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T
he development of induced pluripo-
tent stem cells (iPSCs) has opened a
newera for stem cell research. Ectopic

expression of four key transcription factors
(Oct4, Sox2, Klf4, and c-Myc) directly repro-
grams somatic cells into pluripotent cells,
which exhibit similar characteristics to em-
bryonic stem (ES) cells1,2 without ethical
issues. In addition, iPSCs could overcome
immunological rejection since autologous
patient-specific iPSCs can be easily derived.
The generation of patient- or disease-spe-
cific iPSCs therefore holds promising poten-
tial for the drug industry and regenerative
medicine.3 Despite the great potential of
iPSC technology,4�7 there are many hurdles
and challenges to be solved before applying

iPSCs in clinical treatment. To comprehen-
sively elucidate the potential of iPSCs for
therapeutic application, appropriate labeling
and tracking of iPSCs should be established.
Liver failure can result from acute insults

or chronic persistent damages, and the cu-
rative management of liver failure is ortho-
topic liver transplantation.8,9 Unfortunately,
liver transplantation has several major lim-
itations, such as donor organ shortage and
high cost.10 The generation of iPSCs trans-
forms own-self somatic cells into ES-like cells
and holds the potential to differentiate into
all cell lineages, including hepatocytes.11

Notably, an effective platform for hepatocyte
generation from patient-specific iPSCs was
reported to model inherited metabolic liver
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ABSTRACT The generation of induced pluripotent stem cells (iPSCs) is an

innovative personalized-regenerative technology, which can transform own-self

somatic cells into embryonic stem (ES)-like cells, which have the potential to

differentiate into all cell types of three dermal lineages. However, how to quickly,

efficiently, and safely produce specific-lineage differentiation from pluripotent-

state cells and iPSCs is still an open question. The objective of the present study

was to develop a platform of a nonviral gene delivery system of mesoporous silica

nanoparticles (MSNs) to rapidly generate iPSC-derived definitive-lineage cells,

including endodermal-differentiated cells. We also evaluated the feasibility and

efficiency of FITC-conjugated MSNs (FMSNs) for labeling of iPSCs and utilized the

multifunctional properties of FMSNs for a suitable carrier for biomolecule

delivery. We showed that FMSNs of various surface charges could be efficiently internalized by iPSCs without causing cytotoxicity. The levels of reactive

oxygen species and pluripotent status, including in vitro stemness signatures and in vivo teratoma formation, remained unaltered. Notably, positive-

charged FMSN enhanced cellular uptake efficiency and retention time. Moreover, when using positive-charged FMSN to deliver hepatocyte nuclear factor

3β (HNF3β) plasmid DNA (pDNA), the treated iPSCs exhibited significantly improved definitive endoderm formation and further quickly differentiated into

hepatocyte-like cells with mature functions (low-density lipoprotein uptake and glycogen storage) within 2 weeks in vitro. Double delivery of pHNF3β

further improved mRNA expression levels of liver-specific genes. These findings reveal the multiple advantages of FMSNs to serve as ideal vectors not only

for stem cell labeling but also for safe gene delivery to promote the production of hepatocyte-like cells from iPSCs.
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disorders.12 In addition, senescent and centenarian-
derived iPSCs are able to redifferentiate into fully
rejuvenated cells.13 However, several hurdles exist in
iPSC reprogramming and its practical application. To
control the fate of differentiation, growth factors in the
culture medium are routinely used; however, growth
factor-based induction often requires a long period
for specific-lineage induction, especially in hepatic dif-
ferentiation.14 Even efficient generation of functional
hepatocytes by gene transduction of a viral-based
system has recently been reported;15,16 the use of viral
vectors remains risky and is unfavorable for clinical
treatment.
In the past decade, mesoporous silica nanoparticles

(MSNs) have attracted much attention for their pre-
eminent attributes including high surface area (about
1000 m2/g), adjustable pore size (2�20 nm), and easy
functionalization. This could be a versatile platform for
diagnosis and therapeutics through incorporation of
multifunctional materials.17 MSNs can simultaneously
possess fluorescence18,19 andmagnetic properties and
can act as carriers for drugs and biomolecules.20�28

These excellent intrinsic properties have been broadly
demonstrated in biomedical applications.17,29�37 In
addition, MSNs exert remarkably little cytotoxicity
and have no adverse effect on various cell types both
in vitro and in vivo.17,38,39 This biocompatibility makes
them superior multifunctional nanomaterials for bio-
medical niche applications.
The integration of nanomaterials and biology has

influenced modern nanomedicine, especially toward
personalized medicine.40 We previously reported that
100 nm FITC-conjugated MSNs (FMSNs) can efficiently
enter 3T3-L1 cells and human mesenchymal stem
cells.41 Ruan et al. used Generation 5.0 polyamido-
amine dendrimer-modified magnetic nanoparticles as a
delivery system to package four transcription factors,
i.e., Nanog, Sox2, Lin28, and Oct4, into 293T cells.42

Moreover, Cho's group usedmagnetic nanoparticles as
a transfection platform to generate iPSCs efficiently.43

However, up to now, a gap appears to exist between
nanotechnology and iPSCs. The interactions between
iPSCs and nanoparticles have not been reported yet.
More specifically, the application of MSNs has never
been exploited in iPSCs.
In this study, we explored the applications of FMSNs

in iPSCs. Three different types of fluorescent MSNs
were examined, namely, unmodified FMSN (FMSN(u)),
positively charged FMSN (FMSN(þ)), and negatively
charged FMSN (FMSN(�)). We investigated the uptake
of the nanoparticles by the iPSCs and the response of
iPSCs to the nanoparticles. We found that, like other
mammalian cells albeit smaller (iPSCs are slightly larger
than 10 μm), iPSCs would take up FMSNs efficiently. By
manipulating the surface charge of the nanoparticles,
we demonstrated that positively charged FMSN(þ)
were more efficiently internalized by the iPSCs. All

three types of nanoparticles entered without impair-
ing cell viability and pluripotent capability, including
in vivo teratoma formation with tridermal-lineage dif-
ferentiation. Then we explored the FMSN(þ) as a
delivery vehicle for the iPSCs. For FMSN(þ) carrying
hepatocyte nuclear factor 3β (HNF3β) plasmid DNA
(pDNA), we established an efficient nonviral gene-
delivery system to improve definitive hepatic induc-
tion. We developed a platform that is able to shorten
the differentiation period and generate functional
hepatocyte-like cells from iPSCs (Scheme 1). This may
offer an alternative approach for translational thera-
peutics, especially in the treatment of liver diseases.
Our results not only demonstrated the potential for
stem cell labeling but also revealed that FMSNs can act
as a carrier for iPSCs delivering genes to the cells.

RESULTS AND DISCUSSION

Characterization of FMSNs. Fluorescent FMSNs were
synthesized using the method in our previous re-
ports,18,41 which was based on a sol�gel synthetic
strategy in the presence of cationic surfactant tem-
plates. To investigate the charge effect on the cellular
uptake, FMSN(u) was grafted with N-trimethoxysilyl-
propyl-N,N,N-trimethylammonium chloride (TA) and
sodium 3-trihydroxysilylpropylmethylphosphonate
(THPMP) to produce positively and negatively charged
nanoparticles, respectively.44 Transmission electron
microscope (TEM) images of these FMSNs (Figure 1a)
exhibited well-ordered hexagonal mesopores even
after TA (Figure 1b) and THPMP (Figure 1c) modifica-
tions. The average sizes of FMSNs were around 110 nm
(Supporting Information, SI, Figure S1a�c). Small-angle
X-ray diffraction patterns, 2θ = 2.2�, 3.8�, and 4.4�, also
supported the well-ordered 2D hexagonal arrange-
ments (Figure 1d). N2 adsorption/desorption isotherms
of different FMSNsweremeasured at 77 K (SI, Figure S2a).
Data on the textural characteristics are summarized

Scheme 1. HNF3β plasmid DNA (pHNF3β) was adsorbed on
the positive-charged FMSN (FMSN(þ)) to form a pHNF3β-
FMSN(þ) complex, which was internalized by iPSCs. The
treated iPSCs exhibited significantly improved definitive
endoderm formation and further quickly differentiated into
hepatocyte-like cells with mature functions (low-density-
lipoprotein uptake and glycogen storage) within 2 weeks
in vitro.
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in Table S1. The high surface area is a characteristic
property of the mesostructured FMSNs; this pro-
vides an advantage to FMSNs as a platform to study
iPSCs.

The FMSNs dispersed well in either water or Dul-
becco's modified Eagle medium (DMEM). The average
dynamic light scattering (DLS) size of FMSNs in
H2O was about 150 nm, similar to that in DMEM (SI,
Figure S2b,c). pH-dependent zeta potentials of FMSNs
confirmed the modification with THPMP and TA (SI,
Figure S2d). Because of the quaternary ammonium
groups on the surface of FMSN(þ), its zeta potential
in water (pH = 7.4) was þ26 mV, much more positive
than that of FMSN(u) (�15 mV) and THPMP-modified
FMSN(�) (�45 mV). This design strategy can easily
adjust the surface property of FMSNs in investigating
the cells' uptake phenomenon. In addition, fluores-
cence spectra (SI, Figure S2e) of FMSNs confirmed that
FITC was successfully conjugated in the framework of
MSNs. Fluorescence spectra of the nanoparticles show
the typical emission profiles of FITC and display similar
intensities for the three types of FMSNs. Furthermore,
the fluorescent intensity also remained the same after
42 h, indicating the dye was stable and remained on
the FMSNs (SI, Figure S3).

FMSNs Are Internalized by iPSCs. Time- and Dosage-

Dependent Uptake by iPSCs. A fundamental study of
the interactions between nanoparticles and iPSCs was
performed to examine the cellular uptake of FMSNs.
iPSCs were incubated in the DMEM with FMSNs at
various concentrations (25, 50, and 85 μg/mL) for
different periods (0.5, 1, 2, and 4 h). Trypan blue was
used to quench the fluorescence from the FMSNs
adsorbed onto the outside of the cell.45 Because trypan
blue does not enter cells, it quenches the fluorescence
of nanoparticles only on the outer cell membrane,
but not those inside the cells.46 Thus, the fluorescence
we detected was only from the nanoparticles inside
the cells. Through this quenching method, our data
reflected the uptake of the nanoparticles. Intracellular
fluorescence in live cells was then determined by flow
cytometry analysis (Figure S4�S6) to quantify the
cellular uptake of the nanoparticles. Time- and dosage-
dependent uptake by iPSCs was observed for all
three FMSNs (Figure 2a�c). We found uptake of FMSNs
began as early as 0.5 h after the incubation. The mean
fluorescence intensity (MFI) statistics of the iPSCs after
incubation also demonstrated the time and dosage
dependence. When the incubation dosage was in-
creased to 100 μg/mL for 4 h (Figure 2d), more uptake

Figure 1. TEM images of (a) FMSN(u), (b) FMSN(þ), and (c) FMSN(�). (d) Small-angle X-ray diffraction patterns of different
FMSNs. The (100), (110), (200), and (210) diffraction peaks are characteristic 2D hexagonal structure.
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was observed for all the FMSNs (approximately 90%). In
addition, iPSCs after incubation with FMSN(þ) gave
substantially higher MFI, showing a statistical differ-
ence from FMSN(�) (Figure 2e). Confocal laser scan-
ning microscope (CLSM) images also verified the
cellular internalization of all FMSNs. This provides a
notable advantage for FMSNs as labeling probes for
the iPSCs and their further usage as carriers.

To further determine the quantity of FMSNs inter-
nalized, ICP-MS was used. After 4 h incubation with
FMSNs at 100 μg/mL, the amount of silicon in the iPSCs
was determined (Figure 2e). Results showed that the
mass of silicon per cell was correlated to the zeta
potential of FMSNs, and the cellular uptake was in

the order FMSN(þ) > FMSN(u) > FMSN(�), which agrees
with the results of flow cytometry measurements.
Among all the FMSNs tested, the one carrying positive
charge, FMSN(þ), resulted in the highest fluorescent
intensity. This suggests that the surface charge of
FMSNs affects the cellular uptake of iPSCs, agreeing
with previous reports on 3T3-L1, mesenchymal stem
cells, and neural stem cells.18,47

Mechanism of FMSN Uptake and Intracellular Dis-

tribution. Various inhibitors were used to explore the
cell uptake mechanism. Cells were pretreated with the
inhibitors, and the uptake was determined by flow
cytometry analysis (Figures 3 and S7). The results
indicate that fewer nanoparticles were internalized as

Figure 2. Time- (0.5, 1, 2, and 4 h) and dosage-dependent (25, 50, and 85 μg/mL) flow cytometry analyses of iPSCs after
incubation with (a) FMSN(u), (b) FMSN(�), and (c) FMSN(þ). The percentage of positively labeled cells and MFI of iPSCs
were quantified and presented in the upper and lower panels, respectively. Data are presented as means ( SD of three
independent experiments. (d) Representative flow cytometry histograms of iPSCs after incubation with FMSNs (100 μg/mL,
4 h). Control is incubation with no nanoparticles. (e) MFI of iPSCs and silicon uptake per iPSCs post FMSN incubation
(100 μg/mL, 4 h). Data are presented as means ( SD of three independent experiments. Asterisks indicate statistically
significant difference (p < 0.05) as compared with FMSN(�), and the pound sign indicates statistically significant difference
(p < 0.05) as compared with FMSN(u).
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more ATP was depleted by a mixture of sodium azide
and 2-deoxyglucose;48,49 almost 90% of the iPSC up-
takewas blockedby the inhibitors. Therefore, uptake of
the nanoparticles is through an energy-dependent
endocytosis. In addition, in the presence of sucrose,
an inhibitor for clathrin-mediated endocytosis,50,51

about 50% of the cell uptake was blocked, while only
about 20% was inhibited by the presence of filipin, an
inhibitor for caveolae-mediated endocytosis.52,53 This
implies that the majority of the nanoparticles enter
by clathrin-mediated endocytosis. Therefore, like other
cells, the iPSCs take up the FMSNs by clathrin-mediated
endocytosis.18,19 It appears thatmicrofilaments control
the FMSN(þ) uptake because about 50% of the uptake
was inhibited in the presence of cytochalasin D, an
inhibitor for actin polymerization.54,55 Moreover, the
effect of nocodazole, an inhibitor for microtubule
formation,56 was also examined. Results suggest that
both microtubules and microfilaments were involved
in the uptake of FMSN(u) and FMSN(�).

Once FMSNs enter iPSCs by an endocytic pathway,
they are entrapped inside early endosomes first and
then transported to late endosomes�lysosomes. Dur-
ing this process, the nanoparticles could be released to
the cytosol. To assess the intracellular distributions of
the nanoparticles, co-localization experiments were
carried out. FM4-64 dye is commonly used to study
endocytosis, vesicle trafficking, and organelle organi-
zation in living eukaryotic cells.57 After FMSN uptake,
iPSCs were cultured with FM4-64. As shown in the
confocal microscopic results (Figure S8), a punctate
cytoplasmic distribution pattern for all FMSNs was
observed. Some FMSNs (green) co-localized with

FM4-64 (red, the marker of endosomes) as detected
by yellow spots, but some did not. This suggests that
some nanoparticles had been released to the cytoplasm.

Retention Time and Exocytosis of FMSNs in the iPSCs.

To track stem cells, we evaluate the retention time of
the fluorescent probes inside the iPSCs. Accordingly,
after the 4 h incubation of FMSNs, iPSCs were washed,
harvested, and recultured in DMEM. At predetermined
times, the green fluorescence of the FMSNs remaining
in the iPSCs was quantified by flow cytometry
(Figure S9). Figure 4 displays the FITC-positive iPSCs
(controls in the figure) versus the time postuptake of
FMSNs. After 18 h regrowth, the percentage of FITC-
positive iPSCs declined to about 35%, 40%, and 60% for
FMSN(u), FMSN(�), and FMSN(þ), respectively. After
42 h, the FITC-positive iPSCs further decreased to less
than 10% for FMSN(u) and FMSN(�), compared to
about 20% for FMSN(þ). Hence, the percentages of
FITC-positive iPSCs steadily decreased as timewent on,
probably due to the general cell division (doubling
time ∼18h)1 and exocytosis. However, FMSN(þ) ap-
pears to be retained slightly longer than the other two
types of FMSNs. Ready exocytosis of MSN has been
reported in human umbilical vein endothelial cells58

and many other cells.59

We therefore carried out exocytosis studies. After
the 4 h FMSN treatment, the iPSCswere incubatedwith
or without inhibitors60�62 (113 mM sucrose or 3 μg/mL
filipin) for 18 and 42 h. The green fluorescence of the
FMSNs remaining in the iPSCs was quantified by flow
cytometry (Figure S9). In the presence of sucrose, the
FITC-positive iPSCs were roughly 20% more than the
respective control (without inhibitors) after 18 or 42 h
incubation (Figure 4). Moreover, filipin did not affect
the percent FITC-positive cells. Therefore, the decline
of FITC-positive iPSCs could be attributed to exocytosis
and general cell division (doubling time is about 18 h).

Figure 3. Flow cytometry examinations of the effect of
pharmaceutical inhibitors on the cellular uptake of FMSNs.
Inhibitor-pretreated iPSCs after co-incubation with FMSNs
(100 μg/mL, 4 h) were analyzed. The controls were defined
as those without inhibitor pretreatments. Data aremeans(
SD of three independent experiments. Asterisks and double
asterisks indicate statistical differences (p < 0.05 and 0.01)
compared with the respective control.

Figure 4. Flow cytometry evaluation of the FITC-positive
iPSCs after 4 h FMSN incubation and regrowth in the regular
medium with or without inhibitors (113 mM sucrose or
3 μg/mL filipin) for 0, 18, and 42 h. Data are means ( SD of
three independent experiments. Asterisks indicate statisti-
cal differences (p < 0.05) compared with FMSN(u) and
FMSN(�). Pound signs indicate statistically significant dif-
ferences (p < 0.05) compared with respective time control.
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Cytotoxicity of FMSNs on iPSCs and Reactive Oxygen Species
(ROS) Level. Cell viability and proliferation are cytotoxi-
city markers. A colorimetric WST-1 assay was used
to assess the cell viability and proliferation. The cell
viabilities of iPSCs after 4 and 24 h incubation
with selected concentrations of FMSNs are shown in
Figure 5a and Figure S10, respectively. No significant
viability decrease was detected even at a very high
concentration (200 μg/mL). In addition, the iPSC pro-
liferation (Figure 5b) was not hindered in a 40 h growth
in DMEM supplemented with 10% fetal bovine serum
(FBS) post FMSN treatments. Furthermore, a lactate
dehydrogenase (LDH) assay was also employed to
evaluate if there was loss of membrane integrity
resulting from either apoptosis or necrosis. Figure 5c
displays the LDH release relative to control versus

concentration of FMSNs. None of the FMSN-treated
cells showed apparent LDH release after the 4 h in-
cubation; that is, no severe membrane disruption was
observed. A cell membrane disruption positive control
was also performed by incubating with the nonionic
surfactant Triton X-100. On the contrary, a considerable
amount (around 1000%) of LDH was released and

detected. Therefore, the FMSNs have little cytotoxicity
and are suitable for cellular labeling.

A more in-depth examination of the cytotoxicity of
the nanoparticles was performed to determine the
intracellular ROS production, which indicates whether
the cells are under oxidative stress. After incubating
with FMSNs for 4 h, the intracellular ROS level was
detected by a ROS dye, dihydroethidium, DHE. DHE is
oxidized to the highly reddish fluorescent dye 2-hydro-
xyethidium in the presence of ROS, especially super-
oxide anions.63 Flow cytometry results showed that
neither FMSN(u), FMSN(�), nor FMSN(þ) exerted a
considerable effect on the ROS level for iPSCs at 4 h
(Figure 5d). After further growth for 24 h in DMEM,
intracellular ROS levels of all FMSN-treated iPSCs dis-
played no significant difference from the control.
This low ROS stress is significant for FMSN application
considerations.

FMSNs Do Not Disturb the Pluripotency of iPSCs. Self-
renewal and pluripotency are the central features in
the definition of ES cells as well as iPSCs, and Oct4
(octamer-binding transcription factor 4) is a key factor
in this process.64 Oct4 is a member of the POU-domain

Figure 5. (a) Cytotoxicity of different FMSNs. iPSCswere incubatedwith different FMSNs at various concentrations for 4 h, and
the viability was determined by a WST-1 assay. Data are means ( SD of six independent experiments. (b) Effect of different
FMSNs on cell proliferation evaluated by a WST-1 assay. After cells were incubated with different FMSNs for 4 h, cells were
allowed for growth in regular medium for 40 h. Data are means ( SD of six independent experiments. (c) Normalized LDH
release from iPSCs after 4 h incubation with different FMSNs. Data are means( SD of six independent experiments. (d) ROS
levels among control (no nanoparticle treatment) and FMSN(u)-, FMSN(�)-, and FMSN(þ)-treated iPSCs. Four hours (or 24 h)
after FMSN uptake, the intracellular ROS level of iPSCs was detected by dihydroethidium and quantified by flow cytometry.
Data are means ( SD of three independent experiments.
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family of transcription factors and is expressed in
the blastocyst, pluripotent embryonic stem, and germ
cells.64�66 Expression of Oct4 is down-regulated during
differentiation, indicating that Oct4 plays a critical role
in mammalian tissue development.67 A primary con-
sideration is whether the presence of nanoparticles
would affect the pluripotency of the stem cells. To
address this question, Oct4 and stage-specific embry-
onic antigen 1 (SSEA1, a surface marker of mouse ES
cells and iPSCs)68 were examined by the immunofluo-
rescent staining of cells after FMSN internalization. First,
as shown in the CLSM images in Figure 6a, the punctate
cytoplasmic distribution of green fluorescence derived
from FMSNs was inside the cell whose surface marker,
SSEA1, was stained with red fluorescent anti-mouse
SSEA1 DyLight 594 conjugate. The maintenance of
SSEA1 in iPSCs implies that iPSCs remain in the un-
differentiated state after incubation with FMSNs. In
Figure 6b, our data revealed the CLSM images of iPSCs
after FMSN treatment and stained with anti-mouse
Oct4 DyLight 594 conjugate. Expression of the plu-
ripotent marker Oct4 (red) was easily observed inside
thenucleusof thecells (blue),whereasgreen fluorescence

of FMSNswasdistributedperipherally around thenucleus.
These findings also agree with the above SSEA1 observa-
tion, that iPSCs were undifferentiated and their character-
istic markers were preserved. CLSM images explicitly
provide evidence that FMSNs are internalized without
interfering with the expression of iPSC markers.

To further quantitatively determine the expression
levels of stemness signature in FMSN-treated iPSCs,
flow cytometry was used to quantify the Oct4- and
SSEA1-positive iPSCs after the 4 h incubation and
immunofluorescent staining (Figures 6c and S12).
Analysis shows that about 98% (SSEA1) and 95%
(Oct4) of cells are iPSCs positive after FMSN incubation.
Both the percentage of iPSCs that are stemness marker
positive and the MFI of iPSCs are similar to those of the
control. These results support the fact that FMSNs do
not disturb the stemness of iPSCs. Moreover, quanti-
tative reverse transcriptase polymerase chain reaction
(qRT-PCR) was used to determine the messenger ribo-
nucleic acid (mRNA) levels of iPSCs after FMSN uptake
(Figure 6d). The results indicate that themRNA levels of
SSEA1 and Oct4 are similar to those of the control.
These data also support the conclusion that the FMSNs

Figure 6. Immunofluorescence staining confocal microscope images of iPSCs after 4 h incubation with different FMSNs
at a dosage of 100 μg/mL (control = no FMSNs). (a) Panels from left are the nucleus of iPSCs counterstained by Hoechst 33342,
iPSC-specific surface marker SSEA1, FMSNs, and the merged images. (b) Panels from left are the nucleus of iPSCs
counterstained by Hoechst 33342, anti-Oct4 antibody, FMSNs, and the merged images. Scale bars are 20 μm. (c) Flow
cytometry analysis and quantification of iPSC stemness markers (SSEA1 and Oct4) after incubation with different FMSNs
(100 μg/mL, 4 h). (d) Relative mRNA levels of the stemness markers (SSEA1 and Oct4) of iPSCs after incubation with different
FMSNs (100 μg/mL, 4 h).
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do not affect the pluripotent and stemness signatures,
including Oct4 and SSEA1 (ES cell markers), in FMSN-
treated iPSCs.

FMSNs Do Not Interfere with the Capability of Teratoma
Formation of iPSCs in Vivo. It has been shown that iPSCs
were indistinguishable from ES cells in morphology,
surface antigens, gene expression, status of pluripo-
tent cell-specific genes, and telomerase activity.1 iPSCs
share the same features as ES cells and are capable
of pluripotency and differentiation into three germ
layers.2 The teratoma assay is one of themost common
platforms for demonstrating the pluripotency and
multidifferentiation of ES cells or iPSCs.69,70 To investi-
gate whether FMSNs could interfere with the pluripo-
tency of iPSCs in vivo, we used the teratoma assay to
demonstrate the differentiation potentials of FMSN-
treated iPSCs in the transplanted grafts of immuno-
compromised mice. After the FMSNs were incubated,
iPSCs were subcutaneously injected into immunodefi-
cient NOD SCIDmice, twomice per type of FMSN. After
7 weeks of injection, teratoma formation was easily
observed (Figure 7a). Tissue slices were stained with

hematoxylin and eosin. Three different germ layers,
including typical keratinocyte-like and neural epithe-
lium-like tissues (ectodermal lineage), cartilage-like
tissues (mesodermal lineage), and columnar epithe-
lium derived from endodermal-lineage tissues, were
observed for the individual sample from all three
groups (Figure 7b and c). After incubation with the
three types of FMSNs, iPSCs still have the ability to
differentiate into three different germ layers in vivo.
Therefore, these results of the teratoma assay with
histological survey supported that FMSNs would not
interfere with the pluripotency and multidifferentia-
tion potential of the iPSCs in vivo.

The leukemia inhibitory factor (LIF) is an impor-
tant cytokine that supports maintenance of the self-
renewing pluripotent state of mouse ES cells, as well as
iPSCs.71,72 When LIF is removed from ES cells or iPSC
culture, the pluripotency of ES cells or iPSCs will be
significantly decreased, and then the differentiation
will proceed in ES cells or iPSCs.72 We further explored
whether FMSN could affect the differentiation ability
and cell fate of iPSCs, especially under the LIF-removed

Figure 7. Teratoma formation analyses of immunodeficient NOD SCID mice. After incubation with 100 μg/mL FMSNs for 4 h,
3 � 106 iPSCs were subcutaneously injected in each mouse. (a) Photograph of NOD SCID mice. Seven weeks after iPSCs
injection, the teratoma was easily observed. The arrows indicate the teratoma formation site. (b) Teratoma and three-dermal
formation percentage analysis. Two mice for each type of nanoparticles were examined. (c) Examination of differentiation
potential of iPSCs in vivo. The tissue sectionswerederived from teratomaand stainedwith hematoxylin and eosin. Threegerm
lineages are in each tissue including keratinocyte with keratin and neural epithelium (ectoderm), cartilage (mesoderm), and
columnar epithelium (endoderm). Scale bars are 50 μm.
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condition. Notably, under the differentiation condition
of withdrawal of LIF and mouse embryonic fibroblast
(MEF) cultivation, our data suggested that FMSN(u) and
FMSN(þ) present the potential to enhance the trider-
mal differentiation abilities of iPSCs, in part, through
suppression of Oct4 and Nanog expression (Figures
S13 and S14 and detailed discussion in the SI). This
minimal effect on the differentiation of iPSCs by nega-
tively charged nanoparticles is similar to the negative
effect of carboxylate groups on the polymeric sub-
strates for iPSCs and neuron differentiation.73,74 More-
over, recent studies found that the excess amount of
cationic charges of polycationic polymers may inter-
fere with the cellular functions and physiology of
biomacromolecules such as proteins and enzymes.75,76

Notably, the excess cationic polymers might disrupt
the function of the RNA-induced silencing complex
and further influence the expression of Oct4. Notably,
in Figure 2e, our data showed that the uptake of
FMSN(u) and FMSN(þ) in iPSCs, especially in FMSN(þ),
was significantly higher than that of FMSN(�), suggest-
ing an excess of cationic charge with uptake may
inhibit the stemness gene signature (Figure S13)
and promote the activation of differentiation genes
(Figure S14). Additionally, there are examples where
nanomaterials affect the intracellular transport77,78 and re-
ports of signaling-activemolecules insideendosomes.79�81

This apparent promoting effect of FMSN(u) and FMSN(þ)
maybedue tomoreuptakeof thesenanoparticles in iPSCs.
Finally, the role of nanoparticles with different physical
characteristics, such as FMSN(�), FMSN(þ), and FMSN(u),
in modulating the trans-activated stemness-gene sig-
natures, pluripotency-related signal pathways, and
differentiation lineage-specific target genes of adult
stem cells, embryonic stem cells, and/or induced plu-
ripotent stem cells could be investigated in the future.

pHNF3β-FMSN(þ) Facilitates iPSC Differentiation into
Hepatocyte-like Cells. Because of themultiple advantages
of FMSNs to serve not only as ideal vectors for stem
cells labeling but also as a high-efficient delivery plat-
form to iPSCs, we then further explored the gene-
transferring potential of pHNF3β-FMSN(þ) (plasmid
for hepatocyte nuclear factor 3β, pHNF3β) in regulat-
ing the differentiation of iPSCs toward endodermal
and hepatic-specific cells (endoderm). HNF3β, a
forkhead box transcription factor, is one of key
transcription factors for liver development during
mouse embryogenesis and is essential for the onset
of hepatogenesis.82,83 ThepHNF3βwas loadedon FMSN-
(þ) to form pHNF3β-FMSN(þ) complexes by electro-
static adsorption.When the ratio of pHNF3β to FMSN(þ)
(w/w) was less than 1/16 (i.e., FMSN(þ) > 16), a stable
complex was formed with no free pHNF3β detected by
agarose gel electrophoresis (Figure S15a). Therefore, we
chose pHNF3β to FMSN(þ) ratios (w/w) of 1/16 and
1/128 (low and high amount of FMSN(þ)) for the
transduction studies. The pHNF3β-FMSN(þ) complexes

were characterized by their zeta potentials and DLS
sizes in the DMEM (pH = 7.4, Figure S15b,c). The zeta
potential became less negativewith increasingamounts
of FMSN(þ), indicating the neutralization of the nega-
tive charge of pHNF3β had occurred and indirectly
confirming the formation of the complexes. However,
as the charge was near neutral (�5.5 ( 1.2 mV),
aggregation occurred, leading to large DLS size for
the 1/128 complex (705 ( 46 nm).

The iPSCs (Figure 8a, upper left) treated with
pHNF3β-FMSN(þ) and the controls (pHNF3β only,
iPSCs only, and pHNF3β-Lipofectamine 2000 as a non-
viral vector control) were cultivated in hepatic differ-
entiation media. After 15 days, the control cells under-
going differentiation exhibited only slightly flattened
cell morphology (Figure 8a, upper right). Compared
with pHNF3β only (Figure 8a, lower left), our results
showed that the treatment of pHNF3β-FMSN(þ) 1/16
facilitated thedifferentiationof iPSCs intohepatocyte-like
cells (iPSC-Heps), which displayed a cuboidal morphol-
ogy with a large nucleus, a typical mark of hepatocytes,
within 15 days of induction (Figure 8a, lower right).
Normally, it takes 28 days for iPSC-Heps that received
the standard differentiation to become mature iPSC-
Heps.14

To further examine whether pHNF3β-FMSN(þ) was
able to promote the expression of liver-specific genes,
we confirmed the mRNA-expression levels of liver
genes by qRT-PCR. Notably, using FMSN(þ) as a gene
delivery platform, the data of qRT-PCR demon-
strated that the ectopic-overexpression levels of HNF3β
mRNA of iPSCs treated with pHNF3β-FMSN(þ) 1/16 or
pHNF3β-FMSN(þ) 1/128 (Figure 8b) were significantly
higher than those of control groups but not as high as
that of the pHNF3β-Lipofectamine 2000 complex trea-
ted iPSCs (Figure 8b, upper left). Indeed, the transduc-
tion efficiency of the pHNF3β-FMSN(þ) complex was
slightly lower than that of the pHNF3β-Lipofectamine
2000 complex (Figure S16). Importantly, after induction
of the hepatic differentiation for 15 days, the endo-
genous mRNA-expression levels of hepatocyte nuclear
factor 4R (HNF4R; a specific visceral-endoderm gene),84

albumin (ALB; a specific liver protein), andR-1-antitrypsin
(AAT; a plasma serine protease inhibitor of liver)85 were
also up-regulated at iPSC-Heps treated with pHNF3β-
FMSN(þ), as compared with the control groups
(Figure 8b). The mRNA-expression levels of AML12, a
mouse hepatocyte cell line,86 were included for refer-
ence in Figure 8b. Interestingly, the expression level of
AAT in AML12 was quite low. Furthermore, immuno-
fluorescence staining of the nuclear factors, HNF3β and
HNF4R, in all groups is shown inFigure9. iPSC-Heps treated
with pHNF3β-FMSN(þ) complexes (1/16 and 1/128)
along with those treated with pHNF3β-Lipofectamine
2000 (positive control) and AML12 cells display
bright and intense green HNF3β (Figure 9a) and
red HNF4R (Figure 9b) images, yet dim or sporadic
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green or red images were displayed by the controls.
Therefore, more hepatic differentiation resulted from

thenanoparticle-complex treatment, andFMSN(þ) carry-
ing pHNF3β can be an efficient platform to improve

Figure 8. pHNF3β-FMSN(þ) facilitated iPSCs differentiation toward definitive endodermal and hepatic lineage. (a) iPSCs
cultivated on MEF formed the aggregated colony-like formation (upper left). Scale bars are 100 μm. In vitro iPSCs
differentiated into hepatocyte-like cells (iPSC-Heps) under hepatic differentiation medium (100 ng/mL Activin A and
10 ng/mL basic fibroblast growth factor) for 15 days (upper right). iPSCs treated with pHNF3β only (lower left) or pHNF3β-
FMSN(þ) (lower right) were cultivated for 15 days under hepatic differentiation media. Scale bars are 100 μm. (b) Relative
mRNA expression levels of iPSCs of endodermal or hepatic-lineage specific genes quantified by qRT-PCR after the vector-
FMSN(þ) or pHNF3β-FMSN(þ) delivery in iPSCs. The iPSCs were transfected for 4 h and differentiated for 15 days. qRT-PCR
analysis revealed the mRNA expression levels of hepatocyte-specific markers, including HNF3β, HNF4R, albumin (ALB), and
R-1-antitrypsin (AAT), in iPSCs treatedwith vector-FMSN(þ), pHNF3β-FMSN(þ), or other control groups. pHNF3β-Lipofectamine
2000: liposomal transfection; positive control for transfection. AML12: a mouse hepatocyte cell line; positive control for mature
hepatic cells. Data are means ( SD of three independent experiments. Asterisks indicate statistical differences (p < 0.05)
compared with control.

A
RTIC

LE



CHEN ET AL . VOL. 7 ’ NO. 10 ’ 8423–8440 ’ 2013

www.acsnano.org

8433

Figure 9. Immunofluorescence analysis for the expression of the hepaticmarkers HNF3β (green) andHNF4R (red) in pHNF3β-
FMSN(þ)-treated iPSCs and controls. iPSCs were grown for 15 days. Nuclei were counterstained with Hoechst 33342 (blue).
pHNF3β-Lipofectamine 2000: liposomal transfection; positive control for transfection. AML12: a mouse hepatocyte cell line;
positive control for mature hepatic cells. Scale bars are 200 μm. (c) Analysis of delivery of iPSCs with pHNF3β-FMSN(þ) 1/16
and pHNF3β-FMSN(þ) 1/128 on day 1 and day 3. Relative mRNA expression levels of iPSCs of endodermal or hepatic-lineage
specific genes quantified by qRT-PCR. Asterisks indicate statistical differences (p < 0.05) compared with control. (d)
Immunofluorescence staining of iPSCs treated with pHNF3β-FMSN(þ) twice and stained with HNF3β and HNF4R antibodies.
Scale bars are 200 μm.
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definitive hepatic differentiation. It has been reported
that multiple deliveries of different factors improve
the efficiency of iPSC differentiation to hepatocyte
cells.15,16 We delivered pHNF3β on day 1 and 3 and
differentiated for 15 days. Relative mRNA expression
levels improved in this two-delivery study (Figure 9c,d).
Therefore, these data suggest that FMSN(þ) carrying
pHNF3β can be an efficient nonviral gene-delivery
system to improve definitive hepatic induction and
promote the differentiation of iPSCs into iPSC-Heps.

Treatment with pHNF3β-FMSN(þ) Promotes Hepatic Matura-
tion and Liver-Uptake Function of iPSC-Heps. We further
examined whether pHNF3β-FMSN(þ) can promote
hepatic differentiation with mature liver function
in the treated iPSCs. Study assays for monitoring
the abilities of low-density lipoprotein (LDL) uptake
and glycogen storage were undertaken.15 First, we

monitored the abilities of LDL uptake by immunofluor-
escent imaging. In the control groups (Figure 10a),
neither cellular uptake of LDL nor glycogen synthesis
was observed in undifferentiated iPSCs. The positive
immunofluorescent signals for LDL uptake in pHNF3β-
FMSN(þ)-treated groups increased significantly in the
hepatic-lineage differentiation at day 15, as compared
with those of other control groups (Figure 10a). AML12
was used as a positive differentiation control of mature
hepatocytes for iPSC-Heps under different treatments.
We also used liposomal transfection (Lipofectamine
2000) as a positive transfection control for the delivery
efficiency of FMSNs. Moreover, the treatment effect of
pHNF3β-FMSN(þ) was similar to the two positive con-
trols (Lipofectamine 2000 andAML12). Therefore, com-
pared to the different controls and treatments, the
results of the LDL-uptake analyses in iPSC-Heps also

Figure 10. Analysis of LDL-uptake and glycogen-storage functions of iPSCs treated with pHNF3β-FMSN(þ) or controls. (a)
Functional test of hepatocyte-like cells (iPSC-Heps) after 4 h transduction and15days differentiation. The cellswere examined
for the ability to take up acetylated LDL, labeled with 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate
(red) for 24 h. The LDL uptake function of iPSC-Heps in the different treatment groupswas analyzedby an immunofluorescent
reaction and recorded using a fluorescence microscope. The blank indicates iPSCs were incubated in the absence of hepatic
differentiation medium (100 ng/mL Activin A and 10 ng/mL basic fibroblast growth factor) for 15 days, while other groups
were incubated with hepatic differentiation medium. pHNF3β-Lipofectamine 2000 delivery and AML12 (a cell line derived
from hepatocytes) were included as positive controls. Scale bars are 200 μm. (b) The functions of glycogen synthesis and
storageweremeasuredbyperiodic acid-Schiff (PAS) staining (positive for glycogen; purple color) in iPSC-Heps in the different
treatment groups. Scale bars are 200 μm.
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support the idea that the treatment of pHNF3β-
FMSN(þ) can improve the hepatic maturation and
liver-uptake function of iPSC-Heps. Meanwhile, similar
findings were also made in the observation of large
amounts of glycogen storage (another mature func-
tion of hepatocytes) of iPSC cells treated with pHNF3β-
FMSN(þ), as compared with those of the control
groups (Figure 10b). Taken together, these data sug-
gest that treatment of pHNF3β-FMSN(þ) can not only
promote iPSCs toward hepatic differentiation with
high efficiency but also improve significantly the ma-
turation of iPSC-Heps with liver-specific functions.

CONCLUSION

The discovery of iPSCs by Yamanaka revolutionized
regenerative biology and presented great opportunities
in medical fields.1,2 Some of the proposed applications
are in replacement therapy and pharmaceutical screen-
ing. Facile generation of hepatocytes from iPSCs can

facilitate the development of replacement therapy and
pharmaceutical screening in addition to establishing
disease models. In this report, we have demonstrated
that pHNF3β-FMSN(þ) improved iPSC differentiation
toward hepatocyte-like lineage with mature liver func-
tion, and double delivery of pHNF3β-FMSN(þ) further
improved mRNA-expression levels of liver-specific
genes.
We have also demonstrated that mesoporous silica

nanoparticles with various surface charges could be
efficiently internalized by iPSCs without causing cyto-
toxicity. The levels of reactive oxygen species and
pluripotent status, including in vitro stemness signa-
tures and in vivo teratoma formation, remained unal-
tered. Therefore, FMSNs with multifunctional properties
are suitable delivery platforms for biomolecule delivery
and serve as an ideal vector for stem-cell labeling and
gene delivery, as well as a potential drug for inducing
specific differentiation and cell-oriented therapeutics.

MATERIALS AND METHODS
All chemicals were purchased from commercial suppliers

(Acros, Aldrich, Sigma, and Merck) and were used without
further purification.

Synthesis of FITC-Conjugated Mesoporous Silica Nanoparticles
(FMSN(u)). FMSN(u) were synthesized following the methods
in our previous reports.18,41 Positively charged FMSN(þ) was
obtained by modifying the FMSN(u) surface with N-trimethoxy-
silylpropyl-N,N,N-trimethylammonium chloride before surfactant
extraction. Sodium3-trihydroxysilylpropylmethylphosphonatewas
used to obtain FMSN(�). Detailed synthesis and characterization
are provided in the Supporting Information.

iPSC Generation and Culture. For reprogramming mouse fibro-
blast cells into iPSCs, mouse fibroblast cells were isolated from
embryos of C57/B6 mice and cultured in Dulbecco's modified
Eagle medium (Invitrogen, San Diego, CA, USA) supplemented
with 10% fetal bovine serum (FBS, Invitrogen) at 37 �C, 5% CO2.
Mouse fibroblast cells were infected for 24 h with lentiviruses
encoding the four reprogramming factors (Sox2, Klf4, c-Myc,
and Oct4) in the presence of 8 ng/mL Polybrene, following the
protocol described previously.87 The culture medium was
changed every other day, until background colonies emerged,
after which the medium was changed daily. ES-like colonies
appeared from large background colonies 7 days after viral
transduction and were manually picked on days 24�30. Colo-
nies that maintained their ES-like morphology were further
passaged and analyzed for pluripotency potential.70

iPSCs were cultured on mitotically inactivated mouse em-
bryonic fibroblasts (50 000 cells/cm2) in DMEM supplemented
with 15% FBS, 0.1 mM nonessential amino acids (Invitrogen,
11140-050), 0.55 mM 2-mercaptoethanol (Sigma, M7154-100 ML),
50 μg/mL penicillin�streptomycin (Invitrogen, 15140-122),
and 0.3% recombinant leukemia inhibitory factor (Invitrogen,
PMC9484) at 37 �C, 5% CO2. In all culture conditions, the iPSC
culture media were changed daily and cells were treated with
trypsin (1 mg/mL, 5 min) or manually passaged every 3 or 4
days.

Cellular Uptake by Flow Cytometry. The iPSCs cellular uptake
efficiency was determined by a flow cytometer (BD LSRFortessa
cell analyzer, Becton Dickenson, Franklin Lakes, NJ, USA) and
BD FACSDiva software (Becton Dickenson). The FITC dye in the
FMSNs serves as a marker to determine the iPSC uptake
efficiency. Before cell-seeding, the 12-well plates were coated
with 0.1 wt % gelatin solution for 30 min, and the plates were
washed with DMEM. iPSCs were seeded in 0.1% gelatin-coated

12-well plates with 1 mL of DMEM supplemented with 10%
FBS and 1% penicillin�streptomycin at a cell density of 2� 105

cells per well. After a 24 h incubation at 37 �C, the DMEM was
replaced with 1 mL of FMSN(u) suspensions of various concen-
trations (0 (control), 25, 50, 85, and 100 μg/mL in DMEM), and
the mixtures were incubated for various durations (0.5, 1, 2, and
4 h). The treated cells were washed twice with DMEM. Then, the
cells were dispersed in 0.4 mL of PBS. Trypan blue was added to
quench the extracellular FITC signals from the FMSN(u) attached
on the cell surface, and flow cytometry analysis was carried
out. The uptake of FMSN(�) and FMSN(þ) for iPSCs was also
evaluated by flow cytometry using the same procedures.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Detection of
FMSNs Uptake. After seeding, cells were incubated in DMEMwith
100 μg/mL FMSNs for 4 h, and the iPSCs were washed with PBS
three times and harvested by trypsinization. After trypsiniza-
tion, iPSCs were washed twice and centrifuged to obtain cell
pellets, which were digested with HF and HNO3 to dissolve the
FMSNs and iPSCs. The mass of FMSNs in the iPSCs was quanti-
fied by measuring the silicon concentration with ICP-MS.

Uptake Mechanism Experiments. To study the cellular uptake
mechanism, iPSCs were preincubated at 37 �C with several
pharmaceutical inhibitors: NaN3 (5 mM, 1 h), 0.1 w/v % NaN3

and 50 mM 2-deoxyglucose (1 h); sucrose (225 mM, 30 min);
filipin (3 μg/mL, 1 h); cytochalasin D (3 μg/mL, 30 min); and
nocodazole (30 μM, 30min). Afterward, iPSCs were co-incubated
with 100 μg/mL FMSNs for 4 h. The iPSCs were washed with PBS
three times and harvested by trypsinization for flow cytometry
examination.

Exocytosis Mechanism Experiments. After incubation with
100 μg/mL FMSNs for 4 h, iPSCs were washed, harvested, and
recultured in DMEM supplemented with 10% FBS and 1%
penicillin�streptomycin. Then, iPSCs were cultured in 113 mM
sucrose or 3 μg/mL filipin in a DMEM solution supplemented
with 10% FBS and 1% penicillin�streptomycin. After 18 and
42 h, the iPSCs were washed with PBS three times and harvested
by trypsinization for flow cytometry examination.

Cellular Cytotoxicity. The viability of FMSNs against iPSCs was
evaluated by a colorimetric WST-1 assay. The cells were seeded
in 24-well plates at a seeding density of 2 � 104 cells per well
in 0.5 mL of DMEM supplemented with 10% FBS and 1%
penicillin�streptomycin at 37 �C for 24 h attachment. After
the attachment, the medium was removed and the cells were
incubated in 0.5mL of fresh DMEM containing 0, 12.5, 25, 50, 75,
and 100 μg of FMSNs (i.e., 0, 25, 50, 100, 150, and 200 μg/mL,
respectively) for 4 or 24 h at 37 �C. After incubation, themedium
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was removed and the treated cells were washed twice with
fresh DMEM. To investigate the cell viability, 200 μL of DMEM
and 20 μL of premixed WST-1 cellular cytotoxicity reagent
(containing WST-1 and an electron-coupling reagent, diluted
in sterile phosphate buffer saline) were added to each well.
Afterward, the 24-well plate was shaken thoroughly for 1 min
and left in the incubator for 4 h at 37 �C. Finally, 100 μL of the
reaction solution from each well was transferred to a 96-well
plate. A 96-well plate ELISA reader from Bio-Rad was used to
measure the absorbance at 450 and 655 nm (a reference)
simultaneously. The culture medium with premixed WST-1
reagent was defined as a background control.

The cellular proliferation of FMSNs against iPSCs was eval-
uated by a colorimetricWST-1 assay. After seeding,mediumwas
removed and the cells were incubated in 0.5 mL of fresh DMEM
containing 0, 25, and 50 μg of FMSNs (i.e., 0, 50, and 100 μg/mL,
respectively) for 4 h in the incubator at 37 �C. Afterward, the cells
were allowed to grow in 0.5 mL of fresh DMEM supplemented
with 10% FBS and 1% penicillin�streptomycin for 40 h. For cell
proliferation, the examination procedure is the same as that of
the WST-1 viability assay described above.

In addition, the cellular integrity of iPSCs after FMSN in-
cubation was evaluated by a lactate dehydrogenase assay.
Typically, 0.1 mL of nicotinamide adenine dinucleotide, 0.1 mL
of lactic acid, 0.1 mL of tetrazolium salt, and 0.1 mL of recon-
stituted diaphorase were added to a 9.6 mL LDH assay buffer to
prepare the LDH reaction solution. After seeding, the medium
was removed and the cells were incubated in 0.5 mL of fresh
Roswell Park Memorial Institute (RPMI) 1640 medium contain-
ing 0, 12.5, 25, 50, 75, and 100 μg of FMSN nanoparticles for 4 h
at 37 �C. After incubation, the cell mediumwas centrifuged, and
100 μL of the supernatant was added to 100 μL of LDH reaction
solution in a 96-well plate. Themixture was shaken for 30min at
RT. To determine the amount of LDH, a multiwell plate ELISA
reader from Bio-Rad was used to measure the absorbance at
490 and 690 nm (as a reference) simultaneously. The LDH reac-
tion solution with culture medium only (without cells) was
defined as a background control.

Immunofluorescence Staining. For immunostaining, iPSCs were
seeded on a 0.1% gelatin coated chamber slide for 24 h and
incubated in 1 mL of FMSN suspension at a concentration of
100 μg/mL in DMEM for 4 h. After incubation, the iPSCs were
washed with PBS, fixed with 4% paraformaldehyde, and then
permeabilized with 0.1% IGEPAL CA-630. Cells were incubated
withmouse or rabbitmonoclonal antibodies against SSEA1 (Cell
Signaling, #4744) or Oct4 (Cell Signaling, #2840) at appropriate
dilution overnight at 4 �C. After that, cells were washed exten-
sively with PBS and treated with DyLight594-conjugated corre-
sponding secondary antibodies (Jackson ImmunoResearch,
West Grove, PA, USA) and counterstained with Hoechst 33342
(Sigma) before being visualized under an Olympus confocal
microscope.

Stemness Marker Determination. The iPSCs incubated with
FMSNs were harvested 4 h postincubation. iPSCs were treated
with a mixture of trypsin and ethylenediaminetetraacetic acid
and washed with PBS. Following trypsinization and centrifuga-
tion of cells, the cell pellet was resuspended in staining solution
containing 0.1% bovine serum albumin (BSA, Invitrogen) in PBS.
For SSEA1 staining, cells were stained with anti-SSEA1 antibody
(Cell Signaling, #4744) for 30 min on ice and then washed with
PBS containing 0.1% BSA. After that, DyLight594-conjugated
secondary antibody was added to both the isotype control and
the SSEA1-stained cells, and cells were incubated on ice for
30 min. For Oct4 staining of iPSCs, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% IGEPAL CA-630,
and thenwashedwith PBS containing 0.1% BSA. After that, anti-
Oct4 antibody (Cell Signaling, #2840) was added and incubated
with cells on ice for 30 min. Cells were then washed with
staining solution, and secondary antibody conjugated to Dy-
Light594 was added and incubated for 30 min on ice. Labeled
cells were washed, and cells were resuspended in 0.5 mL of PBS
containing 0.1% BSA. The populations of labeled cells were
evaluated by flow cytometry.

Quantitative Reverse Transcriptase Polymerase Chain Reaction. qRT-
PCR was used to examine and quantify the gene expression

levels in iPSCs. After seeding, the iPSCswere incubated inDMEM
containing 100 μg/mL FMSNs in six-well plates for 4 h. After
incubation, the cells were washed with DMEM twice and grown
in the DMEM supplemented with 10% FBS.

After being further cultured for 5 and 11 days, total RNA
from cultured cells was extracted using Trizol reagent (Invitrogen).
In brief, 1 mL of Trizol reagent was added to homogenize the cell
lysate, and the reaction mixture was incubated for 5 min at room
temperature (RT). Then 0.2 mL of chloroform was added, and the
mixture was centrifuged (12000g, 15 min, RT) to separate the two
phases. The colorless aqueous phase was transferred to a fresh
tube, and 0.5mLof isopropyl alcohol (Sigma-Aldrich, St. Louis,MO,
USA) was added. Ten minutes later, the precipitate was collected
by centrifugation at 16000g for 10min at 4 �C. The pellet was then
washed with 1 mL of 75% ethanol. After ethanol was completely
removed, the pellet was dissolved in 30 μL of diethylpyrocarbo-
nate-treated H2O (Life Technologies, Carlsbad, CA, USA).

The total RNA was estimated by UltroSpec 3100 Pro
(Amersham). A 1 μg amount of RNA was reversely transcribed
with a SuperScript III reverse transcriptase kit (Invitrogen)
following the manufacturer's manual. Quantitative PCR analysis
was performed in real time using an ABI 7900 Fast System and
SYBR Green Master Mix. Conditions for PCR amplifications were
as follows: 94 �C for 3 min, 35 thermal cycles (denaturing the
DNA at 94 �C for 30 s, annealing with the primer at 60 �C for 5 s,
extending the length of product at 72 �C for 1 min), and a final
extension at 72 �C for 10 min. Reactions were carried out by
using specific primers listed in the Supporting Information
(Table S2). For quantitation, the raw data were normalized to
glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Error
bars indicate standard deviation of triplicate measurements.

Teratoma Formation Examination. This study was approved by
Taipei Veterans General Hospital Animal Committee, and the
principles of Laboratory Animal Care were followed. Only
male NOD SCID mice were used in the transplantation studies.
iPSCs were treated with FMSNs (100 μg/mL, 4 h). Cells were
suspended at 1 � 107 cells/mL in PBS. We subcutaneously
transplanted 3� 106 cells into 3- to 4-week-old NOD SCID mice
(n = 2, FMSN(u), FMSN(þ), and FMSN(�)). Seven weeks after the
injection, teratoma was surgically dissected for histological
analysis. Sampleswere fixed in PBS containing 4% formaldehyde
and embedded in paraffin. Sections were stained with hema-
toxylin and eosin.

Evaluation of Intracellular Reactive Oxygen Species. Intracellular
ROS level was evaluated using the fluorescent probe dihy-
droethidium (DHE, Invitrogen). After the FMSN incubation (100
μg/mL, 4 h), cells were incubated with DHE at a concentration
of 2 μM for another 30 min at 37 �C. The intracellular ROS were
quantified by flow cytometry.

Plasmid Construction. The mammalian plasmid can be used in
transiently expressing genes by transfection. The EF1R promo-
ters allow ectopic genes to achieve robust and constitutive
expression in mammalian cells. We introduced HNF3β cDNA,
isolated from pCMV-Sport6-HNF3β, into pLV-EF1R-IRES (vector)
at the sites of BamHI/ApaI. The construction of pLV-EF1R-HNF3β-
IRES (plasmid HNF3β, pHNF3β) and pLV-EF1R-HNF3β-IRES-RFP
(pHNF3β(RFP))was confirmedbydirect sequencing. ThepHNF3β
was transformed and amplified into the DH5R E. coli strain. The
pHNF3β was purified using an Invitrogen Maxi plasmid prepara-
tion kit (Life Technologies), and the manufacturer's instructions
were followed. The concentration and purity of pHNF3β were
measured by ultraviolet (UV) absorbance at 260 and 280 nm,
respectively. pHNF3β was used for induction of hepatic differ-
entiation in iPSCs. The transduction of pHNF3β(RFP) enables
iPSCs to produce red fluorescent protein whereby the FMSN-
delivery efficiency can be estimated by fluorescence microscope
and flow cytometry.

pHNF3β-FMSN(þ) Binding and Agarose Gel Electrophoresis. One
microgram of pHNF3β was mixed with various amounts of
FMSN(þ) at weight ratios (pHNF3β/FMSN(þ)) of 1/1, 1/2, 1/4,
1/8, 1/16, 1/32, and 1/64 in DMEM. After 30 min incubation,
pHNF3β-FMSN(þ) complexes were loaded onto the 1.0% aga-
rose gel. After gel electrophoresis (110 V for 30min), DNA bands
were visualized by ethidium bromide staining. Naked pHNF3β,
FMSN(þ), and size standards were used as references.
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iPSC Transduction and in Vitro Hepatic Differentiation. Before the
induction of hepatic differentiation, iPSCs were trypsinized into
single cells and suspended in a mouse ES medium without LIF.
The iPSC colonies were cultured in suspension in uncoated Petri
dishes for 4 days to collect embryoid bodies. Embryoid bodies
were plated onto gelatin-coated six-well plates. For induction of
hepatocytes, delivery of the pHNF3β-FMSN(þ) complex was
carried out by adding 34 and 258 μg of pHNF3β-FMSN(þ)
complexes (pHNF3β/FMSN(þ) = 1/16 and 1/128) into 2 mL of
DMEM, respectively. In addition, incubation with pHNF3β only
(2 μg), FMSN(þ) only (32 μg, 256 μg for FMSN(þ) control for
1/16 and 1/128, respectively), and 34 μg of vector-FMSN(þ)
(vector(pLV-EF1R-IRES)/FMSN(þ) 1/16) was carried out sepa-
rately for references. Moreover, Lipofectamine 2000 (Invitrogen)
was used as a nonviral positive control. Similarly, 2 μg of
pHNF3β and 6 μL of Lipofectamine 2000 were incubated in
100 μL of DMEM for 30 min. The complex was added to six-well
plates containing 1.9 mL of DMEM and iPSC embryoid bodies.
For all groups, the incubation time was 4 h. After washing with
PBS, iPSCs were cultured in DMEM supplemented with 10%
FBS, 100 ng/mL Activin A (R&D Systems), and 10 ng/mL basic
fibroblast growth factor (bFGF, R&D Systems). In addition, iPSCs
incubated in the absence of hepatic differentiation media
(100 ng/mL Activin A and 10 ng/mL basic fibroblast growth
factor) served as a blank. To observe long-term effects, iPSCs
were cultured for 15 days. The culture medium was replaced
with a freshly prepared medium every other day.

For the double-transduction experiment, on days 1 and
3, 34 and 258 μg of pHNF3β-FMSN(þ) complexes (pHNF3β/
FMSN(þ) = 1/16 and 1/128) in 2 mL of DMEM were incubated
with iPSCs (4 h), respectively. Afterwashingwith PBS, iPSCswere
cultured as the single-transduction experiment described
above, and total culture time was 15 days.

qRT-PCR Evaluation of Hepatocyte-like Cells. qRT-PCR was used to
examine and quantify the gene expression levels in iPSC-Heps.
After the iPSCs were transducted with pHNF3β-FMSN(þ) and
cultured for another 15 days, Trizol reagentwas added to homo-
genize the iPSCs lysate. The RNAextraction, reverse-transcription,
and quantitation procedures were the same as described above
for qRT-PCR. The specific primers for hepatocyte-associated
genes are listed in the Supporting Information (Table S2).

Immunofluorescence Staining of Hepatocyte-like Cells. Immuno-
fluorescence staining was used to detect the presence of
hepatic markers HNF3β and HNF4R in iPSC-Heps. Under the
differentiation protocol, pHNF3β-FMSN(þ)-transduced iPSCs
were cultured for another 15 days. The iPSC-Heps were washed
with PBS, fixed with 4% paraformaldehyde, and then permea-
bilized with 0.1% IGEPAL CA-630. The iPSC-Heps were subse-
quently incubated with primary antibody against HNF3β and
HNF4R overnight. After that, cells were washed with PBS and
treated with fluorescence-conjugated corresponding second-
ary antibodies. The iPSC-Heps sample was observed under an
Olympus microscope.

Periodic Acid-Schiff Staining and Low-Density Lipoprotein Uptake
Examination. For functional assessment of the hepatocyte-like
cells (iPSC-Heps), periodic acid-Schiff staining and low-density
lipoprotein uptake were employed. After the iPSCs were trans-
ducted with pHNF3β-FMSN(þ) and cultured for another 15 days,
iPSC-Heps were fixed in formalin�ethanol fixative solution (37%
formaldehyde�95% ethanol, 1:9 (v/v)) and permeabilized with
0.1% Triton X-100 for 10 min. Samples were then oxidized in 1%
periodic acid for 5 min, rinsed with deionized H2O (dH2O) three
times, treated with Schiff's reagent for 15 min, and rinsed with
dH2O for 10 min. Samples were counterstained with Mayer's
hematoxylin for 1min, rinsedwith dH2O for 10min, and assessed
under a light microscope.

For LDL analysis, the iPSCs were transducted with pHNF3β-
FMSN(þ) and cultured for another 15 days. iPSC-Heps were
incubated in DMEM containing 20 μg/mL acetylated low-density
lipoprotein, labeled with 1,10-dioctadecyl-3,3,30 ,30-tetramethyl-
indocarbocyanine perchlorate (DiI-Ac-LDL, Biomedical Technol-
ogies, Stoughton, MA), for 24 h at 37 �C. iPSC-Heps were washed
twice with PBS and visualized by fluorescence microscopy.

The same procedure was followed for Lipofectamine 2000
and AML 12.
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