciences).

The 12 groups of the present study were as follows:
i) Unloaded control group (DO0); ii) doxorubicin, 1 pg/ml
(D1); iii) doxorubicin, 10 xg/ml (D10); iv) unloaded anionic
group (A0); v) anionic group loaded with 1 xg/ml doxorubicin
(A1); vi) anionic group loaded with doxorubicin at 10 pg/ml
(A10); vii) unloaded cationic group (CO); viii) cationic group
loaded with doxorubicin at 1 gg/ml (C1); ix) cationic group
loaded with doxorubicin at 10 zg/ml (C10); x) unloaded neutral
group (NO); xi) neutral group loaded with doxorubicin at
1 ug/ml (N1); and xii) neutral group loaded with doxorubicin
at 10 ug/ml (N10) (7,9).
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Evaluation of cell morphology and determination of cell
viability. The cells (within 10 passages) were seeded in
96-well plates at a density of 2.0x10* cells/well, and the cells
were cultured in osteogenic medium. The osteogenic medium
consisted of a-minimal essential medium (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing 15%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin, 100 pg/ml streptomycin (Sigma-Aldrich;
Merck KGaA), 200 mM L-glutamine (Sigma-Aldrich; Merck
KGaA), 10 mM ascorbic acid 2-phosphate (Sigma-Aldrich;
Merck KGaA), 38 pug/ml dexamethasone and 2 mg/ml
glycerophosphate disodium salt hydrate. The morphology
of the cells was observed under an inverted microscope
(Leica DM IRM, Leica Microsystems, Wetzlar, Germany) on
days 1,3 and 7.

On days 1, 3 and 7, a cell viability analysis of the stem cell
spheroids cultured in osteogenic medium was performed. Cell
Counting Kit-8 (CCK-8) stain (Dojindo, Kumamoto, Japan)
was added to the cultures and the stem cells were incubated
for 1 hat 37°C. Viable cells were identified by CCK-8 staining,
which relies on the ability of mitochondrial dehydrogenases to
oxidize the dye into a colored formazan product. A microplate
reader (BioTek, Winooski, VT, USA) was used to measure the
spectrophotometric absorbance of the samples at 450 nm.

Alkaline phosphatase activity assay. The stem cells were
seeded on 24-well plates at a density of 2.0x10* cells/well and
the cells were cultured in the osteogenic medium. On days 1,
5 and 7, alkaline phosphatase activity assays were performed
using a commercially available kit (K412-500; BioVision, Inc.,
Milpitas, CA, USA). The cells were re-suspended in an assay
buffer, sonicated and centrifuged to remove any insoluble
material. The supernatant was mixed with p-nitrophenyl
phosphate substrate and incubated at 25°C for 60 min. The
optical density of the resultant p-nitrophenol was determined
spectrophotometrically at 405 nm.

Alizarin Red S staining. Alizarin Red S staining was performed
on days 7 and 14. In brief, the cells were washed twice with
PBS, fixed with 4% paraformaldehyde at room temperature
and rinsed twice with deionized water. The cultures were then
stained with Alizarin Red S for 30 min at room temperature.
To remove non-specifically bound dye, the cultures were
washed three times with deionized water. The morphology
was evaluated using an inverted microscope (Leica DM IRM,;
Leica Microsystems).

Statistical analysis. The results are expressed as the
mean + standard deviation of the experiments. Normality of
the data was assessed with a Shapiro-Wilk test, and one-way
analysis of variance followed by Tukey's post-hoc test was
performed to determine the differences between the groups
using SPSS 12 for Windows (SPSS Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effects of doxorubicin-loaded liposomes on cell morphology
and viability. The expression of the CD44, CD73, CD90,
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Figure 1. Evaluation of stem cell surface marker expression using CD44,
CD73, CD90, CD14 and CD34. The percentages of CD44*, CD73*, CD90*,
CDI14* and CD34* cells were 100, 99.5,99.9, 0.1 and 1.8%, respectively.

CD14 and CD34 surface markers was assessed (Fig. 1). The
percentages of CD44*,CD73*,CD90%,CDI14* and CD34" cells
were 100, 99.5,99.9, 0.1 and 1.8%, respectively. Therefore,
the cells were positive for stem cell surface markers. The
control group DO exhibited a normal fibroblast morphology
on day 1 (Fig. 2). No significant morphological changes of
stem cells cultured in the osteogenic media were observed
after the addition of anionic, cationic or neutral doxorubicin
(A0, CO or NO). No noticeable changes were observed with
the addition of doxorubicin at day 1 (D1 or DI10). Similar
trends were observed in the anionic and cationic liposomes
loaded with doxorubicin at day 1. However, in the cells
treated with the cationic liposome, noticeable changes in
morphology at the highest concentration (C10) were noted
at day 1. In general, the morphologies of the stem cells at
days 3 were similar to those at day 1 (Fig. 3). In the cationic
liposome groups, the low concentration of doxorubicin (C1)
produced cells with rounder and more amorphous shapes.
More pronounced changes in the morphology of the stem
cells were seen in the cationic doxorubicin-loaded groups
(C1 and C10) at day 7 (Fig. 4).

The results of the CCK-8 assay performed on days 1, 3,
and 7 are presented in Fig. 5. Application of doxorubicin at a
high concentration on day 1 produced significant differences
in cell viability when compared with that in the DO group at
day 1.

Alkaline phosphatase activity. The alkaline phosphatase
activity on days 1, 5 and 7 in the cells treated with doxoru-
bicin is presented in Fig. 6. The alkaline phosphatase activity
increased with longer incubation times. Noticeable decreases
in alkaline phosphatase activity were observed in the D1, D10,
A0, Al, A10, CO, C1,NO, N1 and N10 groups at day 1.

Alizarin Red S staining. The amount of mineralized extracel-
lular deposits was evaluated in the control groups (DO, AO,
CO0 and NO) using Alizarin Red S staining on days 7 and 14
(Figs. 7 and 8). Mineralized extracellular deposits were noted
to in each group and intensity differed among the groups.
An increase in mineralized deposits was noted on day 14 as
compared to day 7. The application of doxorubicin reduced
the Alizarin Red S staining in the doxorubicin-only group
and the different liposome groups. The morphology of the
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Figure 2. Morphology of gingiva-derived stem cells cultured in osteogenic
media for 1 day (original magnification, x200; scale bar, 200 ym).
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Figure 3. Morphology of gingiva-derived stem cells cultured in osteogenic
media for 3 days (original magnification, x200; scale bar, 200 ym).

cationic doxorubicin-loaded groups was affected the most
among the anionic, cationic and neutral doxorubicin-loaded
liposome groups. The relative values at day 7 for DO, D1, D10,
A0, Al, A10, CO, C1, C10, NO, N1 and N10 are presented in
Fig. 9. Significant decreases in Alizarin Red S staining were
observed in the D1, D10, A0, A1, A10, N1 and N10 groups at
day 14. Notable morphological changes in the number of cells
were observed in C1 and C10 groups at day 14.
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Figure 4. Morphology of gingiva-derived stem cells cultured in osteogenic
media on day 7 (original magnification, x200; scale bar, 200 ym).
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Figure 5. Cellular viability on days 1, 3, and 7 determined using a Cell
Counting Kit-8. “P<0.05 vs. doxorubicin 0 yg/ml group on day 1; P<0.05 vs.
doxorubicin 0 pg/ml group on day 3; P<0.05 vs. doxorubicin 0 gg/ml group
onday 7. A 1, anionic liposome + 1 pzg/ml doxorubicin; C, cationic liposome;
N, neutral liposome; Doxo, doxorubicin alone.

Discussion

In the present study, the effects of liposomes of different ionic
types loaded with doxorubicin on the viability and osteogenic
differentiation potential of gingiva-derived stem cells in
two-dimensional culture were evaluated. The results indicated
that application of doxorubicin with or without liposomes
reduced the cellular viability and osteogenic differentiation.
The doxorubicin-loaded cationic liposomes induced the
strongest reduction in the cell viability and osteogenic
differentiation in the cultured stem cells.
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Figure 6. Alkaline phosphatase activity on days 1, 5 and 7. "P<0.05 vs. doxo-
rubicin 0 gg/ml group on day 1; ¥P<0.05 vs. doxorubicin 0 pg/ml group on
day 3; "P<0.05 vs. doxorubicin 0 xg/ml group on day 7. A 1, anionic liposome

+ 1 ug/ml doxorubicin; C, cationic liposome; N, neutral liposome; Doxo,
doxorubicin alone.

Figure 7. Results of the Alizarin Red S staining on day 7 (original magnifica-
tion, x200; scale bar, 200 pm).

Liposomes are nanoparticle lipid vesicles that are
composed of continuous bilayers of phospholipids
surrounding an aqueous phase; they have been investigated
as drug-delivery systems for improved targeted delivery of
therapeutic agents (10). Doxorubicin-loaded liposomes have
been demonstrated to enhance the oral bioavailability of
drugs by modulation of their physicochemical characteris-
tics (11). In a previous study, doxorubicin-loaded polyethylene
glycosylated liposomes were accumulated and retained in the
targeted site, and it was reported that such liposome complexes
increased the therapeutic efficacy of drugs, thus providing a



Cationic

Figure 8. Results of the Alizarin Red S staining on day 14 (original magnifi-
cation, x200; scale bar, 200 ym).

0.300

0.250

LR eli]

0.200 D1

=] D10
= BAD
g mAl
£ 0150 ALD
@ [ Rl
=z LT}
= 5 C10
0,100 = NO
ENI
ENI0
0.050
0.000

Day 7 Day 14

Figure 9. Qualitative results of the Alizarin Red S staining. "P<0.05 vs. doxo-
rubicin 0 yg/ml group on day 7; *P<0.05 vs. doxorubicin 0 yg/ml group on
day 14. A 1, anionic liposome + 1 ug/ml doxorubicin; C, cationic liposome;
N, neutral liposome; Doxo, doxorubicin alone.

promising therapeutic approach (10). Ion-pairing technology
using a doxorubicin-cholesteryl hemisuccinate ion-pair
complex based on the conventional thin-film dispersion
method produced high drug loading and a high entrapment
efficiency (12). Co-liposomes prepared with gemini along
with a natural zwitterionic lipid, phospholipid and cholesterol
produced H-responsive co-liposomes, which were able to
transport doxorubicin efficiently across doxorubicin-resistant
cancer cells (13).

In the present study, liposomes of different ionic types were
loaded with doxorubicin. The doxorubicin-loaded cationic
liposomes had the greatest effects on cultured stem cells and
their osteogenic differentiation. The differences in the surface
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charge may have affected the uptake of doxorubicin by the stem
cells (14). Doxorubicin-induced toxicity negatively impacts the
clinical utility and outcomes (15). The composition of lipids in
liposomes may determine the drug encapsulation efficacy and
release kinetics of doxorubicin, which may impact the clinical
toxicity (16). Liposomal co-delivered oleanolic acid has
been reported to attenuate doxorubicin-induced multi-organ
toxicity (15). Another previous study suggested that miR-1,
-21 and -145 may be involved in the toxicity induced by doxo-
rubicin, which may be considered as targets for reducing its
toxicity (17).

In the present study, the effects of liposomes loaded of
different ionic types loaded with doxorubicin on the cellular
viability and osteogenic differentiation potential of stem cells in
two-dimensional culture were evaluated. The results indicated
that application of doxorubicin reduced the cellular viability
and osteogenic differentiation with or without liposomes. The
doxorubicin-loaded cationic liposomes induced the strongest
reduction in the cell viability and osteogenic differentiation in
the cultured stem cells.
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