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Induced pluripotent stem (iPS) cells have received remarkable attention as the cell sources for clinical appli-
cations of regenerative medicine including stem cell therapy. Additionally, labeling technology is in high 
demand for tracing transplanted cells used in stem cell therapy. In this study, we used quantum dots (QDs), 
which have distinct fluorescence abilities in comparison with traditional probes, as the labeling materials and 
investigated whether iPS cells could be labeled with QDs with no cytotoxicity. iPS cells could not be labeled 
with QDs alone but required the use of cell-penetrating peptides such as octaarginine (R8). No significant 
cytotoxicity to iPS cells was confirmed by up to 8 nM QDs, and the iPS cells labeled with QDs maintained 
their undifferentiated state and pluripotency. These data suggest that QDs can be used for fluorescence labeling 
of iPS cells.
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stem cell therapies is likely (9,10). In fact, the importance 
of nanomaterials in stem cell therapies for injuries and 
diseases have been reported (1,7,11,16,21). The nanoma-
terials known as quantum dots (QDs) generally consist of 
a cadmium selenide (CdSe) core, zinc sulfide (ZnS) shell, 
and polymer coating and have several distinctive fluores-
cence advantages such as high quantum yields, narrow 
emission bandwidths, and resistance to photobleaching, 
so they have been widely used for ultrasensitive sensing 
of small functional molecules and cells (2,3). In our labo-
ratories, we have confirmed that the application of QDs 
and Western blot technology enables us to detect cancer 
proteins related to diseases (5).

We have already revealed that QDs are available for 
stem cell labeling and in vivo fluorescence imaging (28, 
29,31). Mouse adipose tissue-derived stem cells (mASCs) 
can be labeled frequently and without cytotoxicity using 
less than or equal to 8 nM QDs in combination with cell-
penetrating peptides such as octaarginine (R8) (28). More
over, transplanted mASCs combined with heparin in the 
liver was successfully monitored by fluorescence imag-
ing of QDs (31). However, we have not yet investigated 
whether iPS cells can be labeled with QDs, and so far, 

INTRODUCTION

Induced pluripotent stem (iPS) cells have recently been 
reported as being generated by the retroviral transfection of 
only four genes [v-myc myelocytomatosis viral oncogene 
homolog (c-Myc), Krüppel-like factor 4 (Klf4), octamer-
binding transcription factor 4 (Oct4), and sex-determining 
region Y box 2 (Sox2)] and that this would be sufficient 
to induce a state of pluripotency from mouse fibroblasts 
(13,14,17). The iPS cells were confirmed to have self-
renewal ability and pluripotency and could be obtained from 
mice and humans, including patients with genetic diseases 
(4,19). Recently, safe methods of iPS cell generation without 
retroviral transfection have been studied in many laborato-
ries all over the world to reduce the possibility of cancerous 
change of generated iPS cells (18–20,24–27). The develop-
ments of their methods are thus thought to be important for 
the clinical application of regenerative medicine.

On the other hand, the applications of nanotechnology 
such as nanomaterials, nanostructures, and nanodevices 
to regenerative medicine have been increasingly recog-
nized. Nanomaterials have some especially unique prop-
erties as compared with traditional biomaterials, meaning 
that their application in regenerative medicine including 
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there are currently no articles to show the fluorescence 
labeling of iPS cells using QDs. In addition, few reports 
are closely associated with the use of nanomaterials except 
QDs to label iPS cells for long-term imaging of their in 
vivo distribution and development.

In this study, we examined whether QDs can consis-
tently label mouse iPS cells and whether QD-labeled iPS 
cells retain their undifferentiated state and pluripotency. 
Then, we examined the optimal concentration of QDs for 
labeling iPS cells without cytotoxicity.

MATERIALS AND METHODS

Materials

QDs (Qdot ITK Carboxyl Quantum Dots; Invitrogen, 
Life Technologies, Grand Island, NY, USA) and R8 
(Sigma-Genosys Japan, Hokkaido, Japan) were used in 
this study. Dulbecco’s modified Eagle medium (DMEM), 
antibiotics (penicillin, streptomycin), minimum essential 
medium, and nonessential amino acids solution (NEAA) 
were purchased from GIBCO BRL, Life Technologies 
(Grand Island, NY, USA). Fetal bovine serum (FBS, BIO-
WEST) was purchased from Funakoshi Co., Ltd. (Tokyo, 
Japan). Phosphate-buffered saline (PBS), 2-mercapto-
ethanol (M6250), glycerol, dimethyl sulfoxide (DMSO; 
D2650), and formaldehyde were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Leukemia inhibitory 
factor (LIF, Chemicon) was from Dainippon Sumitomo 
Pharma (Osaka, Japan). Cell Counting Kit-8 (CCK-8) 
was purchased from Dojindo Laboratories (Kumamoto, 
Japan). Hematoxylin and eosin (H&E) were purchased 
from Muto Pure Chemicals (Tokyo, Japan). Mitomycin C 
was purchased from Kyowa Hakko Kirin (Tokyo, Japan). 
Costar plate was purchased from Corning Incorporated 
(Corning, NY, USA). All chemicals were reagent grade 
and used as received without further purification.

Cells

Mouse iPS cells (iPS-MEF-Ng-20D-17) established 
by Prof. S. Yamanaka in Kyoto University from male 
embryonic fibroblasts were purchased from Cell Bank of 
Riken Bioresource Center (Tsukuba, Japan). These cells 
exhibit green fluorescence in the undifferentiated state 
because of green fluorescent protein (GFP) expression 
being under the control of the undifferentiated state gene, 
Nanog. Mouse embryonic fibroblast (MEF) feeder cells 
(Chemicon International Lot 70915-9) were purchased 
from Dainippon Sumitomo Pharma (Osaka, Japan).

Mice

Four 6-week-old, male nude mice (BALB/cA Jcl-nu) 
were purchased from Clea Japan (Osaka, Japan). The 
mice were housed in a controlled environment (12-h 
light/dark cycles at 21°C) with free access to water and 
a standard chow diet before sacrifice. All conditions and 

handing of animals in this study were conducted with 
protocols approved by the Nagoya University Committee 
on Animal Use and Care.

MEF Feeder Cell Culture

MEF cells were cultured at 37°C with 5% CO
2
 in MEF 

culture medium (DMEM with 10% FBS and 1% penicillin–
streptomycin) and maintained until they reached conflu-
ence. The cells were treated with 50 μl of 100 × mitomycin 
C and incubated for more than 2 h. Thereafter, they were 
cultured in 0.1% w/v gelatin-coated flasks [noncoated 
25-cm2 flask (Iwaki, Tokyo, Japan) treated with 3 ml of 
StemSure 0.1% w/v gelatin solution (Wako, Osaka, Japan) 
at 37°C, overnight] for more than 5 h.

iPS Cell Culture

iPS cells were maintained at 37°C with 5% CO
2
 in iPS 

culture medium (DMEM containing 15% FBS, 1 × NEAA,  
2 mM 2-mercaptoethanol, 1% penicillin–streptomycin, and 
1,000 U/ml mouse LIF) on feeder layers of mitomycin-
treated MEF feeder cells. The medium was changed to a 
fresh iPS culture medium every day, and passaging was 
conducted every 3–4 days (17,22,23).

Transduction of R8–QDs Complex

QDs are made from nanometer-scale crystals of a semi-
conductor material (CdSe), which are shelled with an addi-
tional semiconductor layer (ZnS) to improve their chemical 
and optical properties (6,8). In addition, the polymer coating 
has COO− surface groups. QDs655 (2.0 nM) (emission peak 
at 655 nm) and 2.0 µM R8 were mixed for 20 min at room 
temperature at the optimal ratio (QDs655:R8 = 1:10,000) 
and R8–QDs655 complexes were prepared. Next, iPS cells 
were incubated with the R8–QDs655 complexes in a trans-
duction medium (DMEM/F12, 2% FBS, 100 U/ml penicil-
lin/streptomycin) in a 15-ml centrifugation tube (Corning 
Incorporated) at 37°C for 1 h. After 1 h of incubation, the 
transduction of QDs655 into iPS cells was confirmed by 
conventional fluorescence microscopy.

Dose-Dependent Transduction of QDs

To check whether separated iPS cells without MEFs 
could be labeled with QDs effectively in comparison with 
clustered iPS cells, not including MEFs, trypsin-treated 
and separated clusters were seeded on gelatin-coated 
flasks and incubated at 37°C for 30 min. Supernatant 
was collected and used for separated iPS cells. They 
were incubated in a 15-ml centrifugation tube (Corning 
Incorporated) at 37°C for 1 h and then in a 24-well plate 
(BD Falcon, Franklin Lakes, NJ, USA) for 1 h.

Cytotoxicity of QDs to iPS Cells

iPS cells (2 × 104 cells) were seeded in 96-well 
plates (BD Biosciences, Tokyo, Japan) with 100 ml 
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of iPS culture medium for 24 h, and then they were 
replaced with 100 ml of ES culture medium at 37°C. 
R8–QDs655 complexes formed in the optimal ratio 
were added to iPS cells, and after 1 h the medium was 
changed to new ES culture medium. Viable cells were 
then counted using CCK-8. CCK-8 reagent (10 ml) was 
added to each well, and the reaction was allowed to 
proceed for up to 4 h. The absorbance of the sample 

at 450 nm was measured against a background con-
trol using a microplate reader (POLARstar; BMG 
LABTECH, Offenburg, Germany).

Embryoid Body (EB) Formation

iPS cells were harvested with 0.25% trypsin–EDTA 
(Sigma-Aldrich), and the dissociated cells were suspended 
in iPS culture medium. The iPS cells were labeled with 

Figure 1.  Experimental scheme of this study. QDs655 [emission peak at 655 nm of quantum dots (QDs)] were mixed with octaarginine 
(R8) for 15 min, and R8–QDs655 complexes were obtained. These complexes were then added to induced pluripotent stem (iPS) cells, 
and the iPS cells were labeled with QDs655. Next, the maintenance of undifferentiated state was checked in the iPS cells labeled with 
QDs655 by the detection of green fluorescent protein (GFP) expression under the control of the undifferentiated gene marker, Nanog. 
Finally, the multilineage differentiation ability of iPS cells labeled with QDs655 was confirmed in the mice by teratoma formation.

Figure 2.  Morphology of the clusters of iPS cells labeled with QDs655. (A) The morphologies of nonlabeled iPS cells [phase contrast 
(a), fluorescence (b), merge (c)] are shown. The green fluorescence derived from GFP showing the nondifferentiated state was con-
firmed from the clusters of iPS cells. (B) The morphology of iPS cells labeled with QDs655 [phase contrast (a), fluorescence (b), merge 
(c)] are shown. The red fluorescence of the QDs was confirmed from the clusters of iPS cells. Scale bars: 100 mm.
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1.0 nM QDs655 using R8 for 1 h and washed once with 
PBS. For EB formation, iPS cells suspended in medium 
at 2 × 104 cells/droplet per well were applied to each well 
of 96-well round-bottomed low attachment Costar plates 
and incubated for 1 day. The EB morphology, GFP, and 
QDs655-related fluorescence were monitored under a 
fluorescence microscope.

Teratoma Formation and Histological Analysis

iPS cells labeled with 4.0 nM QDs655 were suspended 
at 1 × 107 cells/ml in PBS. A total of 100 μl of the iPS cell 
suspension (1 × 106 cells) was injected subcutaneously into 
the dorsal flank of nude mice (Fig. 1). Four weeks after 
the injection, the tumors were surgically dissected from the 
mice. The samples were fixed in PBS containing 4% form-
aldehyde and were embedded in paraffin. The embedded 
paraffin samples were sectioned by 5-µm thickness with 
a microtome (Leica, Wetzlar, Germany). The paraffin sec-
tions were stained with H&E and mounted.

Figure 3.  Morphology of the separated iPS cells labeled with QDs655. The morphologies of separated iPS cells labeled with QDs655 
using R8 [phase contrast (A, D, G), fluorescence (B, E, H), merge (C, F, I)] are shown. The red fluorescence could be observed under 
the condition of R8 usage. Scale bars: 100 mm.

Figure 4.  Cytotoxicity of QDs655 to iPS cells. Survival rate of 
iPS cells labeled with QDs after 24 h of labeling is shown. iPS 
cells were transduced with QDs655 using R8 at various concentra-
tions for 24 h. The viability of iPS cells transduced with QDs655 
using R8 was compared with nonlabeled iPS cells. No significant 
differences were detected at any concentration. The data, derived 
from triplicates, are shown as the mean ± SD values.



QUANTUM DOT LABELING OF iPS CELLS	 87

Statistical Analysis

Numerical values are presented as the mean ± SD. 
Each experiment was repeated three times. Statistical sig-
nificance was evaluated using unpaired Student’s t test 
with Bonferroni correction for multiple comparisons. A 
value of p < 0.05 was considered to be statistically sig-
nificant. All statistical analyses were performed using the 
SPSS software package (IBM, Armonk, NY, USA).

RESULTS

Morphology of iPS Cells and Transduction of  
QDs Into iPS Cells

We confirmed that iPS cells cultured on MEF feeder 
cells show GFP staining under an undifferentiated state 
(Fig. 2A).

To check whether iPS cells can be labeled with QDs,  
iPS cells were incubated in MEF-treated 24-well micro
plates at 37°C with R8–QDs655 complexes for 1 h. The 
red fluorescence derived from QDs655 could be observed 
from iPS cells on MEF feeder cells using fluorescence 
microscopy. However, the red fluorescence could not be 
observed from all iPS cells (Fig. 2B). These results sug-
gest that iPS cells could be labeled with QDs but that the 
labeling efficiency was not high when iPS cells formed a 
cluster state on the MEFs.

Transduction of QDs in a Dose-Dependent Manner

Separated iPS cells could be labeled with QDs 
(Fig. 3A–C). However, iPS cells were more effectively 
labeled by QDs in the presence of R8, and the labeling 

Figure 5.  Maintenance of undifferentiated state and multipotency of iPS cells labeled with QDs. (A) The morphologies of iPS cells 
labeled with QDs655 [phase contrast (a), red fluorescence derived from QDs655 (b), the green fluorescence derived from GFP (c)] are 
shown. The labeled iPS cells are noted by yellow arrows. (B) The morphologies and fluorescence images 1 day after EB formation of 
iPS cells nonlabeled (a–c) or labeled (d–f) with QDs using R8 [phase contrast (a, d), red fluorescence derived from QDs655 (b, e), the 
green fluorescence derived from GFP (c, f)]. Scale bars: 100 mm in (A) and 500 mm in (B).
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Teratoma Formation of iPS Cells Labeled With QDs

To evaluate the pluripotency of iPS cells labeled with 
2.0 nM QDs, we transplanted the iPS cells labeled with 
QDs into the dorsal flank of nude mice. The labeled iPS 
cells formed teratomas after 4 weeks of transplantation 
(Fig. 6A). Moreover, the teratoma could be ascertained to 
contain various tissues, such as nerves, cartilage, adipose, 
gut epithelium, and glomerulus of the kidney belong-
ing to the three germ layers (endoderm, mesoderm, and 
ectoderm) by H&E staining (Fig. 6B–F). These results 
raise the possibility that the pluripotency of the iPS cells 
labeled with QDs may be maintained.

DISCUSSION

We challenged the labeling of iPS cells using QDs 
without cytotoxicity for the application to regenerative 
medicine including stem cell therapy and in vivo imag-
ing of stem cells. iPS cells could not be labeled with QDs 
alone but were labeled with QDs efficiently in combina-
tion with R8. We previously revealed that cell-penetrating 
peptides such as R8 and transactivator of transcription 
peptides can effectively and rapidly penetrate iPS cell 
membranes with no cytotoxicity, and the iPS cells trans-
duced with cell-penetrating peptides maintained their 
undifferentiated state (30). R8 was confirmed to be able 
to serve as the transfection agent of QDs to iPS cells in 
this study. However, when iPS cells were in the clus-
ter state on the feeder cells, the transduction efficiency 
of QDs with R8 was comparatively low. This result is 
considered to be caused by the cluster state of iPS cells 
and the existence of feeder cells. The cluster state of iPS 

efficiency was dependent on the concentration of the 
R8–QDs655 complex (Fig. 3D–I).

Cytotoxicity of QDs to iPS Cells

QDs655 was transduced into iPS cells using R8 at 
various concentrations in a transduction medium for 24 h 
at 37°C. No significant cytotoxicity was observed in 
iPS cells labeled with less than or equal to 8 nM QDs655 
(Fig.  4). The morphology and fluorescent images were 
confirmed by conventional fluorescent microscopy, and 
no abnormalities could be confirmed with any of the tested 
concentrations of QDs655 (0.0–8.0 nM). These data sug-
gest that iPS cells could be labeled with at least 8.0 nM 
QDs using R8.

Maintenance of Undifferentiated State  
of iPS Cells Labeled With QDs

To ascertain whether the undifferentiated state of iPS 
cells can be maintained after labeling with QDs, the red and 
green fluorescence of iPS cells labeled with QDs655 was 
checked. Both the red and the green fluorescence derived 
from QDs655 and GFP, respectively, could be observed in 
the iPS cells labeled with 1.0 nM QDs (Fig. 5A). Moreover, 
after EB formation of iPS cells labeled with QDs655 using 
R8, the red and green fluorescence was again checked. 
The green fluorescence derived from GFP alone could be 
observed in the nonlabeled iPS cells (Fig.  5B, a–c). On 
the other hand, both red and green fluorescence derived 
from QDs655 and GFP could be observed in the iPS 
cells labeled with QDs using R8 (Fig. 5B, d–f). The GFP 
staining suggests that labeling with QDs does not affect 
the maintenance of the undifferentiated state of iPS cells.

Figure 6.  Teratoma formation of iPS cells labeled with QDs is shown. Four weeks after injection of labeled iPS cells into the nude 
mouse, the teratoma was surgically dissected from the mouse. Various tissues were present in the teratoma. Obtained histological sec-
tions were stained with H&E (A). Nerve-like structures (B), cartilage-like structures (C), gut epithelium-like structures (D), adipose-like 
structures (E), and glomerulus of the kidney-like structures (F) are shown. Scale bars: 200 mm in (A) and 50 mm in (B–F).
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cells decreases the cell membrane area, which can inter-
act with QDs, and the existence of feeder cells diverts 
the transfection of QDs into feeder cells. Therefore, iPS 
cells were cultured in a nonfeeder state, and then QDs 
with R8 were transduced into the separated iPS cells.

In this study, iPS cells could be labeled with QDs with 
high efficiency using R8, and no significant cytotoxicity 
to iPS cells could be confirmed at less than or equal to 
8 nM QDs. These results showed the similar tendency to 
the case of labeling mASCs (28,30). The iPS cells labeled 
with QDs also maintained their undifferentiated state and 
pluripotency. GFP expression from iPS cells labeled with 
QDs was observed, and the differentiation of QD-labeled 
iPS cells to various germ layers in a teratoma was detected. 
These data suggested that the QDs can be used to label iPS 
cells without adverse effects. However, at concentrations 
higher than 8 nM, QDs may show cytotoxicity to iPS cells 
due to free Cd2+ derived from QDs (5,28). To reduce the 
likelihood of this, the use of Cd-free QDs may be prefera-
ble. Actually, we have already addressed the development 
of Cd-free QDs for cell labeling applications (15). For 
effective clinical application, thus, we would like to use 
Cd-free QDs for the labeling of iPS cells in the future.

In conclusion, iPS cells could be labeled with QDs 
using R8 effectively without cytotoxicity at less than or 
equal to 8 nM. Moreover, the iPS cells labeled with QDs 
maintained their undifferentiated state and pluripotency. 
These results suggest that QDs are useful for labeling iPS 
cells to track their application in regenerative medicine 
including stem cell therapy and in vivo imaging of stem 
cell distribution.
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