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ABSTRACT: Human pluripotent stem cells (hPSCs) are a promising
cell source with pluripotency and capacity to diﬀerentiate into all human
somatic cell types. Designing simple and safe biomaterials with an innate
ability to induce osteoblastic lineage from hPSCs is desirable to realize
their clinical adoption in bone regenerative medicine. To address the
issue, here we developed a fully deﬁned synthetic peptides-decorated
two-dimensional (2D) microenvironment via polydopamine (pDA)
chemistry and subsequent carboxymethyl chitosan (CMC) grafting to
enhance the culture and osteogenic potential of hPSCs in vitro. The
hPSCs including human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) were successfully
cultured on the peptides-decorated surface without Matrigel and ECM protein coating and underwent promoted osteogenic
diﬀerentiation in vitro, determined from the alkaline phosphate (ALP) activity, gene expression, and protein production as well as
calcium deposit amount. It was found that directed osteogenic diﬀerentiation of hPSCs was achieved through a peptidesdecorated niche. This chemically deﬁned and safe 2D microenvironment, which facilitates proliferation and osteo-diﬀerentiation
of hPSCs, not only helps to accelerate the translational perspectives of hPSCs but also provides tissue-speciﬁc functions such as
directing stem cell diﬀerentiation commitment, having great potential in bone tissue engineering and opening new avenues for
bone regenerative medicine.
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1. INTRODUCTION
Bone defects resulting from trauma, osteoporosis, congenital
malformations, and surgical resections remain a serious fastgrowing challenge in the medical area worldwide, and the
associated annual healthcare expenditures are estimated to be
tens of billions of dollars with a signiﬁcant increase for the next
decades.1,2 Current treatments of large bone defects, which rely
on the use of autologous grafts (the “gold standard” of bone
substitution) and transplantation of allograft, have limited
clinical potential due to their inherent limitations, such as
donor site morbidity, available quantities, and host immune
rejection.3 Therefore, innovative bone tissue engineering
approaches are required to develop eﬀective therapies for
complex bone reconstructions.
© 2015 American Chemical Society

One of the alternative valid therapies involves the
combination of scaﬀolds with a source of osteogenic cells. It
is widely believed that the use of stem cells induces greater
bone regeneration than transplanting bone substitute materials
alone into bone defects. 4−6 Several types of human
mesenchymal stem cells (hMSCs), such as human bone
mesenchymal stem cells (hBMSCs)7,8 and human adiposederived stem cells (hADSCs),4,9 have been highlighted
previously as selectable cell sources for bone regeneration
purposes, and some prospective results have been achieved. For
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study, a VN/BFP-1 mixed peptides-modiﬁed 2D polystyrene
(PS) cell culture plate was established for enhancing the culture
and osteogenic potential of hPSCs in vitro assisted by
polydopamine (pDA) technology. Carboxymethyl chitosan
(CMC), a water-soluble chitosan derivative, is a natural linear
amino-polysaccharide with a large number of amine and
carboxyl groups. With excellent biocompatibility, biodegradability, nonimmunogenicity, and intrinsic antibacterial properties, CMC ﬁnds a wide range of applications in medicine.31−33
Meanwhile, it is also reported that CMC, a structure similar to
glycosaminoglycans, can induce osteogenic diﬀerentiation of
cells.34,35 In order to better immobilize the peptide onto the
pDA-coated substrate, CMC as a bridge was grafted to pDA
coating through the abundant primary amines of CMC reacting
with the oxidized catechol groups for a large amount of peptide
tethering.31 We believe that VN peptide could facilitate the
adhesion and proliferation of hPSCs, and the osteoinductive
peptide derived from BMP-7 could enhance the diﬀerentiation
of hPSCs into the osteogenic lineage. A further comprehensive
in vivo evaluation on bone formation of the diﬀerentiated
osteogenic precursors generated from the peptides-decorated
substrate is currently underway in the laboratory. The
completely synthetic peptide substrate developed for hPSCs
culture/osteo-diﬀerentiation has achieved consistent osteogenesis of hPSCs in chemically deﬁned conditions in vitro
and will greatly accelerate the introduction of hPSCs into bonerepairing clinical applications.

instance, biomimetic tissue-engineering strategies have been
explored for the ex vivo cultivation of analogous bone
substitutes via culturing and osteo-diﬀerentiating hMSCs.10
hMSCs, however, have to be isolated from bony tissue biopsy,
and surgical bone marrow aspirations yield very limited
numbers of hMSCs.11 Moreover, the low proliferation rate of
adult hMSCs limits their expandability under culture conditions
and their capacity to diﬀerentiate into new osteoblasts
decreases with aging.12,13 These imperfections hinder hMSCs
to be an excellent option for bone-repairing treatments in clinic.
Human pluripotent stem cells (hPSCs), which include both
human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs), have the potential to give rise
to all major lineages of somatic cells and therefore have become
promising candidates for regenerative medicine.14−16 Compared with hESCs, hiPSCs developed from human autologous
somatic cells could circumvent concerns regarding immune
properties and ethical issues, making them an ideal cell source
for regenerative medicine.17 In terms of bone regenerative
therapies, despite of the advantages that hPSCs oﬀer,
controlling their diﬀerentiation into bone-functional cells
remains a tough challenge. In addition, the safety of these
cell products has already drawn broad attention, even though
the clinical application of hPSCs is still at its infant stage. To
date, Matrigel-coated and extracellular matrix (ECM) proteinimmobilized (such as vitronectin, ﬁbronectin, and laminin)
surface are the most popular substrates for hPSCs culture and
diﬀerentiation based on the literature and reports.18−21 Matrigel
is an extraction from Englebreth−Holm−Swarm (EHS) mouse
sarcomas containing not only basement membrane components but also numerous growth factors, inhibitors, and a broad
variety of unknown proteins. The signiﬁcant quality variance of
Matrigel and isolated ECM proteins from lot-to-lot confounds
basic research to dissect the molecular mechanisms.22 Additionally, the presence of animal or human proteins causes
problems related to immunogenicity and microbial and viral
contamination and eventually limits their applications in
clinic.23,24 Thus, successful integration of hPSCs into clinical
bone regenerative applications will require chemically deﬁned
and safe conditions for expansion of hPSCs followed by
regulating their lineage commitment to osteoblasts.
Synthetic peptides have been widely used for the
proliferation and osteogenesis of a variety of cell types.25,26
For culturing and diﬀerentiating hPSCs, the peptides derived
from ECM proteins could oﬀer signiﬁcant advantages, because
they are generated from deﬁned chemical structures and
processes, and there is no variation between batches. More
importantly, eliminating the need for animal/human byproducts eradicates concerns regarding immunogenicity and
shows greater potential for clinic. Recently, a synthetic RGD
oligopeptide derived from vitronectin (VN) was reported to
support the adhesion and successful self-renewal of hESCs and
hiPSCs for >15 passages.27,28 On the other hand, a new boneforming peptide BFP-1 [GQGFSYPYKAVFSTQ sequence]
from bone morphogenetic protein-7 (BMP-7) demonstrated by
Kim et al. had more osteogenic activity than BMP-7 and
induced osteogenesis of hMSCs.29,30 Despite progress in the
development of novel matrices for expansion of hPSCs, a
peptides-decorated cell niche enabling hPSCs to proliferate and
directed osteogenic diﬀerentiate under fully deﬁned conditions
for bone regenerative medicine, to our best knowledge, has yet
to be explored, and there are barely any reports regarding the
impact of BFP-1 peptide on osteogenesis of hPSCs. In this

2. MATERIALS AND METHODS
2.1. Materials. Dopamine hydrochloride (DA) was purchased
from Sigma-Aldrich (St. Louis, USA), and Tris[hydroxymethyl]animomethane (Tris-HCl) was provided by Sinopharm Chemical
Reagent Co. Ltd. (Beijing, China). N-(3-(Dimethylamino)propyl)-N′ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 2-(N-morpho)ethanesulfonic acid (MES), carboxymethyl
chitosan (CMC), and phosphate buﬀer (PBS) were obtained from
Aladdin (Shanghai, China). To facilitate chemical conjugation onto the
material surface, the peptide was modiﬁed at its N-terminal with a
lysine-containing spacer. VN peptide [Ac-KGGPQVTRGDVFTMP
sequence] and BFP-1 peptide [Ac-KGGQGFSYPYKAVFSTQ sequence], provided by Chinapeptides Co. Ltd. (Shanghai, China), were
synthesized by a batchwise fmoc-poly-amide method and had more
than 98% purity per the high-pressure liquid chromatography proﬁle.
All other chemicals were of analytical reagent grade, and all aqueous
solutions were prepared with deionized water (D.I. water).
2.2. Preparation of the Carboxymethyl Chitosan-Coated
Surface via Polydopamine. The 6-well PS cell culture plates
(Corning, USA) were ﬁrst immersed into a dopamine solution (2 mg/
mL in 10 mM Tris-HCl, pH = 8.5) with shaking for 24 h at ambient
temperature. The pDA-modiﬁed PS surfaces were then rinsed with
D.I. water to remove the unattached dopamine (denoted as PS-pDA).
Afterward, the CMC macromolecular was grafted onto the PS-pDA by
immersing the substrates in 5 mL/well of 3 w/v % CMC solution for
another 24 h at 37 °C in a constant temperature shaker. The treated
substrates were then washed with D.I. water to remove the physically
absorbed CMC molecular, which were named as PS-CMC.
2.3. Immobilization of VN and BFP-1 Peptide. VN and BFP-1
peptide were dissolved in sterilized PBS with a concentration of 1 mM,
separately, and then the diﬀerent peptide combinations were mixed in
various volume ratios (VN:BFP-1 = 10:0, 7:3, and 5:5). To immobilize
VN and BFP-1 peptide on the surface, the PS-CMC samples were
pretreated by 2 mM EDC and 5 mM NHS in 0.1 M MES buﬀer (pH =
5.6) for 40 min in superclean bench. Then, various peptides
combination solutions were incubated on the carboxyl-rich PS-CMC
surfaces in a 4 °C refrigerator for 24 h. The ﬁnal decorated PS
substrates were thoroughly washed by D.I. water and dried under
nitrogen inﬂux before characterization and cell experiment. Peptides4561
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conjugated PS substrates prepared from diﬀerent volume ratios of
VN/BFP-1 were named PS-VN10, PS-VN7/BFP3, and PS-VN5/BFP5.
2.4. Surface Characterization. PS with and without pDA/CMC/
peptide modiﬁcations were characterized by contact angle goniometry,
X-ray photoelectron spectroscopy (XPS), and scanning electron
microscope (SEM), as well as atomic force microscopy (AFM). The
surface hydrophilicity was measured by contact angle goniometry with
a Dataphysics OCA20 contact angle system (Filderstadt, Germany) at
ambient temperature based on the sessile drop method. Six parallel
specimens were used to provide an average and standard deviation.
The alteration of chemical composition was analyzed by X-ray
photoelectron spectroscopy (XPS, Kratos Analytical Ltd., UK) for
both survey and high-resolution spectra. The binding energies were
calibrated by the C 1s hydrocarbon peak at ∼285 eV; besides, the
quantitative analysis and curve ﬁtting were conducted using the
CasaXPS software package. In addition, the surface morphologies of
the treated substrates were characterized by a ﬁeld emission scanning
electron microscope (FE-SEM, JSM-6701F, Japan) at an accelerating
voltage of 20 kV. All samples were coated by gold for 1 min before
SEM observation. AFM measurement and quantitative mechanical
characterization were performed using a Bruker MultiMode 8 scanning
probe microscope (Veeco, USA), operated under peak-force tapping
mode with 1.0 Hz scan rates and a 200 mV amplitude set point. The
silicon tip (spring constant 40 N m−1, frequency 300 kHz, RTESP,
USA) was irradiated with UV light to remove any organic
contaminates before use. To calculate the Young’s modulus, the
retract curve of the force versus separation plots was ﬁtted by the
Derjaguin−Muller−Toporov (DMT) model.
2.5. Quantiﬁcation of Peptide Content by Fluorescent
Labeling. To quantify the peptide immobilized at diﬀerent volume
ratios, the FITC-labeled VN peptide and Rhodamine-labeled BFP-1
peptide were anchored on the PS-CMC surfaces to obtain a standard
calibration curve of ﬂuorescence intensity. Brieﬂy, a dilution series of
FITC-labeled VN peptide and Rhodamine-labeled BFP-1 peptide
solution (varying from 0 to 1.2 mM) in acetonitrile:water (50:50)
mixture was prepared. A 100 μL amount of solution was dried down
into wells of a 24-well plate coated with CMC (as described in section
2.2, PS-CMC preparation). The ﬂuorescence intensity was determined
using a Multilabel Reader (2300, Perkin Eimer, Singapore) at 488 nm
excitation wavelength and 525 nm emission wavelength for FITC and
at 532 nm excitation wavelength and 582 nm emission wavelength for
Rhodamine. The peptide density was estimated by averaging the
amount of the dried down peptide over the microwell surface area (1.9
cm2). Six independent measurements were performed for each
condition.
The qualitative intensity and distribution of ﬂuorescence of peptidedecorated surface were detected by inverted ﬂuorescent microscopy
(Nikon Eclipse TE2000-U, Japan). Furthermore, the quantitative
average ﬂuorescence intensity of the mixed-peptides modiﬁed surfaces
was also determined using a Multilabel Reader. Six independent
measurements were performed for each surface.
2.6. Cell Culture. The hiPSCs (UMC1-C1 line, provided by
GIBH, Chinese Academy of Sciences, Guangzhou, China) were
generated from umbilical cord mesenchymal cells by retroviral
introduction of four Yamanaka’s factors: Oct3/4, Sox2, Klf4, and cMyc. The hESCs (H9 line, supplied from GIBH, Chinese Academy of
Sciences) from the inner cell mass (ICM) of blastocyst-stage embryos
were also used in the present study. Two sorts of hPSCs were cultured
on Matrigel-coated plates using chemically deﬁned mTeSR1 medium
(StemCell Technologies, Canada) at 37 °C in a humidiﬁed 5% (v/v)
CO2 incubator (MCO-18AIC, Japan). Matrigel (BD Biosciences,
Canada) was diluted with Dulbecco’s modiﬁed eagle medium/F12
(DMEM/F12, Gibco, USA) at a ratio of 1:80 at 4 °C. Cells were fed
daily and passaged at a 1:3 splitting ratio every 3−4 days by exposure
to Dispase (Invitrogen, Canada) at 0.5 mg/mL for 5.5 min.
2.7. Osteogenic Diﬀerentiation. All samples were sanitized with
75% ethanol for at least 40 min before cell culture. hPSCs were
dissociated to single cells via Accutase (StemCell Technologies) and
then reseeded to tissue culture plastic, the pure CMC-modiﬁed
substrate (PS-CMC), and the various peptides-decorated substrates

(PS-VN10, PS-VN7/BFP3, and PS-VN5/BFP5 group) at a density of 1.6
× 105 cells/mL. The single cells were attached to the substrates in
mTeSR1 medium for 1 day. An inverted phase contrast microscope
(Nikon Eclipse TE2000-U) was used to image the cell adhesion and
morphology on these surfaces. After cell adhesion, the culture medium
was replaced by osteogenic inducing medium (OM) consisting of αminimal essential medium (α-MEM, Invitrogen) supplemented with
10−8 M dexamethasone (DEX, Sigma-Aldrich), 5 μg/mL ascorbic acid
(AA, Sigma-Aldrich), and 10 mM β-glycerophosphate (β-GP, SigmaAldrich) combined with 100 μg/mL streptomycin (Amresco, USA)
and 100 U/mL penicillin (Amresco). In order to compare the
osteogenic outcome, hMSCs treated with BMP-7 (1 μg/mL in OM
medium) was served as positive control, and hPSCs seeded on tissue
culture plastic was used as negative control. Besides, hPSCs cultured
with mTeSR1 medium (PM) on bare VN peptide-decorated substrate
(i.e., PS-VN10) was also used as control. The culture medium was
changed every 2 days, and the whole process lasted for 28 days. Day 1
was referred to the day when osteogenic induction commenced.
2.8. Immunoﬂuorescence. The hPSCs before osteoinductive
diﬀerentiation (denoted as day 0) on pure VN peptide-decorated
surface were subjected to immunoﬂuorescence analysis. They were
ﬁxed with 4% (v/v) paraformaldehyde for 15 min and permeabilized
with 0.1% (v/v) Triton X-100 (Solarbio, Beijing, China) for 30 min at
room temperature. Afterward, they were incubated with 3% bovine
serum albumin/PBS buﬀer at 37 °C for 2 h to block nonspeciﬁc
binding. Cells were incubated with diluent primary antibodies against
human Oct-4 (1:500, Cell Signaling Technology, USA) and Runx-2
(1:3200, Cell Signaling Technology) overnight at 4 °C. The next day,
cells were incubated with secondary antibody at a dilution of 1:1000
for 1 h in the dark at ambient temperature (Goat Anti-Mouse 488 IgG,
Goat Anti-Rabbit 543 IgG, Cell Signaling Technology). Finally, cell
nuclei were stained with DAPI (10 μg/mL, Sigma-Aldrich) for 5 min
at room temperature. All staining steps were followed by three washes
in PBS buﬀer. The stained signals in the cells were visualized
immediately by laser confocal microscopy (LSM5, Carl Zeiss,
Germany).
2.9. Cell Viability Assay. Cell viability of hiPSCs and hESCs was
assessed by the cell counting kit-8 assay (CCK-8, Dojindo, Japan).
After cell counting, the single cells were seeded on these peptidesdecorated substrates at a density of 1.6 × 105 cells/mL. At desired time
intervals (days 1, 3, 5, and 7) of cultivation, CCK-8 solution was added
into each well at a proportion of 1:10 (v/v) for 2 h incubation in the
dark. Then 100 μL of supernatant from each well was transferred to
new 96-well cell culture plates. The absorbance value of the
supernatant optical density (OD value) for each group was measured
with a microplate reader (model 680, Bio-Rad, Canada) at 450 nm. Six
parallel specimens were used to provide an average and standard
deviation.
2.10. Integrin-Blocking Assay. Integrin-blocking assay was
carried out as described previously with some modiﬁcations.21,28
Brieﬂy, hESCs and hiPSCs were dissociated to single cells, counted,
and incubated for 30 min at 37 °C in the presence or absence of 10
μg/mL human integrin αvβ5 antibodies (R&D systems, USA) in
phenol red-free Iscove’s modiﬁed Dulbecco’s medium (IMDM)
(Invitrogen) containing 0.35% (w/v) bovine serum albumin (BSA,
Sigma-Aldrich). After incubation, cells were collected by centrifugation
at 1200 rpm for 5 min and then resuspended in mTeSR1 medium,
followed by seeding onto VN peptide-decorated 6-well plates at a
density of 1.6 × 105 cells/mL and culturing at 37 °C for 1 h.
Nonattached cells were carefully removed by washing the wells three
times with IMDM/0.35% BSA and ﬁnally once with PBS. The
attached cells were ﬁxed with 100% ethanol at room temperature for 5
min and stained with 0.4% (w/v) crystal violet in methanol for 5 min
at room temperature, followed by a thorough wash with D.I. water.
Cell attachment was visually scored by a scanner (ScanMaker i800,
MICROTEK, Shanghai, China) and quantiﬁed by CCK-8 assay.
2.11. Alkaline Phosphate (ALP) Activity Staining and
Quantiﬁcation. For ALP staining, the hPSCs on pure VN peptidedecorated surface were ﬁrst ﬁxed by 95% cold ethanol for 30 min,
followed by three washes in PBS buﬀer. Afterward, the staining was
4562
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Figure 1. Schematic illustration of the preparation of peptides-decorated microenvironment and the in vitro directed osteogenic diﬀerentiation of the
hPSCs (including hiPSCs and hESCs).
in ice. After centrifugation at 12 000 rcf for 30 min, 1 μL of
supernatant was collected to determine the protein concentration
using Pierce BCA protein assay kits (Thermo). An equal amount (15
μg) of protein was separated on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred
to a nitrocellulose membrane. Membrane-transferred proteins were
incubated in 5% nonfat milk for at least 1 h to block nonspeciﬁc
binding. Afterward, membranes were probed with primary antibodies
against human Oct-4 (1:1000, Cell Signaling Technology), Runx2
(1:900, Cell Signaling Technology), and GAPDH (1:1000, ZSGBBIO, Beijing, China) at 4 °C overnight, followed by a corresponding
horseradish peroxidase (HRP)-conjugated second antibodies
(1:10 000, anti-rabbit/mouse IgG, ZSGB-BIO) for 1 h at room
temperature. All staining steps were followed by three washes in Trisbuﬀered saline with tween (TBST) buﬀer. Finally, the membranes
were detected by enhanced chemiluminescence on a Fusion Fx5
system (Vilber lourmat, French).
2.15. Statistical Analysis. All data were expressed as mean ±
standard deviations. One-way analysis of variance (ANOVA) Tukey
post-hoc test was used to determine the signiﬁcant diﬀerences among
the groups, and p values less than 0.05 were considered statistically
signiﬁcant.

performed using an ALP detection kit (CW-BIO, Beijing, China) for
15 min per the product’s instructions. Then the cells were observed
under a phase contrast microscope (Nikon Eclipse TE2000-U) using
white light. Quantiﬁcation of ALP activity of hPSCs was carried out by
an assay reagent kit (NJJC-BIO, Nanjing, China). Brieﬂy, after 0, 4, 7,
14, and 21 days of cultivation, the cell layers were washed with frozen
PBS and scraped oﬀ from the surfaces using 200 μL of 1% TritonX100 (lysis solution) per well. After sonication and centrifugation at
12 000 rcf for 30 min, 30 μL of cell lysates at each well was transferred
to new 96-well cell culture plates and cultivated with 50 μL of
carbonated buﬀer solution (pH = 10) and 50 μL of substrate solution
(4-amino-antipyrine) at 37 °C for 15 min. Then 150 μL of potassium
ferricyanide was added into the above solution, and the production of
p-nitrophenol was determined by the absorbance at 405 nm. For
normalization, the total protein concentration was determined by
Pierce BCA protein assay kits (Thermo, USA) with BSA as a standard.
Finally, ALP activity was normalized and expressed as the total protein
content (U/g of prot).
2.12. Alizarin Red S Staining. Mineralized nodule formation was
determined on day 28 of osteoinductive diﬀerentiation by staining
with Alizarin Red S (ARS) solution (Sigma-Aldrich). ARS was
dissolved in D.I. water at a concentration of 2% (w/v) and adjusted to
pH = 4.2. The cells on the substrates were washed with frozen PBS
buﬀer and ﬁxed in 4% formalin for 30 min. The ﬁxed cells were further
washed with D.I. water in order to remove any salt residues, and then
ARS solution was added so that it covered the entire surface of the
wells containing cells. After 20 min incubation at room temperature,
the excess ARS was fully washed with D.I. water. The calcium
deposited on the substrates in each group was observed under the
inverted phase contrast microscope (Nikon Eclipse TE2000-U). To
quantify the orange-red coloration of ARS, the substrates were
immersed in hexadecylpyridinium chloride (1 w/v%, Sigma-Aldrich)
overnight with shaking to dissolve the calcium mineral deposited by
the cells. The 100 μL of supernatants was collected to new 96-well cell
culture plates, and OD490 was read using a microplate reader (model
680, Bio-Rad).
2.13. Quantitative Real-Time Polymerase Chain Reaction
(qPCR). The total mRNA was isolated from cells using TRIzol
(Invitrogen) and converted into cDNA using a Revert Aid First Strand
cDNA Synthesis Kit (Thermo). Quantitative real-time polymerase
chain reaction (qPCR) analysis was carried out with SYBR Green
(Roche, USA) on an ABI 7500 RT-PCR machine (Applied
Biosystems, USA). All items were performed in triplicate, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
an internal control for PCR ampliﬁcation. Primers (5′-3′) provided in
this study are listed in Table S1, Supporting Information. Primer sets
(10 μM ﬁnal concentration for each primer) were used in a volume of
20 μL per tube. The thermal proﬁle of the PCR was 50 °C for 2 min,
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C
for 1 min. The comparative CT (2-ΔΔCT) method was employed to
evaluate fold gene expression diﬀerences between groups.
2.14. Western Blotting. Cells were harvested, ﬂushed three times
with ice-cold PBS, and lysed in RIPA buﬀer (HXBC-BIO, Beijing,
China) containing protease inhibitor cocktail (HXBC-BIO) for 30 min

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of PeptidesDecorated Microenvironment. In this study, pDA-mediated
catechol functionalization was applied to develop a 2D
peptides-decorated microenvironment with greater osteoinductivity that can boost the osteogenic potential of hPSCs in vitro
(Figure 1). Dopamine, a repeated motif in mussel adhesive
protein, could undergo self-polymerization and adhere onto
almost any solid surface in alkaline solution without surface
pretreatments. More importantly, a pDA layer can function as
an anchor to graft the secondary functional biopolymers by
thiols and amines via Michael addition or Schiﬀ base
reactions.36−39 To better immobilize peptide on the surface
of a PS culture plate presenting pDA coating, CMC molecule
was further grafted to the pDA layer through the catechol
chemistry, of which the amines of CMC could react with the
oxidized catechol groups. The −COOH groups on the resulting
PS-CMC surfaces were preactivated with the EDC/NHS
approach to facilitate the peptide tethering of terminal carboxyl
groups to the NHS groups, producing peptide tethering
surfaces.
To explore the alterations of chemical composition and
morphology after various stages of surface functionalization, the
prepared peptides-decorated microenvironment was characterized by contact angle goniometry, XPS, and SEM, as well as
AFM analysis. There were no detectable diﬀerences in the
chemical component and surface topography between PS-VN10,
PS-VN7/BFP3, and PS-VN5/BFP5 samples;therefore, PS-VN5/
4563
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Figure 2. Surface characterization of the pristine and functionalized PS substrates (PS-pDA, PS-CMC, and PS-peptide). (a) Water contact angles.
Data are displayed as mean ± standard errors (n = 6). (b) XPS survey scan spectra. (c) SEM morphology with low (scale bar 5 μm) and high (scale
bar 2 μm) magniﬁcation.

Figure 3. Quantiﬁcation of peptide content on the mixed-peptides decorated PS surfaces by ﬂuorescent labeling. (a)Visualization of ﬂuorescently
labeled peptides (FITC-VN peptide and Rhodamine-BFP-1 peptide) immobilized onto PS substrates. (b) Quantitative peptide intensity of the
peptides-decorated substrates with diﬀerent volume ratios (n = 6).

BFP5 was used as a representative of peptides-conjugated PS
substrates (PS-peptide). As depicted in Figure 2a, the pristine
PS dish was relatively hydrophobic with a contact angle of
∼65°, which decreased to an average value of 43° after the
coating of pDA and further to about 28° after CMC
attachment. This could be due to the hydrophilic groups
(−OH, −COOH, and −NH2) of the grafted polymers on the
PS surfaces. After immobilizing peptide onto the CMCmodiﬁed surface, the contact angle continuously reduced to
∼14°, attributed to the superhydrophilic property of peptide.
These ﬁndings were further veriﬁed by an XPS survey scan
(Figure 2b, Table S2 and Figure S1, Supporting Information).
Carbon and oxygen elements are the predominant components
of the pristine PS substrate, while a small amount of nitrogen
was also recognizable, attributed to unavoidable contamination.
Successful anchoring of pDA was indicated by an increase in
the N 1s and O 1s contents and a corresponding decrease in
the C 1s content from 72.96% to 63.56% as shown in Table S2,
Supporting Information. Meanwhile, the nitrogen-to-carbon
(N/C) ratio was about 0.126 on PS-pDA, which was similar to
the theoretical N/C of 0.125 for dopamine. However, these
changes were further aggravated after the grafting of CMC on

the pDA-treated substrate, indicating the immobilization of
CMC. Upon attachment of peptide on the surface, notably in
the wide-scan spectrum, the appearance of sodium signal
(because the peptide was dissolved in PBS buﬀer) and the
enhancement of nitrogen peaks (N 1s, 14.65%) on the surface
of PS-peptide indicated the successful tethering of peptide.
Furthermore, an evident change in carbon bond composition
observed in the high-resolution narrow carbon spectra (C 1s)
clearly supported these conclusions (Figure S1, Supporting
Information). The high-resolution C 1s spectrum of the
pristine PS was deconvoluted into three diﬀerent curves. The
binding energies centered at 284.7, 286.1, and 291.1 eV could
be assigned to the −C−C−/−C−H−, −C−OH, −C(O)O−
bonds, respectively. After pDA coating, the intensity of the
carbon skeleton (−C−C−/−C−H−) decreased dramatically,
and the peaks of the hydroxyl (−C−OH) and carbonyl (C
O) groups increased as shown in Figure S1b, Supporting
Information. They should be attributed to the catechol/
quinone groups of pDA, whereas a broad peak −C−N− bond
at about 285.5 eV was newly recorded on both PS-CMC and
PS-peptide samples, indicating the presence of CMC and
peptide. Compared with those of PS-pDA, the peaks of C
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Figure 4. AFM morphology images (a) and property map of the Young’s modulus (b) of functionalized PS substrates at diﬀerent stages: PS-pDA,
PS-CMC, and PS-peptide substrates.

O and −C−N− enhanced greatly in intensity due to the
abundance of amine groups and amido bonds (NHCO)
in the structure of peptide molecule, which further proved the
successful peptide tethering. These results obviously suggested
that peptide was easily immobilized on the CMC-functionalized
PS surface assisted by pDA coating.
The peptides have been conﬁrmed to conjugate on the
modiﬁed PS surfaces from the results mentioned above;
afterward, it is important to determine whether they were
immobilized at the presupposed volume ratios. As shown in
Figure 3a, the uniform ﬂuorescence distribution was observed
in diﬀerent experiment groups, which signiﬁed the homogeneity of peptides on the surfaces. No red light was detected on
pure VN peptide-treated PS surface. Furthermore, the intensity
of green light (VN) gradually decreased and red light (BFP-1)
gradually increased on the diﬀerent peptide ratios treated
samples, implying that the VN and BFP-1 peptide were
successfully immobilized at the designed ratios. The trend of
ﬂuorescence intensity changes was further conﬁrmed by the
quantiﬁcation results in Figure 3b. On the basis of the
calculations, VN concentrations in PS-VN10 and PS-VN5/BFP5
yielded 70.24 ± 1.73 and 33.28 ± 1.11 μg/cm2 peptide density,
respectively. When reacted with VN/BFP-1 = 5:5 solution,
approximately 38.50 ± 3.04 μg/cm2 BFP-1 was immobilized on
the PS-VN5/BFP5 plates, and almost no BFP-1 was detected in
PS-VN10.
The surface roughness, morphology, and mechanical
property of PS substrate were altered by pDA coating or
pDA-mediated CMC and peptide immobilization. SEM images
showed that bare PS dish had a smooth surface morphology
compared with modiﬁed PS substrates (Figure 2c). The
polymerized DA particles were observed on the surface of
pDA-coated PS sample. There were some wrinkles combined

with pDA particles on the PS-CMC surface because CMC
tended to form a macromolecule membrane on the surface.
However, the addition of a small molecule peptide slightly
increased the surface morphology/roughness of PS-CMC
substrates. AFM results (Figure 4a) aﬃrmed the SEM analysis,
where partial aggregates of polymerized dopamine were found
on all pDA-treated surfaces, which conﬁrmed the presence of
pDA layer. The pDA aggregates could be easily detected
compared to CMC and peptide due to their greater roughness.
The average roughness (Ra) value of the decorated PS surfaces,
as measured from AFM, indicated that the coating of the CMC
biomacromolecule and peptide enhanced the surface roughness
of PS substrate. To evaluate the inﬂuence of pDA coating and
pDA-mediated biopolymers (CMC and peptide) on the
mechanical properties of PS substrate, their Young’s modulus
was measured at the nanoscale using a recently developed AFM
surface property mapping technique: PeakForce QNM AFM.
PeakForce tapping provides high-resolution mapping of the
nanomechanical properties for each sample and exerts a
maximum force control of the sample while eliminating lateral
forces. In addition, the maximum force exerted on the sample is
maintained constant, which is beneﬁcial for delicate biological
samples.40,41 Using the DMT model as the analysis software,
the absolute modulus of each sample could be acquired by
calibration of the tip radius and spring constant. In order to
have reliable results for the Young’s modulus, the deformation
value was kept in the range of 1−2 nm for all measurements. It
could be seen in Table S3, Supporting Information, that the
required peak force set point for deforming the pDA-coated PS
was much higher than needed for achieving a similar
deformation of the CMC layers, reﬂecting that the CMC
coating was signiﬁcantly softer than the pDA layer. From the
property map of the Young’s modulus and quantitative data in
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Figure 5. Cell adhesion and pluripotency of the undiﬀerentiated hPSCs cultured on the VN peptide-decorated substrates at day 0. (a) Microscopic
images. (b) Alkaline phosphatase staining. (c) Immunoﬂuorescence staining for OCT-4 (green) and Runx2 (red) visualized by laser confocal
microscopy. Nuclei were stained blue with DAPI.

diﬀerentiation of hPSCs. Thus, our developed peptidesdecorated osteogenic niche that mimics some important
features of the ECM in terms of hPSCs growth, organization,
and diﬀerentiation could oﬀer a favorable microenvironment
(chemical and physical cues) for culture and osteo-diﬀerentiation of hPSCs and demonstrates great potential in bone
regenerative medicine.
3.2. Cell Adhesion, Proliferation, and Pluripotency on
VN Peptide-Decorated Microenvironment. Assisted by
facile pDA technology, a chemically deﬁned and well-controlled
2D cell microenvironment has been established for hPSCs
propagation and osteogenic diﬀerentiation; next, we are eager
to know whether the peptides-decorated niche could support
the pluripotency and proliferation of hPSCs in vitro. The
pluripotency of hPSCs on pure VN peptide-conjugated PS
surface was conﬁrmed by morphology observation and
immunoﬂuorescent staining. As shown in Figures S2,
Supporting Information, and 5a, there were no hPSCs on the
pure CMC substrate and bare tissue culture plastic (negative
control) without conjugation of peptides, indicating hPSCs
could not attach and grow on these surfaces. However, the
newly planted colonies with a uniform distribution were able to
attach robustly 1 day after single cells seeding and showed
signiﬁcant spreading on VN peptide-decorated substrate. The
cells maintained a typical undiﬀerentiated morphology on the
substrate, as characterized by compact colonies with deﬁned
edges and large nuclei-to-cytoplasm ratios (Figure 5a), and they
stained strongly positive for ALP (Figure 5b) and OCT-4
(Figure 5c), which are typical markers for an undiﬀerentiated
state of hPSCs,3,46 whereas the cell aggregates were negative for
Runx2 (Figure 5c) (a characteristic indicator of osteogenic
diﬀerentiation of cells), indicating that the aggregates did not
contain any osteogenic progenitors.47VN peptide is one

Figure 4b, the partial pDA aggregates displayed higher
modulus, and the average modulus of the pDA-coated PS
substrate was about 4.37 GPa, which was in good agreement
with a previous result acquired by AFM-based microtensile
testing. Compared with PS-pDA, PS-CMC (1.44 GPa)
displayed a lower modulus (about one-third value of that in
PS-pDA) with a more uniform mechanical distribution, because
CMC polysaccharide was a soft biopolymer having a low
biomechanical property. However, peptide immobilization onto
the PS-CMC did not reduce the Young’s modulus signiﬁcantly
(1.42 GPa), suggesting that short peptide had little inﬂuence on
the surface mechanical property of CMC-grafted PS plate.
These results indicated that modiﬁcation of the biomacromolecule could alter the biomechanical property of the PS
substrate and endow the stiﬀ PS substrate with a soft surface.
As is well known, ECM is a complex mixture of structural
proteins (collagen, vitronectin, and ﬁbronectin), polysaccharides (glycosaminoglycans), and signaling proteins such as
growth factors.42 Together, the components of the ECM oﬀer
physical and biochemical cues for cells to attach, grow,
proliferate, migrate, and diﬀerentiate.43 In this hPSCs culture
microenvironment, VN peptide containing the RGD (Arg-GlyAsp) sequence, as a common cell adhesion motif, plays a
pivotal role in attachment of hPSCs. The structure of CMC is
similar to glycosaminoglycans, and it has been reported that
CMC can promote the expression of ECM in human
osteoblasts and chondrocytes and stimulate the diﬀerentiation
of osteoprogenitor cells. 44 On the other hand, CMC
polysaccharide possesses a low biomechanical attribute close
to that of ECM, and it is proof that a soft surface is beneﬁcial to
hPSCs culture.45 Moreover, BFP-1 peptide enables mimicking
the function of BMP-7 protein in the osteogenic niche of bone
tissue29 and possibly provides a large drive to osteogenic
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Figure 6. Role of integrin αvβ5 receptor in hPSCs adhesion to pDA-VN surfaces. (a) Scanning images of cell attachment at 1 h postseeding before/
after integrin αvβ5 treatment. (b) Cell adhesion of hPSCs evaluated by CCK-8 assay at 1 h postseeding before/after integrin αvβ5 treatment.

Figure 7. Cell proliferation of hiPSCs (a) and hESCs (b) cultured on the peptides-decorated substrates evaluated by CCK-8 assay at speciﬁc time
intervals (n = 3). *, #, and & represent statistical signiﬁcance between VN and 7:3 group, VN and 5:5 group, 7:3 and 5:5 group, respectively (*, #,
and &, p < 0.05; **, ##, and &&, p < 0.01).

hPSCs numbers after 7 days culturing on the mixed peptidesdecorated substrates. The cell numbers were enhanced with
increasing VN peptide ratios on the CMC-grafted PS substrate
from 50% to 100% because more VN peptide contributed to
greater amount sites for cell anchor, coinciding with earlier
studies.22,27 However, for hiPSCs, the viability of cells on the
mixed peptides-decorated surfaces (PS-VN7/BFP3 and PSVN5/BFP5) displayed little statistical diﬀerence from the pure
VN peptide-conjugated surface (PS-VN10) from day 1 to day 5,
showing similar proliferation in short-term days. With regard to
hESCs, similar growth values were detected on days 1, 3, and 7
for PS-VN7/BFP3. At day 7, the numbers of hiPSCs/hESCs
attached on the PS-VN7/BFP3 surface were about 92.23% and
96.42% of that on PS-VN10 surface, respectively, and their
amounts on the PS-VN5/BFP5 surface were approximate
82.12% and 77.85% of that on PS-VN10 surface, respectively.
By 8 days of culture, hPSCs on all matrices grew to reach
conﬂuence. In spite of the decreased cell amounts (10%−22%)
in VN/BFP-1 combined peptides-decorated surfaces, these
prepared substrates had no negative impact on hPSCs growth
and proliferation and they still could provide abundant cells for
osteogenesis. Following veriﬁcation that all matrices under
investigation supported the attachment and proliferation of
hPSCs, the osteogenic diﬀerentiation of hPSCs on various
peptides-decorated PS surfaces should be assessed.
3.3. Enhanced Osteogenic Diﬀerentiation of hPSCs on
Peptides-Decorated Microenvironment. For optimal
expansion and diﬀerentiation of hPSCs in bone regenerative
applications, it is critical to design an osteogenic environment
that mimics cell niche and induces ossiﬁcation of cells using
chemically deﬁned materials. To evaluate whether the hiPSCs/

composition of human ECM, and our previous studies together
with other group’s research demonstrated that this peptide
could support the adhesion and successful propagation of
hPSCs for >15 passages via RGD-cell integrin (αvβ5 receptor)
interaction.22,28 With the purpose of providing direct evidence
of the speciﬁc interaction between cell adhesion and RGD, the
integrin-blocking assay was carried out. As shown in Figure 6,
after treating hPSCs with the integrin αvβ5 antibodies, an
obvious decline (up to 86%) of the cell numbers was observed,
demonstrating that engagement of αvβ5 receptor was suﬃcient
to mediate the cell−ECM interaction in hPSCs grown on the
surfaces decorated with synthetic RGD-containing peptide
from VN. Thus, these results suggested that the grafted VN
peptide retained its biological function after being immobilized
onto the surface of PS-CMC through pDA coating, and the
hESCs/hiPSCs on the VN peptide-conjugated surface maintained pluripotency before osteogenic induction.
Previous literature in the ﬁeld suggested that the density of
VN peptide on the plate surface also played a vital role in the
attachment and proliferation of hPSCs.22,27 In order to examine
the inﬂuence of the introduction of BFP-1 peptide into VN
peptide-decorated surface on the cell propagation, growth
evaluation of hPSCs was conducted via CCK-8 assay for 1
week. Figures 7 and S3 and S4, Supporting Information,
showed that all matrices supported the attachment of hPSCs
within 7 days of culture, and both hiPSCs and hESCs displayed
compact colonies morphology on the diﬀerent substrate. The
OD450 value increased with the extension of time, indicating
that mixed peptides-decorated surfaces could facilitate the
normal proliferation of hPSCs. There was a correlation between
VN/BFP-1 ratio (i.e., conjugated VN peptide density) and
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Figure 8. Osteogenic diﬀerentiation of hiPSCs cultured on the VN/BFP-1 peptides-decorated PS substrates in vitro at speciﬁc time intervals (n = 3).
CT (i.e., control group) represents the hiPSCs cultured on the bare VN-decorated PS substrate in mTeSR1 medium. $, *, and # represent statistical
signiﬁcance between CT group and other inducing groups, VN and 7:3 group, VN and 5:5 group, respectively ($, *, and #, p < 0.05; $$, **, and ##,
p < 0.01). (a) qPCR analysis: Gene expressions of OCT-4, Nanog, Runx2 and Col1a1. (b) ALP activity quantiﬁcation assay. (c) Western blotting
analysis: Protein expressions of OCT-4 and Runx2.

Figure 9. Osteogenic diﬀerentiation of hESCs cultured on the VN/BFP-1 peptides-decorated PS substrates in vitro at speciﬁc time intervals (n = 3).
CT (i.e., control group) represents the hESCs cultured on the bare VN-decorated PS substrate in mTeSR1 medium. $, *, and # represent statistical
signiﬁcance between CT group and other inducing groups, VN and 7:3 group, VN and 5:5 group, respectively ($,*, and #, p < 0.05; $$, **, and ##, p
< 0.01). (a) qPCR analysis: Gene expressions of OCT-4, Nanog, Runx2 and Col1a1. (b) ALP activity quantiﬁcation assay. (c) Western blotting
analysis: Protein expressions of OCT-4 and Runx2.

4 days, indicating that the hPSCs began to lose their stem cell
properties. Later, the expression of ALP began to increase at a
relatively stable rate with the extent of time and kept at a high
level after 15 days. The re-expresssion of ALP signal perhaps
signiﬁed the appearance of osteogenic progenitors after 15 days
of osteoinductive culture.3 For hiPSCs (Figure 8b), the ALP
signal of BFP-1 peptide-supplied groups reached a signiﬁcantly
higher level than that of pure VN group after 7 days. The ALP
level of the PS-VN7/BFP3 group and the PS-VN5/BFP5 group
was 1.69-fold and 2 times that of PS-VN10 group at 21 days,
respectively. As for hESCs (Figure 9b), the production of ALP

hESCs enable being directly induced toward osteogenic
lineages in vitro, the ALP activity, gene expression, and
corresponding protein expression as well as calcium deposition
amount were evaluated as previously reported at speciﬁc time
intervals (days 0, 7, 14, 21, and 28).48−51
3.3.1. Quantiﬁcation Analysis of Alkaline Phosphate
Activity (ALP). ALP, an early marker of osteogenesis, was
expressed strongly in the osteoblasts, as well as in
undiﬀerentiated hPSCs.52 As shown in Figures 8b and 9b, the
hPSCs initially displayed a high level of ALP signal and then the
signal decreased to a relatively low level after being induced for
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Figure 10. Bone matrix mineralization of hPSCs cultured on the VN/BFP-1 peptides-decorated PS substrates after inducing for 28 days in vitro. (a)
ARS staining with lower (scale bar 500 μm) and higher (scale bar 100 μm) magniﬁcation. (b) Quantiﬁcation of ARS staining (n = 3). PM and OM
separately refer to the hPSCs cultured in the mTeSR1 medium and the osteogenic induction medium. $, *, and # represent statistical signiﬁcance
between CT group and other inducing groups, VN and 7:3 group, 7:3 and 5:5 group, respectively ($,*, and #, p < 0.05; $$, **, and ##, p < 0.01).

in the PS-VN5/BFP5 group was higher compared with that of
the pure VN group from day 7 to day 21. Distinguished with
the hiPSCs, at 21 days, the level of ALP expression in the PSVN7/BFP3 group was 1.35 times than that of PS-VN10 sample.
In spite of a little diﬀerent result, the similarity between two
hPSCs (i.e., hESCs and hiPSCs) in promoted ALP activity was
observed on the BFP-1 peptide-decorated surfaces, implying
that the BFP-1 peptide might have an impact on the
osteogenesis of hPSCs.
3.3.2. Quantitative Real-Time PCR (qPCR) and Western
Blotting Analysis. To understand the action of BFP-1 peptide
on hPSCs at the molecular level, the variation of speciﬁc genes
and proteins expression involved in pluripotency and osteogenesis was examined at diﬀerent time points as shown in
Figures 8 and 9. The hPSCs cultured on the bare VN-decorated
PS substrate in mTeSR1 medium (CT, control group) showed
nearly unaltered marker gene expression at all time points with
high expression of OCT-4 and Nanog makers and no
expression of osteogenic makers, indicating the maintenance
of pluripotency, whereas qPCR analysis revealed that the
pluripotency-associated genes (OCT-4, Nanog) were downregulated and the osteogenesis-related genes (Runx2, Col1a1)
were up-regulated in all groups subjected to osteogenic
inducing medium (p < 0.01), and their values were a function
of culture time. For both cell lines, after being cultured in
osteogenic-inducing medium, the expression level of OCT-4
and Nanog began to decrease sharply with time increasing and
was kept at an extremely low level near zero after 14 days,
which implied that the pluripotency of hPSCs gradually
reduced and was totally lost after 14 days. Moreover, for the
groups containing of BFP-1 peptide, the pluripotent gene
expression was lower than that of pure VN group (p < 0.05).
Runx2 is the early and master transcription factor, and it
regulates the transcription of various osteogenesis-related genes
(such as Col1a1, OCN) via binding to the core site of their
enhancers or promoters.53−55 Col1a1 gene is an osteo-special
marker expressed during the later period and encodes the proalpha 1 chains of type 1 collagen, which is an extracellular
matrix and structural protein contained in the bone matrix.56,57

As found in Figures 8a/9a, the expression peak of Runx2 was
the focus on day 14 and that of Col1a1 located on day 21. The
reasonable explanation might be that the Runx2 gene is the
early marker and triggers the expression of Col1a1. At 14 and 7
days, the Runx2 gene expression level of the PS-VN7/BFP3 and
PS-VN5/BFP5 groups was higher than the PS-VN10 group for
hiPSCs and hESCs, respectively. The Runx2 expression of BFP1 peptide-modiﬁed groups began to decrease after 14 days,
possibly because the early marker Runx2 functionalized at the
prior period and began to degrade after completing its role. In
addition, the elevated Col1a1 levels of PS-VN5/BFP5 and PSVN7/BFP3 groups were detected compared to the PS-VN10
group for both cell lines from day 7 to day 21. To further verify
the results from ALP and qPCR, the dynamics of OCT-4 and
Runx2 protein expression was probed. Western blotting
analysis (Figures 8c/9c) showed that the expression of OCT4 protein in inducing groups was lower than that of the control
group, and this protein could not be detected after 14 days,
corresponding to the ﬁndings from qPCR. These results
suggested that the cells had lost their pluripotency under the
inﬂuence of inducing factors and BFP-1 peptide. The
expression level of Runx2 protein increased in BFP-1
peptide-decorated groups before 14 days for hiPSCs and
before 7 days for hESCs than VN peptide-decorated ones.
Afterward, the expression of Runx2 protein in BFP-1 peptidedecorated groups was lower than pure VN group after 14 days.
The same dynamic trend was observed in hiPSCs and hESCs. A
high expression of Runx2, ALP, and Col1a1 has been reported
in the literature;29,58 however, the dynamic changes at various
stages of the whole osteogenic process have hardly been
investigated. BFP-1 peptide derived from the immature region
of BMP-7 protein holds the similar osteogenic inducing
property and may bind to the same functional sites (BMP
receptors), triggering the up-regulation of target osteogenic
genes through Smads or mitogen-activated protein kinase
(MAPK).55,59 These data suggested that the BFP-1 peptide
might contribute to the osteogenic potential of the hPSCs.
3.3.3. Alizarin Red S Staining and Quantiﬁcation Analysis.
It is well known that Alizarin Red S could stain extracellular
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best of our knowledge, this is the ﬁrst demonstration of
directed osteogenic diﬀerentiation of hPSCs by peptidesdecorated surface under fully deﬁned conditions. Future work
includes the transplantation of hPSCs with peptides-decorated
matrices in vivo to study bone tissue formation. This synthetic
deﬁned system that supports the process of hPSCs culture to
osteo-diﬀerentiation has the advantage of eliminating the risks
of microbial and viral contamination picked up from mouse
feeder cells and animal or human-derived proteins, holding
promising potential for bone regenerative medicine.

calcium deposition in bone mineral, which is a special indicator
of osteogenic diﬀerentiation.3,48,60 As seen in Figure 10a, the
hPSCs cultured on the VN peptide-decorated surface formed
small numbers of bone nodules in osteogenic inducing
medium. After combination with the BFP-1 peptide, however,
the osteogenic eﬃciency was greatly enhanced, which was
reﬂected by the greater amounts and larger size of bone nodules
compared with the pure PS-VN10 groups. Therefore, BFP-1
peptide might exert a synergistic eﬀect in promoting osteogenesis combined with the traditional osteogenic factors (β-GP,
AA, and Dex). Additionally, more intensively distributed and
bigger bone nodules were observed on the VN5/BFP5decorated surface. These results were also supported by
quantiﬁcation of the calcium deposition area (Figure 10b).
Compared with hPSCs, hMSCs (positive control) generated a
large amount of calcium nodules when treated with BMP-7 in
osteogenic medium (Figure S5, Supporting Information). On
the basis of earlier literature,29 it is eﬀortless for hMSCs to be
down an osteogenic path under stimulation of BMP-7 protein.
Nevertheless, we still clearly observed a number of red mineral
deposits in hiPSCs/hESCs when triggered in the presence of
BFP-1 peptide-decorated surface in OM medium similar to that
in hMSCs group. Results from ALP activity, qPCR, Western
blotting, and Alizarin Red staining have suggested that hPSCs
could be directly induced toward osteogenic lineage in the
peptides-decorated microenvironment, and the osteogenic
eﬃciency of hPSCs could be further improved by immobilized
BFP-1 peptide on the substrate. In future work it is one of our
goals to raise the osteogenic diﬀerentiation activity of hPSCs in
our synthetic peptide-decorated substrate through grafting
other chemically deﬁned osteo-diﬀerentiation promoting
materials on the surface. Several previous reports have shown
that nanoﬁbrous scaﬀold (e.g., poly(L-lactic acid) (PLLA) and
poly(ether sulfone) (PES))61,62 provide help to enhance the
osteogenic diﬀerentiation of hPSCs through embryoid bodies
(EBs) formation. EBs are commonly used to mimic the three
dimensionality of development during gastrulation and
formation of the three germ layers in vivo.63 Nevertheless,
the limitation of employing EBs for diﬀerentiation studies arises
from the fact that the yield of desired cells is much lower than
the initial amounts of cells.64 Currently, without EBs formation
step, biomineralized poly(ethylene glycol)-diacrylate-co-acryloyl-6-aminocaproic acid (PEGDA-co-A6ACA) matrices65 and
osteomimetic poly(lactic-coglycolic acid) (PLGA) scaﬀolds66
were developed to direct osteogenic diﬀerentiation of hESCs.
However, these developments required the materials to be
coated with Matrigel and ECM protein to promote initial
attachment of the hPSCs to the matrix. In the present work,
hPSCs might be directly potentiated to osteogenic commitment on our peptides-decorated surface without EBs process
and Matrigel/ECM coating (i.e., under chemically deﬁned
conditions), which could provide an eﬃcient and safe
microenvironment for bone tissue engineering.
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