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Abstract

Dopaminergic differentiation of embryonic stem cells (ESCs) gains more and more attention worldwide owing to its
potential use for neurorestorative therapy for the treatment of Parkinson’s disease. The conventional 2D cell culture
on petri dishes with various animal derived substrata such as collagen gels, laminin, and Matrigel is widely used to
induce dopaminergic differentiation and it may limit the efficiency in the generation of dopaminergic neurons from
ESCs and prevent their application for human therapies. Here, we reported that a self-assembling peptide made from
natural amino acids has a property to generate a true 3D environment for dopaminergic differentiation. Mouse ESCs
(R1) and mouse iPSCs (TTF-1) embedded in RADA16-I peptide-derived nanofiber scaffolds led to a marked increase
in dopaminergic differentiation compared to the laminin-coated 2D culture or Matrigel-encapsulated 3D culture.
These differentiated neurons expressed specific dopaminergic markers and produced appropriate patterns of action
potential firing. Consistent with the increase in the number of dopaminergic neurons differentiated from R1 or TTF-1
in the self-assembling peptide nanofiber scaffold (SAPNS), both the expression levels of genes that involve in
dopaminergic differentiation and maturation and the dopamine release in SAPNS culture were significantly elevated.
The results of the study suggest that SAPNS provides a promising 3D culture system for dopaminergic differentiation.
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Introduction

Cell therapy holds great promise for the treatment of
neurodegenerative diseases such as Parkinson’s diseases
(PD) where pharmacological interventions or other treatment
strategies are currently lacking. Of all stem cell types,
embryonic stem cells (ESCs), which are derived from the inner
cell mass of blastocysts, are considered to possess the
greatest potential for the widest range of cell replacement
therapies. A prerequisite for clinical application of ESCs in the
treatment of PD is an efficient and strict differentiation of ESCs
into midbrain dopaminergic neurons. In this regard, various
strategies for improving efficiency of dopaminergic
differentiation from ESCs have been developed for the past
decade, mostly by optimizing culture conditions [1-6],
manipulating genetic modification [7,8], and modulating
intracellular signaling pathways [9-14].

Although these approaches have elegantly shown successful
dopaminergic differentiation and led to higher yield of
dopaminergic neurons, it should be noted that nearly all these
studies used the conventional 2-dimensional (2D) tissue cell
culture on various animal derived substrata such as collagen
gels, laminin, poly-glycosaminoglycans and Matrigel to induce
dopaminergic differentiation. The 2D tissue cell culture is
different from the architecture of the in situ environment of cells
in a living organism, which may affect the differentiation
efficiency due to the changes in cellular growth and
communication, nutrient transport and waste removal.
Furthermore, the substrata used in these studies are animal
derive and often contain residual growth factors, undefined
constituents or non-quantified substances [15-17]. This makes
it difficult to conduct well-controlled studies with these materials
and prevents clinical application for human therapies.

A self-assembling peptide system, which is made from
natural amino acids and forms nanofiber scaffold hydrogels by
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altering salt concentration, represents a promising biomaterial
for neural repair and 3D cell culture. It has excellent
biocompatibility and biodegradability due to its naturally
constituent amino acids and no cytotoxic and immunological
alert after implantation. Our previous studies showed that self-
assembling peptide nanofiber scaffolds (SAPNS) effectively
facilitate brain and spinal cord repair in brain and spinal cord
injury models and promote regeneration of peripheral nerves in
a sciatic nerve injury model [18-20]. It can undergo
spontaneous assembly into nanofiber scaffolds (10 nm in fiber
diameter with pores between 5–200 nm) and surrounds cells in
a manner similar to the natural extracellular matrix, thus
producing a true 3D culture environment for cell growth,
migration and differentiation [21-23]. The survival and
differentiation of various kinds of cells such as neural stem
cells, Schwann cells, and osteoblasts were greatly improved
when cultured in SAPNS-derived 3D culture system [18,24-26].

However, it remains unknown whether ESCs can
successfully differentiate into dopaminergic neurons in SAPNS
and whether the efficiency of dopaminergic differentiation of
ESCs can be improved in a 3D culture system. Therefore, the
present study was designed to investigate the dopaminergic
differentiation of mouse pluripotent stem cells including mouse
ESCs and mouse induced pluripotent stem cells (iPSCs) in
SAPNS-derived 3D culture system.

Materials and Methods

Cell culture
Mouse ESCs (R1) were from American Type Culture

Collection (ATCC); Mouse iPSCs (TTF-1) were from our
previous reported study [27]. All the cells were maintained on
mitomycin-treated MEF feeder cell layers and cultured in KSR
medium consisting of DMEM Dulbecco's Modified Eagle's
Medium (DMEM; GIBCO, Invitrogen), supplemented with 20%
knock-out serum replacement (KSR, GIBCO, Invitrogen), 2mM
L-glutamine, 0.1mM nonessential amino acids, 0.1 mM β-
mercaptoethanol, and 1000 U/ml leukemia inhibitory factor
(LIF, Chemicon International) with the culture medium renewed
every day.

Dopaminergic induction
Dopaminergic neuron differentiation of mouse pluripotent

stem cells followed a well-established protocol with minor
modifications [1]. Firstly, R1 (passage 20-25) or TTF-1 cells
(passage 15-20) were dissociated into single cells after
removal of feeder cells. They were then grown at 0.5-1×105

cells/ml in aggregate cultures in DFK10 medium to form EBs.
DFK10 medium consisted of DMEM/F12 (Invitrogen)
supplemented with 10% Knock-out serum replacement, 2.4%
N2 (GIBCO), 4500 mg/l Glucose, 2mM L-glutamine, 1 u/μl
Heparin (Sigma), and 0.1mM β-mercaptoethanol. EBs were
formed in DFK10 medium for 4 days and then plated on
laminin-coated plates. After 24h of culture, DFK10 medium was
replaced by DFK10 supplemented with 1% Insulin/Transferrin/
Selenium/Fibronectin (ITSFn, GIBCO) medium. After 6–10
days, neural rosettes were selected and dissociated by 0.05%
trypsin/EDTA and finally adjusted to 5× 105 cells/μL. The

dissociated cells were subsequently processed to induce
dopaminergic differentiation.

For SAPNS-derived 3D culture, RADA16-I peptide (BD
Biosciences, Cambridge, MA) was used for encapsulating
cells. Five microliters of freshly dissociated cells suspended in
serum-free, bFGF-supplemented basal neural cell culture
medium were mixed with 45 μL of the peptide in the wells of a
24-well plate. When the peptide solution was mixed with the
cell suspension, gelation was initiated, resulting in cell
encapsulation inside the nanofiber hydrogel. Around 500 μL of
serum free basal medium supplemented with bFGF was added
to neutralize the acidic hydrogel environment. The medium was
changed at 1, 10, and 30 minutes after plating until the pH of
the system was neutral. Then the medium was replaced with
N2 medium supplemented with 10 ng/ml bFGF, 200 ng/ml SHH
(R&D Systems) and 100ng/ml FGF8b (R&D Systems). After 7
days, the culture medium was changed to N2 medium
supplemented with 1 μM cAMP (Sigma), 200 μM AA (Sigma),
10ng/ml BDNF (R&D Systems) and 10ng/ml GDNF (R&D
Systems) and the cells were further cultured for 5–10 days.

Three-dimensional culture was also performed in Matrigel
(BD Biosciences) which was served as a control group. Five
microliters of freshly dissociated cells were mixed with 45 μL of
Matrigel and then plated on the wells in a 24-well plate.
Another control group was the dopaminergic differentiation in a
conventional 2D culture condition in which 5 μL of cell
suspension were directly plated on laminin-coated wells in a
24-well plate.

Immunocytochemistry study
Cells were fixed in 4% paraformaldehyde dissolved in 0.1 M

phosphate buffer (PB) for 20 min. After several washes with
0.01 M phosphate-buffered saline (PBS), the cultures were
incubated with the primary antibodies in PBS plus 1% BSA,
10% normal goat serum, and 0.3% Triton X-100 over night at
4°C. The following primary antibodies were used to stain the
cells: monoclonal anti-Nestin (1: 500; Sigma) for R1 or TTF-1
cells-derived neural progenitors; polyclonal anti-neuronal class
III β-tubulin (Tuj1) (Covance, Berkeley, CA) for early
differentiating neurons; monoclonal anti-TH (1:500; Sigma),
polyclonal anti-Nurr1 (1:500; Thermo Scientific), polyclonal
anti-Dat (1:200; Bioss Inc) for dopaminergic neurons;
polyclonal anti-dopamine-b-hydroxylase (Dbh) (1:400;
Chemicon) for adrenergic neurons, and polyclonal anti-
tryptophan hydroxylase 2 (Tph2) (1:500; Millipore) for
serotonergic neurons. Primary antibodies were visualized with
species-specific secondary antibody conjugated to the
fluorescent labels Alexa 568 or 488 (1: 400; Molecular Probe,
Eugene, OR, USA). Cells were mounted in anti-fade medium
containing 4',6-diamidino-2-phenylindole (Sigma) to
counterstain nuclei. To quantify dopaminergic differentiation,
8-9 representative fields per well were randomly selected and
digitized images were obtained with a cooled CCD digital
camera. Five wells per experiment were imaged. Cells were
counted on images imported and processed using a semi-
automatic stereology system with stereo investigator
(MicroBrightField, Williston, VT). Results were mean ± SEM of
data from five experiments unless stated otherwise in legends.
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Quantitative RT-PCR (qPCR)
Total RNAs of each group’s cells were extracted using

TRIzol (Invitrogen) at different differentiation time points.
Quantitative real time RT-PCR (qPCR) was performed using a
Thermal Cycler DiceTM Real Time System and SYBR Premix
EX TaqTM (Takara). The expression of a number of genes that
involve in dopaminergic differentiation or maturation was
investigated. Meanwhile, the expression of genes coding for
adrenergic and serotonergic biosynthetic enzymes was also
investigated. All primer sequences were listed in table S1.
Standard curves and melting curves were determined for each
set of primers to confirm that a single amplicon was generated.
β-actin was used for qPCR normalization, and all items were
measured in triplicate. Relative expression ratios were
calculated by the ΔΔCt method.

Whole-cell patch-clamp recordings.  Whole-cell patch-
clamp recording techniques were used to study the intrinsic
properties of dopaminergic neurons differentiated from R1 or
TTF-1. Resting potentials were maintained at about -65 mV.
Whole-cell patch- clamp techniques were amplified and filtered
using an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA). Graded current injections used durations of
300 milliseconds (in steps of 5 pA). Signals were sampled at 10
kHz using a Digidata 1440A analog to digital converter and
acquired and stored on a computer hard drive using pClamp10
software. Data were analyzed using pClamp10 (Clampfit).

Dopamine release measurement by HPLC
After 7 days of exposure to specific midbrain patterning

factors (SHH and FGF8b) and followed by 10 days of
maintenance with cAMP and neurotrophic factors, cells in
SAPNS, Matrigel or on laminin were rinsed twice with Hanks’
balanced salt solution (HBSS) and then incubated in 200 μl of
N2 medium supplemented with 56 mM KCl for 30 min. The
media were then collected and stabilized with 0.1 mM EDTA
and analyzed for dopamine level using an HPLC coupled to an
ESA Coulochem II Detector (Model 5200, ESA,Inc.,
Chelmsford, MA) with a dual-electrode microdialysis cell. Each
sample (20 μl) was injected into the HPLC consisting of
LC-20AT pump, an autosampler, and a C-18 reverse-phase
column. The mobile phase consisted of 17% v/v methanol in
purified deionized water containing 70 mM KH2PO4, 0.5 mM
EDTA and 8.0 mM sulfonic acid (PH 3.0) and was run at a flow
rate of 0.5 ml/min. Peaks were processed by the Azur
chromatographic software. Concentrations of dopamine were
calculated for each sample.

Statistics
The differences between multiple group comparisons were

made by one-way ANOVA and followed by Fisher’s post-hoc
test. Data were presented as mean ± SEM. Significance levels
were set to p<0.05 for all comparisons.

Results

Derivation of neural progenitors from R1 and TTF-1
cells

Both R1 and TTF-1 cells grew as colonies on mitomycin-
treated MEF feeder cells (Figures 1A and 1D). After initial
expansion on inactivated feeder cells, cell colonies were
passaged up to 3 times without feeder cells on gelatin-coated
dishes to eliminate contaminating MEFs. Undifferentiated cells
were subsequently dissociated into single cells and then grown
at 0.5-1×105 cells/ml in aggregate cultures in DFK10 medium to
form EBs. After 4 days, EBs were plated on laminin-coated
plates and the medium was replaced by DFK10 supplemented
with 1% Insulin/Transferrin/Selenium/Fibronectin (ITSFn,
GIBCO) medium. Both R1 and TTF-1-derived EBs were shown
to efficiently generate neural rosettes (Figures 1B and 1E) in
which predominantly cells were positive for nestin staining at
6–10 days post-EB plating (Figures 1C and 1F).

Dopaminergic differentiation of R1 and TTF-1 cells in
SAPNS-3D culture

We then induced these pluripotent cells-derived neural
progenitors towards dopaminergic differentiation in 2D and 3D
culture conditions. Neural rosettes were manually selected with
a micropipette under a microscope and dissociated by 0.05%
trypsin/EDTA. Dissociated cells were encapsulated in SAPNS,
Matrigel or directly plated on laminin. After 7 days of exposure
to specific midbrain patterning factors (SHH and FGF8b) and
followed by 5-10 days of treatment with cAMP and neurotrophic
factors, all the cells in the 3 groups did not express pluripotent
genes (Figure S1). Successful generation of TH-positive cells
was found in all the groups (Figures 2 and 3). TH+ cells
exhibited typical morphology of dopaminergic neurons with
processes and varicose-like structures (Figures 2 and 3). Our
study showed that mouse ESCs (R1) generated around 8.3% ±
1.4% TH+ cells of total Tuj1+ cells in the laminin-coated 2D
culture (Figures 2A and 2D), which is consistent with the
results in previous reports using 2D culture conditions to induce
dopaminergic differentiation of mouse ESCs [1,28,29]. We then
observed the cell growth and differentiation in 3D cultures.
Cells grew robustly in Matrigel-derived 3D culture (Figure 2B)
and an increased cell population was found (data not shown),
suggesting that Matrigel is a favorable environment for cell
survival and proliferation. The increase in the cell population in
Matrigel culture is possibly because of its containing a variety
of residual growth factors and undefined constituents.
However, dopaminergic differentiation in Matrigel-3D culture
did not increase, and the percentage of TH positive cells of
total Tuj1-positive cells was 7.9% ± 1.6% (Figures 2B and 2D),
which was not different from 8.3% ± 1.4% observed in the
conventional laminin-coated 2D culture. This highly indicated
that residual growth factors and undefined constituents in
Matrigel do not support dopaminergic differentiation. We did
not add extra soluble growth factors into RADA16-I peptide
hydrogels for SAPNS-derived 3D culture. An interesting finding
in the present study was that cells encapsulated in SAPNS
grew well (Figure 2C), which indicates that SAPNS supports
cell survival in a 3D hydrogel matrix. More interestingly, the
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dopaminergic differentiation of R1 was pronouncedly enhanced
in SAPNS-derived 3D culture condition, and the percentage of
TH positive cells of total Tuj1-positive cells was 41.5% ± 3.4%,
which was significantly higher than 8.3% ± 1.4% in the
conventional laminin-coated 2D culture and 7.9% ± 1.6% in
Matrigel-derived 3D culture. We also investigated dopaminergic
differentiation of mouse iPSCs in SAPNS-derived 3D culture
condition. The cell line TTF-1 was derived from tail tip
fibroblasts of adult C57BL/6 mice by transfection of OCT4/
SOX2/KLF4 [27]. Similarly to R1 differentiation, dopaminergic
differentiation of mouse iPSCs (TTF-1) was greatly improved in
SAPNS-derived 3D culture condition compared to that in
laminin-coated 2D culture condition or Matrigel-derived 3D
culture condition (Figure 3).

We next characterized the subtypes of these TH positive
cells derived in SAPNS. Cells were co-immunostained with TH
and either Nurrl (dopaminergic neuron marker), Dat
(dopaminergic neuron marker), Dbh (adrenergic neuron
marker), or Tph2 (serotonergic neuron marker). The majority of
R1-derived or TTF-1-derived TH positive cells in SAPNS were
co-labeled with dopaminergic neuron markers (R1: 91.5% ±
6.4% TH positive cells were Nurr1 positive and 92.6% ± 7.2%
TH positive cells were Dat positive, Figures 4A-C; TTF-1:

93.1% ± 5.3% TH positive cells were Nurr1 positive and 91.7%
± 7.1% TH positive cells were Dat positive, Figures 4D-F).
Conversely, few TH positive cells were found to co-express
Dbh or Tph2 (data now shown). All these data suggested that
the majority of TH positive cells derived in SAPNS were
dopaminergic neurons.

Relative mRNA expression levels of dopaminergic
markers in SAPNS-3D culture

We then carried out investigations on the expression level of
a number of dopaminergic markers that play key roles in
dopaminergic differentiation and maturation in the midbrain.
Lmx1a is one of the earliest intrinsic initiation factors for
dopaminergic differentiation and its expression is an entry point
into the early molecular pathways of dopaminergic
differentiation [30]; Foxa2 and En1 are transcription factors that
are highly expressed in dopaminergic precursors [31,32]; Nurr1
is a transcription factor that plays a critical role in the
differentiation of midbrain precursors into dopamine neurons
[33,34]; Aadc is a multifunctional enzyme that plays an
essential role in the biosynthesis of catecholamine
neurotransmitters [35,36]; Vmat2, Th, and Dat are typically

Figure 1.  Derivation of neural progenitors from R1 and TTF-1 cells.  (A) and (D) Phase contrast image shows that R1 and
TTF-1 cells grew as colonies on mitomycin-treated MEF feeder cells. (B) and (E) Phase contrast image shows neural rosettes
derived from R1 and TTF-1 cells. (C) and (F) Immunostaining reveals that predominantly cells in rosettes R1 and TTF-1 cells were
Nestin positive. Scale bar: 200 µm in A and D; 150 µm in B, C, E, and F.
doi: 10.1371/journal.pone.0084504.g001
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Figure 2.  Dopaminergic differentiation of R1 cells was significantly improved in SAPNS-3D culture.  (A)
Immunocytochemistry for TH and Tuj1 revealed the dopaminergic differentiation of R1 in Laminin-2D culture. (B)
Immunocytochemistry for TH and Tuj1 revealed the dopaminergic differentiation of R1 in Matrigel-3D culture. (C)
Immunocytochemistry for TH and Tuj1 revealed the dopaminergic differentiation of R1 in SAPNS-3D culture. (D) The percentage of
TH-positive cells of total Tuj1-positive cells was 41.5% ± 3.4% in SAPNS-3D culture, which was significantly higher than 8.3% ±
1.4% in the laminin-2D culture and 7.9% ± 1.6% in Matrigel-3D culture. *P<0.001. Scale bar: 150 µm.
doi: 10.1371/journal.pone.0084504.g002
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expressed in midbrain dopaminergic neurons [35,37]. R1 or
TTF-1 cells-derived neural progenitors by EB methods were
embedded in SAPNS, Matrigel, or directly coated on laminin.
After 7 days of exposure to specific midbrain patterning factors
(SHH and FGF-8), we collected total RNAs in all the three
groups. Quantitative real-time RT-PCR demonstrated that
normalized mRNA expression of these genes in the SAPNS
group was remarkably higher than that in controls. A 4-12 fold
increase for Lmx1a, Foxa2, En1, Aadc, Nurr1, Th, Vmat2, and
Dat in both R1 and TTF-1 differentiation when cultured in
SAPNS was found as compared to their expressions in
Matrigel or on laminin (Figure 5). We further investigated the
expression of Dbh and Tph2 which code for adrenergic and

serotonergic biosynthetic enzymes respectively in SAPNS-
derived cells. No expression of Dbh and Tph2 was detected
(data not shown), suggesting that there were no adrenergic
and serotonergic differentiation in SAPNS culture.

Functional analyses of dopaminergic neurons
We further investigated functional properties of dopaminergic

neurons differentiated in SAPNS. First, standard whole-cell
patch clamp, current-clamp techniques were used to study the
electrical properties of these dopaminergic neurons. Repetitive
traces of action potentials were elicited when a 10 pA current
injection was applied and increased 5 pA in every new round

Figure 3.  Dopaminergic differentiation of TTF-1 cells was significantly improved in SAPNS-3D culture.  (A)
Immunocytochemistry for TH and Tuj1 revealed the dopaminergic differentiation of TTF-1 in Laminin-2D culture. (B)
Immunocytochemistry for TH and Tuj1 revealed the dopaminergic differentiation of TTF-1 in Matrigel-3D culture. (C)
Immunocytochemistry for TH and Tuj1 revealed the dopaminergic differentiation of TTF-1 in SAPNS-3D culture. (D) The percentage
of TH-positive cells of total Tuj1-positive cells was 38.5% ± 2.6% in SAPNS-3D culture, which was significantly higher than 9.2% ±
1.2% in the laminin-2D culture and 11.4% ± 2.1% in Matrigel-3D culture. *P<0.001. Scale bar: 150 µm.
doi: 10.1371/journal.pone.0084504.g003
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until 55 pA was reached, suggesting that they possessed the
abilities to produce action potential firing (Figure 6A). Another
definitive measure of functional dopaminergic neurons is the
production of dopamine. Dopamine release was measured by
reverse-phase high-performance liquid chromatography (RP-
HPLC) in response to a K+ depolarizing stimulus. Consistent
with the increase in the number of TH+ neurons in R1 or TTF-1
differentiation cultured in SAPNS, the dopamine level was
increased more than 3-fold in SAPNS compared to that in
Matrigel culture or laminin culture (p<0.001 in both R1
differentiation and TTF-1 differentiation; Figure 6B). HPLC
analyses demonstrated that in R1 differentiation, the evoked
release of dopamine was about 1220 ± 115 pg/ml per well in
SAPNS-3D culture, while it was 369 ± 47 pg/ml in laminin-2D
culture and 387 ± 31 pg/ml in Matrigel-3D culture respectively;
in TTF-1 differentiation, the dopamine level was detected at
about 1100 ± 126 pg/ml per well in SAPNS-3D culture, and it
was 355 ± 41 pg/ml in laminin-2D culture and 346 ± 38 pg/ml in
Matrigel-3D culture respectively (Figure 6B).

Discussion

Dopaminergic differentiation of ESCs gains more and more
attentions of worldwide neuroscientists owing to its potential
use for neurorestorative therapy for the treatment of
Parkinson’s disease. The conventional 2D cell culture on petri
dishes with various animal derived substrata such as collagen

gels, laminin, and Matrigel is widely used to induce
dopaminergic differentiation and it may limit the efficiency in the
generation of dopaminergic neurons from ESCs and prevent
their application for human therapies. In this study, we reported
that a self-assembling peptide made from natural amino acids
has a property to generate a true 3D environment for cell
growth and differentiation. Mouse ESCs (R1) and mouse
iPSCs (TTF-1) embedded in RADA16-I peptide-derived
nanofiber scaffolds lead to a marked increase in dopaminergic
differentiation compared to the laminin-coated 2D culture or
Matrigel-encapsulated 3D culture. These differentiated neurons
expressed specific dopaminergic markers and produced
appropriate patterns of action potential firing. Consistent with
the increase in the number of dopaminergic neurons
differentiated from R1 or TTF-1 in the self-assembling peptide
nanofiber scaffold (SAPNS), both the expression levels of
genes that involve in dopaminergic differentiation and
maturation and the dopamine release in SAPNS culture were
significantly elevated. The results of the study suggest that
SAPNS provides a promising 3D culture system for
dopaminergic differentiation.

Diffusion of nutrients and removal of waste products in 2D
and 3D cultures are dramatically different and many kinds of
cells, including neurons, may alter their metabolism and gene
expression patterns in 2D cultures compared to 3D cultures
[17]. In addition, cells in 2D culture attach and spread on the
surface of culture dishes, possibly leading to the absence of

Figure 4.  The majority of TH positive neurons co-expressed specific midbrain dopaminergic neuron markers.  (A-C)
Characterization of R1-derived TH positive neurons in SAPNS. (A) Double immunostaining showed that R1-derived TH positive
neurons were co-labeled with Nurrl; (B) Double immunostaining showed that R1-derived TH positive neurons were co-labeled with
Dat; (C) The majority of R1-derived TH positive neurons co-expressed Nurr1 or Dat. (D-F) Characterization of TTF-1-derived TH
positive neurons in SAPNS. (D) Double immunostaining showed that TTF-1-derived TH positive neurons were co-labeled with Nurrl;
(E) Double immunostaining showed that TTF-1-derived TH positive neurons were co-labeled with Dat; (F) The majority of TTF-1-
derived TH positive neurons co-expressed Nurr1 or Dat. Scale bar: 100 µm.
doi: 10.1371/journal.pone.0084504.g004
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receptors for growth factors, cytokines, and other molecular
signals on the attachment side, while cells in a 3D environment

where the whole cell body is surrounded by extracellular matrix
likely receive more external stimuli than when in contact with

Figure 5.  Relative mRNA expression levels of dopaminergic differentiation markers (Lmx1a, Foxa2, En1, Aadc, Nurr1, Th,
Vmat2, and Dat) in laminin-2D culture, Matrigel-3D culture and SAPNS-3D culture respectively.  Quantitative real-time RT-
PCR demonstrated that a 4-fold increase for Lmx1a (A), 5-fold increase for Nurr1 (E), Vmat2 (G), and Dat (H), 6-fold increase for
En1 (C) and Aadc (D), and 7-fold increase for Foxa2 (B) and Th (F) were found in both R1 and TTF-1 differentiation when cultured
in SAPNS as compared to their expressions in Matrigel or on laminin.
doi: 10.1371/journal.pone.0084504.g005
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coated-2D culture dishes. A 3D environment is possibly more
favorable for dopaminergic differentiation than a 2D culture
environment. Our study showed that R1 or TTF-1 cells
generate more dopaminergic neurons in SAPNS-derived 3D
environment possibly due to more surface exposure to specific
midbrain patterning factors in a 3D environment than in a 2D
environment.

Matrigel is representative of the correct nanoscale
biomaterials and widely used in cell cultures. However, it is

isolated from mice EHS sarcoma and contains residual growth
factors, undefined constituents or non-quantified substances
[16,17]. The matrix composition of Matrigel varies from lot to
lot, often leading to unstable study results. From time to time,
the biochemical pathways observed may be due to unknown
cell signaling factors present in the Matrigel. All these indicate
that Matrigel is not an ideal biomaterial for a well-controlled 3D
culture. In our study, an increased cell population was found in
Matrigel-embedded culture possibly because of its containing a

Figure 6.  Functional Analyses of dopaminergic neurons.  Standard whole-cell patch clamp, current-clamp techniques (A) and
dopamine release measurement (B) were performed to explore the biological function of dopaminergic neurons. (A) Current
injections (300 ms duration current injections with increasing 5 pA every round) and single current injection (300 ms duration, 20 pA)
showing these dopaminergic neurons generated repetitive trains of action potentials. (B) HPLC analyses demonstrate that the
dopamine level was increased more than 3-fold in SAPNS culture compared to that in Matrigel culture or laminin culture (* P<0.001
in both R1 and TTF-1 differentiation).
doi: 10.1371/journal.pone.0084504.g006
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variety of adhesion proteins and growth factors. However,
dopaminergic differentiation in Matrigel 3D culture did not
increase, suggesting that growth factors and cell signaling
factors present in the Matrigel do not favor dopaminergic
differentiation.

Self-assembling peptides made from natural amino acids can
undergo spontaneous self-assembly into nanofibers which are
6–10 nm in diameter and form nanofiber scaffold hydrogels
which surround cells in a manner similar to the extracellular
matrix [21]. RADA16, also called PuraMatrix, is a self-
assembling peptide and extensively used for 3D cell culture,
drug delivery, and tissue regeneration [18,24,25,38,39]. Our
present study showed that R1 or TTF-1 derivatives embedded
in RADA16 peptide-formed nanofiber matrices grew
extensively and generated TH+ cells with a higher efficiency
compared to the 2D culture and 3D culture that employ animal
derived materials such as laminin and Matrigel. Meanwhile, a
significant elevation in dopamine release was observed in
SAPNS culture, suggesting that these TH+ cells generated in
SAPNS were truly functional.

Various strategies for improving efficiency of dopaminergic
differentiation from ESCs have been employed mainly by
optimizing culture conditions, manipulating genetic
modification, and modulating intracellular signaling pathways.
However, it should be noted that for clinical applications it
would be required to eliminate risk of the xenogenic
contamination. In addition, although genetic modification could
enhance the efficiency of dopaminergic differentiation, this
approach may need extra caution to use it for clinical
applications due to risks of undesirable side effects. Self-
assembling peptides are made of natural amino acids by a
chemical peptide synthesis method and each structure is well

defined. They possess great potentials in clinical applications
due to their excellent biocompatibility and biodegradability. Our
present results further provide evidence that self-assembling
peptide hydrogels can be used as a promising 3D culture
system for dopaminergic differentiation.

Supporting Information

Figure S1.  The expression profiles of pluripotent genes
during differentiation. (A and B) The pluripotent genes Oct4
(A) and Nanog (B) were highly expressed in R1 and TTF-1
cells at the initial stage. Expression levels decreased
dramatically after neural induction. They were below the
detection limit after 7 days neural induction. (C and D) The
neural progenitor markers Pax6 (C) and Nestin (D) were highly
expressed after 7 days neural induction (neural rosette stage).
Expression levels of Pax6 and Nestin decreased gradually
afterwards and became undetectable after 24 days
differentiation.
(TIF)

Table S1.  The sequences of the primers used for
evaluating the expression of genes that involve in
dopaminergic differentiation or maturation.
(DOC)

Author Contributions

Conceived and designed the experiments: HS PL JW.
Performed the experiments: NN YH. Analyzed the data: HS HR
CL. Wrote the manuscript: HS NN.

References

1. Lee SH, Lumelsky N, Studer L, Auerbach JM, McKay RD (2000)
Efficient generation of midbrain and hindbrain neurons from mouse
embryonic stem cells. Nat Biotechnol 18: 675–679. doi:10.1038/76536.
PubMed: 10835609.

2. Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y et al.
(2000) Induction of midbrain dopaminergic neurons from ES cells by
stromal cell-derived inducing activity. Neuron 28: 31–40. doi:10.1016/
S0896-6273(00)00083-0. PubMed: 11086981.

3. Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses J et al. (2004)
Derivation of midbrain dopamine neurons from human embryonic stem
cells. Proc Natl Acad Sci U S A 101: 12543–12548. doi:10.1073/pnas.
0404700101. PubMed: 15310843.

4. Schulz TC, Noggle SA, Palmarini GM, Weiler DA, Lyons IG et al.
(2004) Differentiation of human embryonic stem cells to dopaminergic
neurons in serum-free suspension culture. Stem Cells 22: 1218–1238.
doi:10.1634/stemcells.2004-0114. PubMed: 15579641.

5. Zeng X, Cai J, Chen J, Luo Y, You ZB et al. (2004) Dopaminergic
differentiation of human embryonic stem cells. Stem Cells 22: 925–940.
doi:10.1634/stemcells.22-6-925. PubMed: 15536184.

6. Cho MS, Lee YE, Kim JY, Chung S, Cho YH et al. (2008) Highly
efficient and large-scale generation of functional dopamine neurons
from human embryonic stem cells. Proc Natl Acad Sci U S A 105:
3392–3397. doi:10.1073/pnas.0712359105. PubMed: 18305158.

7. Friling S, Andersson E, Thompson LH, Jönsson ME, Hebsgaard JB et
al. (2009) Efficient production of mesencephalic dopamine neurons by
Lmx1a expression in embryonic stem cells. Proc Natl Acad Sci U S A
106: 7613–7618. doi:10.1073/pnas.0902396106. PubMed: 19383789.

8. Ko JY, Lee HS, Park CH, Koh HC, Lee YS et al. (2009) Conditions for
tumor free and dopamine neuron-enriched grafts after transplanting
human ES cell-derived neural precursor cells. Mol Ther 17: 1761–1770.
doi:10.1038/mt.2009.148. PubMed: 19603007.

9. Gerrard L, Rodgers L, Cui W (2005) Differentiation of human embryonic
stem cells to neural lineages in adherent culture by blocking bone
morphogenetic protein signaling. Stem Cells (Dayton, Ohio) 23: 1234–
1241. doi:10.1634/stemcells.2005-0110. PubMed: 16002783.

10. Iacovitti L, Donaldson AE, Marshall CE, Suon S, Yang M (2007) A
protocol for the differentiation of human embryonic stem cells into
dopaminergic neurons using only chemically defined human additives:
Studies in vitro and in vivo. Brain Res 1127: 19–25. doi:10.1016/
j.brainres.2006.10.022. PubMed: 17123482.

11. Sonntag KC, Pruszak J, Yoshizaki T, van Arensbergen J, Sanchez-
Pernaute R et al. (2007) Enhanced yield of neuroepithelial precursors
and midbrainlike dopaminergic neurons from human embryonic stem
cells using the bone morphogenic protein antagonist noggin. Stem
Cells (Dayton, Ohio) 25: 411–418. doi:10.1634/stemcells.2006-0380.

12. Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M
et al. (2009) Highly efficient neural conversion of human ES and iPS
cells by dual inhibition of SMAD signaling. Nat Biotechnol 27: 275–280.
doi:10.1038/nbt.1529. PubMed: 19252484.

13. Hayashi H, Morizane A, Koyanagi M, Ono Y, Sasai Y et al. (2008)
Meningeal cells induce dopaminergic neurons from embryonic stem
cells. Eur J Neurosci 27: 261–268. doi:10.1111/j.
1460-9568.2008.06027.x. PubMed: 18215228.

14. Shimada H, Yoshimura N, Tsuji A, Kunisada T (2009) Differentiation of
dopaminergic neurons from human embryonic stem cells: Modulation of
differentiation by FGF-20. J Biosci Bioeng 107: 447–454. doi:10.1016/
j.jbiosc.2008.12.013. PubMed: 19332307.

15. Zhau HE, Goodwin TJ, Chang SM, Baker TL, Chung LW (1997)
Establishment of a three-dimensional human prostate organoid
coculture under microgravitysimulated conditions: evaluation of
androgen-induced growth and PSA expression. In Vitro Cell Dev Biol
Anim 33: 375–380. doi:10.1007/s11626-997-0008-3. PubMed:
9196896.

Dopaminergic Differentiation in 3D Culture

PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e84504

http://dx.doi.org/10.1038/76536
http://www.ncbi.nlm.nih.gov/pubmed/10835609
http://dx.doi.org/10.1016/S0896-6273(00)00083-0
http://dx.doi.org/10.1016/S0896-6273(00)00083-0
http://www.ncbi.nlm.nih.gov/pubmed/11086981
http://dx.doi.org/10.1073/pnas.0404700101
http://dx.doi.org/10.1073/pnas.0404700101
http://www.ncbi.nlm.nih.gov/pubmed/15310843
http://dx.doi.org/10.1634/stemcells.2004-0114
http://www.ncbi.nlm.nih.gov/pubmed/15579641
http://dx.doi.org/10.1634/stemcells.22-6-925
http://www.ncbi.nlm.nih.gov/pubmed/15536184
http://dx.doi.org/10.1073/pnas.0712359105
http://www.ncbi.nlm.nih.gov/pubmed/18305158
http://dx.doi.org/10.1073/pnas.0902396106
http://www.ncbi.nlm.nih.gov/pubmed/19383789
http://dx.doi.org/10.1038/mt.2009.148
http://www.ncbi.nlm.nih.gov/pubmed/19603007
http://dx.doi.org/10.1634/stemcells.2005-0110
http://www.ncbi.nlm.nih.gov/pubmed/16002783
http://dx.doi.org/10.1016/j.brainres.2006.10.022
http://dx.doi.org/10.1016/j.brainres.2006.10.022
http://www.ncbi.nlm.nih.gov/pubmed/17123482
http://dx.doi.org/10.1634/stemcells.2006-0380
http://dx.doi.org/10.1038/nbt.1529
http://www.ncbi.nlm.nih.gov/pubmed/19252484
http://dx.doi.org/10.1111/j.1460-9568.2008.06027.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06027.x
http://www.ncbi.nlm.nih.gov/pubmed/18215228
http://dx.doi.org/10.1016/j.jbiosc.2008.12.013
http://dx.doi.org/10.1016/j.jbiosc.2008.12.013
http://www.ncbi.nlm.nih.gov/pubmed/19332307
http://dx.doi.org/10.1007/s11626-997-0008-3
http://www.ncbi.nlm.nih.gov/pubmed/9196896


16. Spancake KM, Anderson CB, Weaver VM, Matsunami N, Bissell MJ et
al. (1999) E7-transduced human breast epithelial cells show partial
differentiation in three-dimensional culture. Cancer Res 59: 6042–6045.
PubMed: 10626787.

17. Cukierman E, Pankov R, Stevens DR, Yamada KM (2001) Taking cell-
matrix adhesions to the third dimension. Science 294: 1708–1712. doi:
10.1126/science.1064829. PubMed: 11721053.

18. Guo J, Su H, Zeng Y, Liang YX, Wong WM et al. (2007) Reknitting the
injured spinal cord by self-assembling peptide nanofiber scaffold.
Nanomedicine 3: 311-321. PubMed: 17964861.

19. Guo J, Leung KK, Su H, Yuan Q, Wang L et al. (2009) Self-assembling
peptide nanofiber scaffold promotes the reconstruction of acutely
injured brain. Nanomedicine 5: 345-351. PubMed: 19268273.

20. Zhan X, Gao M, Jiang Y, Zhang W, Wong WM et al. (2013) Nanofiber
scaffolds facilitate functional regeneration of peripheral nerve injury.
Nanomedicine 9: 305-315. PubMed: 22960189.

21. Zhang S, Holmes T, Lockshin C, Rich A (1993) Spontaneous assembly
of a self-complementary oligopeptide to form a stable macroscopic
membrane. Proc Natl Acad Sci U S A 90: 3334–3338. doi:10.1073/
pnas.90.8.3334. PubMed: 7682699.

22. Zhang S, Holmes TC, DiPersio M, Hynes RO, Su X et al. (1995) Self-
complementary oligopeptide matrices support mammalian cell
attachment. Biomaterials 16: 1385–1393. doi:
10.1016/0142-9612(95)96874-Y. PubMed: 8590765.

23. Holmes TC, De Lacalle S, Su X, Liu G, Rich A et al. (2000) Extensive
neurite outgrowth and active synapse formation on self-assembling
peptide scaffolds. Proc Natl Acad Sci U S A 97: 6728–6733. doi:
10.1073/pnas.97.12.6728. PubMed: 10841570.

24. Gelain F, Bottai D, Vescovi A, Zhang S (2006) Designer self-
assembling peptide nanofiber scaffolds for adult mouse neural stem
cell 3-dimensional cultures. PLOS ONE 1: e119. doi:10.1371/
journal.pone.0000119. PubMed: 17205123.

25. Horii A, Wang X, Gelain F, Zhang S (2007) Biological designer self-
assembling peptide nanofiber scaffolds significantly enhance osteoblast
proliferation, differentiation and 3-D migration. PLOS ONE 2: e190. doi:
10.1371/journal.pone.0000190. PubMed: 17285144.

26. Koutsopoulos S, Zhang S (2013) Long-term three-dimensional neural
tissue cultures in functionalized self-assembling peptide hydrogels,
matrigel and collagen I. Acta Biomater 9: 5162-5169. doi:10.1016/
j.actbio.2012.09.010. PubMed: 22995405.

27. Su H, Wang L, Huang W, Qin D, Cai J et al. (2013) Immediate
expression of Cdh2 is essential for efficient neural differentiation of
mouse induced pluripotent stem cells. Stem Cell Res 10: 338-348.

28. Kim JH, Auerbach JM, Rodríguez-Gómez JA, Velasco I, Gavin D et al.
(2002) Dopamine neurons derived from embryonic stem cells function

in an animal model of Parkinson's disease. Nature 418: 50-56. doi:
10.1038/nature00900. PubMed: 12077607.

29. Salti A, Nat R, Neto S, Puschban Z, Wenning G et al. (2013)
Expression of early developmental markers predicts the efficiency of
embryonic stem cell differentiation into midbrain dopaminergic neurons.
Stem Cells Dev 22: 397-411. doi:10.1089/scd.2012.0238. PubMed:
22889265.

30. Andersson E, Tryggvason U, Deng Q, Friling S, Alekseenko Z et al.
(2006) Identification of intrinsic determinants of midbrain dopamine
neurons. Cell 124: 393-405. doi:10.1016/j.cell.2005.10.037. PubMed:
16439212.

31. Puelles E, Annino A, Tuorto F, Usiello A, Acampora D et al. (2004)
Otx2 regulates the extent, identity and fate of neuronal progenitor
domains in the ventral midbrain. Development 131: 2037-2048. doi:
10.1242/dev.01107. PubMed: 15105370.

32. Lin W, Metzakopian E, Mavromatakis YE, Gao N, Balaskas N et al.
(2009) Foxa1 and Foxa2 function both upstream of and cooperatively
with Lmx1a and Lmx1b in a feed forward loop promoting
mesodiencephalic dopaminergic neuron development. Dev Biol 333:
386-396. doi:10.1016/j.ydbio.2009.07.006. PubMed: 19607821.

33. Zetterström RH, Solomin L, Jansson L, Hoffer BJ, Olson L et al. (1997)
Dopamine neuron agenesis in Nurr1-deficient mice. Science 276:
248-250. doi:10.1126/science.276.5310.248. PubMed: 9092472.

34. Saucedo-Cardenas O, Quintana-Hau JD, Le WD, Smidt MP, Cox JJ et
al. (1998) Nurr1 is essential for the induction of the dopaminergic
phenotype and the survival of ventral mesencephalic late dopaminergic
precursor neurons. Proc Natl Acad Sci U S A 95: 4013-4018. doi:
10.1073/pnas.95.7.4013. PubMed: 9520484.

35. Burbach JP, Smidt MP (2006) Molecular programming of stem cells
into mesodiencephalic dopaminergic neurons. Trends Neurosci 29:
601-603. doi:10.1016/j.tins.2006.09.003. PubMed: 17030431.

36. Smidt MP, Smits SM, Bouwmeester H, Hamers FP, van der Linden AJ
et al. (2004) Early developmental failure of substantia nigra dopamine
neurons in mice lacking the homeodomain gene Pitx3. Development
131: 1145-1155. doi:10.1242/dev.01022. PubMed: 14973278.

37. Salti A, Nat R, Neto S, Puschban Z, Wenning G et al. (2013)
Expression of early developmental markers predicts the efficiency of
embryonic stem cell differentiation into midbrain dopaminergic neurons.
Stem Cells Dev 22: 397-411. doi:10.1089/scd.2012.0238. PubMed:
22889265.

38. Hamada K, Hirose M, Yamashita T, Ohgushi H (2008) Spatial
distribution of mineralized bone matrix produced by marrow
mesenchymal stem cells in self-assembling peptide hydrogel scaffold. J
Biomed Mater Res A 84: 128–136. PubMed: 17600333.

39. Sieminski AL, Semino CE, Gong H, Kamm RD (2008) Primary
sequence of ionic self-assembling peptide gels affects endothelial cell
adhesion and capillary morphogenesis. J Biomed Mater Res A 87:
494–404. PubMed: 18186067.

Dopaminergic Differentiation in 3D Culture

PLOS ONE | www.plosone.org 11 December 2013 | Volume 8 | Issue 12 | e84504

http://www.ncbi.nlm.nih.gov/pubmed/10626787
http://dx.doi.org/10.1126/science.1064829
http://www.ncbi.nlm.nih.gov/pubmed/11721053
http://www.ncbi.nlm.nih.gov/pubmed/17964861
http://www.ncbi.nlm.nih.gov/pubmed/19268273
http://www.ncbi.nlm.nih.gov/pubmed/22960189
http://dx.doi.org/10.1073/pnas.90.8.3334
http://dx.doi.org/10.1073/pnas.90.8.3334
http://www.ncbi.nlm.nih.gov/pubmed/7682699
http://dx.doi.org/10.1016/0142-9612(95)96874-Y
http://www.ncbi.nlm.nih.gov/pubmed/8590765
http://dx.doi.org/10.1073/pnas.97.12.6728
http://www.ncbi.nlm.nih.gov/pubmed/10841570
http://dx.doi.org/10.1371/journal.pone.0000119
http://dx.doi.org/10.1371/journal.pone.0000119
http://www.ncbi.nlm.nih.gov/pubmed/17205123
http://dx.doi.org/10.1371/journal.pone.0000190
http://www.ncbi.nlm.nih.gov/pubmed/17285144
http://dx.doi.org/10.1016/j.actbio.2012.09.010
http://dx.doi.org/10.1016/j.actbio.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22995405
http://dx.doi.org/10.1038/nature00900
http://www.ncbi.nlm.nih.gov/pubmed/12077607
http://dx.doi.org/10.1089/scd.2012.0238
http://www.ncbi.nlm.nih.gov/pubmed/22889265
http://dx.doi.org/10.1016/j.cell.2005.10.037
http://www.ncbi.nlm.nih.gov/pubmed/16439212
http://dx.doi.org/10.1242/dev.01107
http://www.ncbi.nlm.nih.gov/pubmed/15105370
http://dx.doi.org/10.1016/j.ydbio.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19607821
http://dx.doi.org/10.1126/science.276.5310.248
http://www.ncbi.nlm.nih.gov/pubmed/9092472
http://dx.doi.org/10.1073/pnas.95.7.4013
http://www.ncbi.nlm.nih.gov/pubmed/9520484
http://dx.doi.org/10.1016/j.tins.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17030431
http://dx.doi.org/10.1242/dev.01022
http://www.ncbi.nlm.nih.gov/pubmed/14973278
http://dx.doi.org/10.1089/scd.2012.0238
http://www.ncbi.nlm.nih.gov/pubmed/22889265
http://www.ncbi.nlm.nih.gov/pubmed/17600333
http://www.ncbi.nlm.nih.gov/pubmed/18186067

	Self-Assembling Peptide Nanofiber Scaffolds Enhance Dopaminergic Differentiation of Mouse Pluripotent Stem Cells in 3-Dimensional Culture
	Introduction
	Materials and Methods
	Cell culture
	Dopaminergic induction
	Immunocytochemistry study
	Quantitative RT-PCR (qPCR)
	Dopamine release measurement by HPLC
	Statistics

	Results
	Derivation of neural progenitors from R1 and TTF-1 cells
	Dopaminergic differentiation of R1 and TTF-1 cells in SAPNS-3D culture
	Relative mRNA expression levels of dopaminergic markers in SAPNS-3D culture
	Functional analyses of dopaminergic neurons

	Discussion
	Supporting Information
	Author Contributions
	References


