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ABSTRACT: A bone implant should integrate to the tissue through a bone-like mineralized interface, which requires increased
osteoblast activity at the implant−tissue boundary. Modification of the implant surface with synthetic bioinstructive cues
facilitates on-site differentiation of progenitor stem cells to functional mature osteoblasts and results in subsequent
mineralization. Inspired by the bioactive domains of the bone extracellular matrix proteins and the mussel adhesive proteins, we
synthesized peptide nanofibers to promote bone-like mineralization on the implant surface. Nanofibers functionalized with
osteoinductive collagen I derived Asp-Gly-Glu-Ala (DGEA) peptide sequence provide an advantage in initial adhesion, spreading,
and early commitment to osteogenic differentiation for mesenchymal stem cells (hMSCs). In this study, we demonstrated that
this early osteogenic commitment, however, does not necessarily guarantee a priority for maturation into functional osteoblasts.
Similar to natural biological cascades, early commitment should be further supported with additional signals to provide a long-
term effect on differentiation. Here, we showed that peptide nanofibers functionalized with Glu-Glu-Glu (EEE) sequence
enhanced mineralization abilities due to osteoinductive properties for late-stage differentiation of hMSCs. Mussel-inspired
functionalization not only enables robust immobilization on metal surfaces, but also improves bone-like mineralization under
physiologically simulated conditions. The multifunctional osteoinductive peptide nanofiber biointerfaces presented here facilitate
osseointegration for long-term clinical stability.

■ INTRODUCTION

Understanding and controlling the complex interactions at the
cell−material interface is important for developing more
efficient treatment strategies in regenerative medicine. These
cell−material interactions are especially important at the site of
contact between the implants and the tissues. Therapeutic
success of bone implants relies on efficient tissue integration of
the implant, which is governed by formation of a tight, bone-
like mineralized layer at the bone−implant interface.1

Mineralization process is also under competitive pressure of
fibrotic tissue development, which leads to softening of the
surrounding bone tissue and, hence, failure of the implant.2−6

Particularly in patients with impaired osteoblastogenesis, such

as osteoporosis, the mineralization process takes a longer time
and failure of the implant is more probable.7 Thus, adequate
osteoblast activity is necessary for rapid mineralization at the
site of implantation.
Mature osteoblasts operate as the functional bone-forming

cells by laying down mineralizable bone matrix called osteoid.
The hMSCs are the ultimate progenitors of osteoblasts in the
adult bone.8 In the course of osteogenic differentiation, hMSCs
follow a hierarchical pathway within the osteoblast lineage. An
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initial osteogenic commitment followed by a maturation step is
regulated by a complex set of signaling factors, including
intracellular, intercellular, and extracellular interactions, ending
with mature osteoblasts. Because of the complexity of the
biological processes, synthetic systems with a single function
can fail to properly orchestrate this mechanism. In order to
overcome this problem, bioinstructive molecules can be used in
a multifunctional fashion for inducing maturation after initial
differentiation, which is important for providing progenitor cells
with clinically relevant competitive advantage.9

Recent studies have shown that modifying surfaces with short
synthetic peptides derived from bone extracellular matrix
proteins can promote survival and differentiation of osteopro-
genitor cells with varying potency, including multipotent
hMSCs and unipotent preosteoblasts. For example, the Asp-

Gly-Glu-Ala (DGEA) peptide sequence derived from collagen
type I can induce osteogenic differentiation of hMSCs and
mouse preosteoblast MC3T3 cells via binding to integrin
receptor α2β1.10−16 α2β1 is not only critical in the differ-
entiation process, but also in adhesion, spreading, migration,
and survival of hMSCs.17 On the other hand, Arg-Gly-Asp
(RGD) peptide sequence of fibronectin interacts with integrin
α5β1. Blocking integrin α5β1 reduces adhesion and prolifer-
ation despite having any impact on osteogenic differentiation.18

In addition to receptor binding epitopes, the regulatory role
of the acidic residues in nucleation and growth of
hydroxyapatite crystals require special attention since recon-
stitution of a synthetic process that can stimulate precipitation
of carbonated biological apatite on the implanted material
would be a useful platform for promoting adhesion, survival,

Figure 1. Self-assembly of PAs into multifunctional osteoinductive nanofibers. (A) Design and chemical representation of the building blocks:
Lauryl-VVAGKDopa-Am (Dopa-PA), Lauryl-VVAGK-Am (K-PA), Lauryl-VVAGEGDGEA-Am (DGEA-PA), Lauryl-VVAGEEE-Am (E3-PA). (B)
SEM micrographs of DGEA-PA/Dopa-PA and E3-PA/Dopa-PA nanofibrous matrices formed at pH 7.4. (C) Circular dichroism spectra of the
nanofibers undergoing β-sheet-like structural organization. (D) Zeta potentials of individual PAs and self-assembled nanofibers, revealing that the
charge-screening drives the self-assembly process.
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and osteogenic differentiation of the progenitor cells.3,19,20

Acidic residues in noncollagenous bone matrix proteins, such as
bone sialoprotein, osteopontin, and osteocalcin, also exhibit
appealing behavior due to their high hydroxyapatite affinity.21 It
has been shown that, depending on the geometry and porosity,
hydroxyapatite (HAp) grafts exhibit osteoinductivity in
addition to its osteoconductive properties. This had been
attributed to its ability to entrap and concentrate circulating
bone morphogenetic proteins (BMPs).3,22 Moreover, by
comparing osteoinductivity of porous hydroxyapatite with
BMP-2, Lin et al. showed that mouse mesenchymal stem cell
lines underwent osteogenic differentiation and the osteoinduc-
tivity of hydroxyapatite was found to be higher than of BMP-2
itself.23 Very recently, Shih et al. proposed that calcium
phosphate matrices can induce osteogenic differentiation of
mesenchymal stem cells through phosphate-ATP-adenosine
metabolic signaling.20

Supramolecular assemblies of biofunctional peptides provide
well-defined molecular composition and architecture allowing
high epitope density with optimal receptor binding geome-
try.10,24,25 Chemical simplicity of the building blocks allows
robust exploitation of the bioactive ligands in therapeutic
applications.13,24,26−30 Peptide amphiphiles (PAs) is a class of
self-assembling peptides containing an alkyl tail attached to the
peptide part.31 Because of the design flexibility, PA nanofibers
can display bioinstructive ligands in a multivalent fashion to
support adhesion, proliferation, and differentiation of various
cell types, including bone, cartilage, endothelial, and nerve cells,
as well as their progenitors.32−35

In the present study, we demonstrated multifunctional
osteoinductive nanofibers that induce differentiation of
hMSCs into mature osteoblast. PA molecules that self-
assembles into these nanofibers, were synthesized inspired by
the bioactive sequences of collagen type I (DGEA), non-
collagenous matrix proteins (EEE), and the mussel-adhesive
proteins (3,4-dihydroxy-L-phenyl alanine, or Dopa; Figure 1A).
Dopa was used to provide immobilization of osteoinductive
cues on biomaterial surface, since immobilization is a major
drawback, which significantly limits the performance of the
available surface modification technologies. Water molecules,
dissolved ions, and polyionic biomolecules in the biological
environment compete with the implant surface and displace the
immobilized molecules.36 This challenge has been recently
addressed by our group and others by exploiting mussel-
inspired Dopa-mediated surface adhesion strategy.26,37−39

Under physiological conditions, these three bioactive PAs
self-assembled into hybrid nanofibers, which were then applied
as implant coatings on medical grade titanium substrate. We
investigated the surface stability and osteoinductivity of these
coatings. In vivo biointegration of these nanofibers was
predicted by their ability of facilitating mineralization under
biologically simulated conditions. Osteoinductivity of these
artificial microenvironments was identified in detail by
investigating cell−matrix interactions at the molecular level.

■ MATERIALS AND METHODS
Synthesis and Characterization of Peptide Amphiphiles.

Lauryl-VVAGKDopa-Am (Dopa-PA), Lauryl-VVAGK-Am (K-PA),
Lauryl-VVAGEGDGEA-Am (DGEA-PA), and Lauryl-VVAGEEE-Am
(E3-PA) were synthesized using Fmoc solid phase peptide synthesis
(Table S1). Fmoc protection group on the Nα-amino group of the
peptide was removed by 20% piperidine/dimethylformamide at each
coupling step. Rink amide MBHA resin (Novabiochem) was used as

the solid support. Carboxylate group activation of 2 mol equivalents
(equiv) of amino acids was achieved by 1.95 mol equiv of N,N,N′,N′-
tetramethyl-O-(1H-benzotriazole-1-yl) uranium hexafluorophosphate
(HBTU) and 3 mol equiv of diisopropylethylamine (DIEA) for 1 mol
equiv of Nα-amino sites attached on the resin. Coupling time at each
step was limited to 2 h. For the removal of the protecting groups
following the last coupling step, a cleavage cocktail containing 95%
trifluoroacetic acid (TFA), 2.5% water, and 2.5% triisopropylsilane was
used. Excess TFA was partly removed by rotary evaporation, followed
by precipitation in diethyl ether overnight. The precipitate was
collected and dissolved in ultrapure water. This solution was frozen at
−80 °C, followed by freeze-drying for 1 week. Residual TFA was
removed from PAs with overall positive charge by dissolving the whole
batch in dilute HCl solution with a subsequent dialysis procedure
using cellulose ester dialysis membrane with molecular-weight-cutoff
of 100−500 Da. For PAs with overall negative charge, a reverse-phase
preparative HPLC purification was employed. Following the TFA
removal procedure, PAs were once more freeze-dried, and their purity
was assessed using Agilent 6530 quadrupole time-of-flight (Q-TOF)
mass spectrometry with electrospray ionization (ESI) source equipped
with a reverse-phase analytical HPLC (Figure S1).

Formation of Self-Assembled Peptide Nanofibers. Aqueous
solutions of all PAs were prepared at pH 7.4 using diluted HCl or
NaOH. Self-assembly into hydrogels was rapid enough to allow
monitoring by eye within a few minutes in the range of 1−10 mM
monomer concentrations. The resulting nanonetwork was investigated
using scanning electron microscopy (SEM). Following 10 min of
gelation on conductive stainless steel surfaces, hydrogels (formed by
10 mM monomer concentration) were dehydrated in gradually
increasing concentrations of ethanol/water solutions. Dehydrated
hydrogels were dried using a Tourismis Autosamdri-815B critical point
drier to preserve the network structure. The dried samples were coated
with 3 nm Au/Pd and visualized under high vacuum with a FEI
Quanta 200 FEG SEM equipped with an ETD detector. To investigate
the secondary structure of PA nanofibers, circular dichroism (CD)
(Jasco J-815) was used. The 5 × 10−5 M DGEA-PA (or E3-PA) was
mixed with 5 × 10−5 M Dopa-PA (or K-PA) at 1:3 volume ratios. After
5 min, spectrometric measurement was acquired at room temperature
from 260 to 190 nm with 0.1 nm data interval and 500 nm/min
scanning speed. The results were converted to and represented as the
molar ellipticity. Zeta potential measurements were performed with a
Malvern Zeta-ZS Zetasizer at the same monomer concentrations used
in CD.

Stability of Peptide Nanonetworks on Titanium Substrate.
The 100 μm thick plain medical grade Ti6Al4V (Good Fellow Inc.)
substrates were cut into small pieces, followed by ultrasonic cleaning
sequentially in acetone, ethanol, and water for 1 h in each. Samples
were then dried under vacuum at 50 °C for at least 6 h. DGEA-PA/
Dopa-PA, E3-PA/Dopa-PA, DGEA-PA/K-PA, and E3-PA/K-PA coat-
ings were formed in situ on Ti6Al4V surfaces. A total of 25 μL of 1
mM DGEA-PA (or E3-PA) solutions was mixed with 75 μL of 1 mM
Dopa-PA (or K-PA) on per square centimeter of Ti6Al4V. The
functional epitope concentrations on all nanofiber compositions were
equal as shown in Table 1. The mixtures were then slowly dried in a

Table 1. Osteoinductive PA Nanofiber Compositions
Forming Bone-Mimetic Cellular Microenvironments

nanofiber composition monomeric stoichiometrya

DGEA-PA/Dopa-PA 1:3
E3-PA/Dopa-PA 1:3
HAp (DGEA-PA/Dopa-PA)b 1:3
HAp (E3-PA/Dopa-PA)

b 1:3
DGEA-PA/K-PA 1:3
E3-PA/K-PA 1:3

aDetermined by the molar mixing ratio of the participating PAs.
bImmersed in simulated body fluid for hydroxyapatite (HAp)
mineralization.
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humidified chamber at 37 °C for 48 h. K-PA served as the control of
Dopa-PA. After drying, the coatings were washed in 10× PBS for 2
days followed by washing in 10 wt % SDS for 1 h, all steps
accompanied by vigorous shaking. To enhance visibility, the residual
nanofibers were then stained with coomassie brilliant blue at room
temperature for 1 h, followed by a destaining solution containing
water/methanol/acetic acid in a ratio of 50:40:10 for 3 h. To quantify
the residual amount, the digital images were used to determine relative
spot densities. The densities were normalized to that of E3-PA/K-PA.
Each bar represents the average of at least six measurements. A
Thermo Scientific X-ray photoelectron spectrometer (XPS) with Al
Kα microfocused monochromatic X-ray source was utilized at
ultrahigh vacuum (∼10−9 Torr). For XPS, the same sample
preparation technique was employed as used in coomassie staining
except that SDS washing step lasted 3 h. The spectra were acquired
from at least three random locations on each substrate.
Mineralization of Peptide Nanonetworks in Simulated Body

Fluid. Titanium substrates coated with peptide nanofibers were
prepared as described above. The 1.5× simulated body fluid (SBF) was
prepared at pH 7.4 containing the following ion concentrations: Na+

213.0 mM, K+ 7.5 mM, Mg2+ 2.3 mM, Ca2+ 3.8 mM, Cl− 221.7 mM,
HCO3

− 6.3 mM, HPO4
3− 1.5 mM, SO4

2− 0.8 mM. Prior to immersing
in SBF for mineralization, substrates were first washed with SBF to
remove any residual particulates. Substrates were then immersed in 5
mL SBF per cm2 peptide substrate. Unless otherwise is indicated, the
incubation period was set to 3 days at 37 °C and pH 7.4. For samples
to be used in in vitro assays, the substrates were washed with water and
PBS prior to cell seeding. For SEM imaging, samples were dehydrated
in ethanol/water gradient. Then, samples were dried in critical point
drier as explained in Materials and Methods. For the chemical analysis
of the mineral, energy dispersive X-ray spectrometer (EDS), selected
area electron diffraction (SAED; both coupled to FEI Tecnai G2 F30
TEM), X-ray diffraction (PANalytical X’Pert Powder), and Raman
spectrum (Witec) were employed. Minerals were investigated on day
3, following a thorough washing with deionized water and subsequent
air drying.
Human Mesenchymal Stem Cell Culturing. hMSCs were

isolated from the bone marrow of a 31 years old healthy female donor
(wt, 80 kg; ht, 163 cm). Ethical committee approval was obtained from
Turgut Ozal University School of Medicine. We adopted a previously
published protocol for isolation of spindle-like colony-forming hMSCs,
which exhibit culture plate adherence.40 Isolated hMSCs were verified
using four positive (CD44, CD90, CD105, integrin β1) and one
negative (CD45) surface marker proteins, which were obtained from
Abcam (Figure S8). hMSCs were used in passage numbers between 3
and 7. Cells were maintained in 225 cm2

flasks in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 20% fetal bovine serum and 1%
penicillin/streptomycin. Cells were cultivated at standard humidified
incubators with constant 5% CO2 at 37 °C. Detachment of cells was
done using trypsin/EDTA chemistry at about 75% confluency. At each
passage, cell seeding density was determined to be 2 × 103 cells cm−1.
Preparation of Surfaces for In Vitro Assays. Titanium

substrates coated with peptide nanofibers were prepared, as described
above. In order to remove any residual particulates, coated substrates
were washed with PBS prior to cell seeding. Sterilization was achieved
via UV irradiation for 2 h.
Cell Adhesion, Spreading and Locomotion. Prior to seeding,

hMSCs were incubated with serum-free DMEM supplemented with 3
wt % albumin (bovine serum) and 0.05 wt % cyclohexamide for 2 h.
Following preincubation, cells were detached by brief trypsinization at
room temperature (∼30 s) in order not to chop off the cell surface
receptors. Cell seeding density onto the coatings was 3 × 104 cells
cm−1. After 2 h 15 min, cells were gently washed with PBS on a
rotatory shaker. To visualize cells, actin filaments were stained using
TRITC-Phalloidin (Sigma-Aldrich). For this, specimens were fixed
with 3.7 wt % formaldehyde followed by permeation with 0.1 vol %
Triton-X. For counter-staining, cell nuclei were stained with TO-PRO-
3 iodide (Molecular Probes). Adhesion and spreading were quantified
based on the images of adhered cells acquired in randomized areas at
each substrate. At least five random images were taken from a single

replica at 10× magnification using a fluorescent microscope. For each
independent assay, at least four technical replicas were included.
Cellular locomotion was assessed based on the average displacement
of hMSCs on peptide nanofibers in between a defined time period.
hMSCs were seeded at a density of 1 × 103 cells cm−1, with the aim of
minimizing intercellular interactions to elucidate the impact of
nanofibers on the movement. The consecutive images were acquired
using a confocal microscope (Zeiss LSM 510) at every 30 min for 6 h
in total.

Cell Viability and Proliferation. Cell viability was assessed using
MTT assay. A total of 24 h after seeding, hMSCs on the nanofibers at
a density of 5 × 103 cells cm−1, cells were treated with (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) re-
agent (Sigma-Aldrich). Following a 3 h postincubation period, the
optical density of the purple color, as indicative of the number of live
cells, was quantified at 590 nm. Proliferative cells were determined
using Click-iT EdU assay (Molecular Probes). hMSCs were incubated
with a nucleoside analogue of thymine, EdU (5-ethynyl-20-
deoxyuridine), in the culture media. EdU incorporates in DNA during
the synthesis phase (S phase) of the cell cycle, and hence enables
direct quantification of proliferation. hMSCs were seeded on the
substrates at a density of 2.5 × 103 cells cm−1. Following the initial 8 h
incubation after seeding, the medium was replaced with 10 mM EdU-
containing fresh media supplemented with 20% FBS. Cells were
postincubated for 1, 3, and 5 days. Cells were then fixed with 4%
formaldehyde, permeabilized with 5% Triton-X, and treated with
Alexaflour-488 conjugated azide as recommended by the supplier.
Proliferative cells were quantified by fluorescent microscope. The
average counts of stained cell nuclei were used to evaluate the relative
proliferative cell numbers. Both viability and proliferation results were
normalized to that of bare titanium on day 1.

Osteogenic Differentiation of hMSC. Osteogenic stimulatory
media containing xeno-free serum was obtained from MesenCult
(Catalog #05434), which was formulated for the in vitro differentiation
of hMSCs into osteogenic progenitor cells. hMSCs were grown until
reaching 100% confluency. Then, FBS-containing medium was
replaced with fresh MesenCult medium supplemented with 1%
penicillin/streptomycin and 3.5 mM β-glycerophosphate. The differ-
entiation medium was changed every 3−4 days for up to 28 days.

Alkaline Phosphatase Activity. Alkaline phosphatase activity of
the cell extracts cultured on the modified surfaces was assessed by
spectrophotometrically monitoring formation of the cleavage product,
4-nitrophenol, from 4-nitrophenyl phosphate (Sigma-Aldrich). Total
protein from the cultured cells was extracted by 95% M-PER protein
extraction kit (Thermo) with 5% protease inhibitor cocktail
(Thermo). The enzymatic activities were normalized to the total
protein content, which was determined by BCA protein assay kit
(Pierce). The enzymatic activity was probed before (day 0) and after
(days 3, 7, 14, 21, and 28) osteogenic induction.

Alizarin Red Staining. To detect calcium deposited by the cells,
the substrates were stained with Alizarin red-S before (day 0) and after
(days 7, 14, 21, and 28) osteogenic induction. First, the cells seeded on
the substrates were fixed with ice-cold ethanol for 1 h. Then, the
substrates were treated with 40 nM Alizarin red-S solution (pH 4.2)
for 30 min, followed by thorough washing with water. To quantify the
amount of calcium, Alizarin-red-bound-calcium was extracted using 10
wt % cetylpyridinium chloride in 10 mM sodium phosphate (pH 7.0)
for 20 min at room temperature. The concentration of calcium was
indirectly determined by measuring the optical density at 562 nm.

Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR). Gene expression profiles for osteogenic
differentiation (RUNX2 and COL1A1) were assessed by quantitative
reverse transcription polymerase chain reaction. Total RNA was
isolated from the differentiated cells on day 28 using TRIzol (Ambion)
according to the manufacturer’s instructions. Yield and purity of the
extracted RNA were quantified by Nanodrop 2000 from Thermo
Scientific. Primer sequences were designed using Primer 3 software
(Table S2). SuperScript III Platinum SYBR Green One-Step qRT-
PCR kit was used to carry out cDNA synthesis from RNA and qPCR
sequentially within the same reaction tube. Temperature cycling for
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the overall reaction was as follows: 55 °C for 5 min, 95 °C for 5 min,
40 cycles of 95 °C for 15 s, Tm (58.3, 60.0, and 58.0 °C for RUNX2,
COL1A1, and GAPDH, respectively) for 30 s, and 40 °C for 1 min,
which was followed by a melting curve analysis. The reaction efficiency
for each primer set was determined by a standard curve with 2-fold
serial dilutions of the total RNA. Gene expressions were normalized to
that of GAPDH, which served as the internal control gene. A
comparative Ct method was used to analyze the results.
Immunofluorescence and DMP-1 Localization. Differentiated

cells (day 28) were first fixed with 4% formaldehyde for 15 min and
then permeabilized with 0.5% Triton-X for 10 min at room
temperative. For blocking, 3 wt % BSA/PBS was applied for 1 h.
Rabbit-raised, antihuman, DMP-1 polyclonal primary and a goat-
raised, antirabbit, IgG H&L DyLight 488 conjugated secondary
antibodies (ab82351 and ab96899, respectively) were obtained from
Abcam. Filamentous actins were stained with TRITC-conjugated
phalloidin and the cell nuclei were stained with TO-PRO-3 iodide.
The samples were analyzed with a Zeiss LSM 510 confocal
microscope. DMP-1 localization was quantified based on the cellular
images acquired in randomized areas at each group. In each group, a
min of 80 and a max of 210 cells were analyzed. Each cell was
investigated to observe whether DMP-1 expression was positive, and if
so, whether it is predominantly nuclear, predominantly cytoplasmic,
nuclear and cytoplasmic, or extracellular matrix positive.
Statistical Analysis. All experiments were independently repeated

at least twice, with at least four replica for each experimental or control
group in each independent assay. All quantitative results are expressed
as mean ± standard error of means (s.e.m.). Statistical analyses were
carried out by one-way analysis of variance (ANOVA) or Student’s t
test, whichever applicable. A P-value of less than 0.05 was considered
statistically significant.

■ RESULTS AND DISCUSSION

Design of the Building Blocks and Self-Assembly into
Multifunctional Nanofibers. DGEA-PA and E3-PA were
designed to have net charges of −3, while Dopa-PA and K-PA
had a +1 net charge at pH 7.4 (Figure 1A, Table S1). Mixing
oppositely charged DGEA-PA (or E3-PA) with Dopa-PA (or K-
PA) at 1:3 molar ratios drove the self-assembly into high-

aspect-ratio nanofibers (Table 1, Figure 1B).41 Modular parts of
PAs concertedly act in the process of self-assembly, as
previously reported in detail.31,41 Briefly, hydrophobic collapse
and van der Waals interactions at the hydrophobic module are
accompanied by one-dimensional fibrillation through hydrogen
bonding in the direction of fiber elongation.31,42 Buried
hydrophobic domains inside the nanofibers result in a micellar
structure, which allows for well-defined and high-density
presentation of the functional moieties to the outer aqueous
environment. Molecular presentation density of DGEA and E3

were the same in all nanofiber combinations (Table 1). K-PA
contained the same amino acid sequence of Dopa-PA, except
for the Dopa residue, thereby serving as the control of the
Dopa functionality. Densely interconnected nanofibers culmi-
nate in the formation of nanonetworks at a size scale similar to
a native extracellular matrix (Figure 1B, Figure S2a).31,43,44 β-
Sheet-like organization was evident in all of the nanofiber
constructs, as demonstrated by circular dichroism (Figures 1C
and S2B). When individual PAs are dissolved in water, their β-
sheet forming capacity is limited as assessed from the
magnitude of molar ellipticity. However, their combined
capacity of β-sheet formation after mixing becomes much
greater than the sum of the individual fibers. This showed
emerging electrostatic interaction between the oppositely
charged PA molecules stabilizes PAs to drive nanofiber
formation.42 Zeta potential measurements further supported
the formation of self-assembly process, as mixing two
oppositely charged PA molecules reduced the stability of the
individual solutions, dropping in between ±30 mV, indicating
aggregations due to self-assembly at pH 7.4 (Figures 1D and
S2C).

Surface Stability of the Nanofibrous Peptide Coat-
ings. As the model surface, Ti6Al4V is abundantly used as
orthopedic and dental support for its comparatively lower
weight and corrosion properties, Dopa-mediated stability of the
nanofibers on titanium (Ti6Al4V) surface was investigated

Figure 2. Dopa imparts surface stability to osteoinductive nanofibers. (A) Coomassie Blue staining shows the surface-bound peptide nanofibers.
Coatings remained on Ti6Al4V substrates after washing sequentially in 10× PBS and 10 wt % SDS. (B) Digitalized spot density of the staining where
the results were normalized to the spot density of E3-PA/K-PA. (C) X-ray photoelectron spectra of the coatings after the washing procedure (*** P
< 0.0001).
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against harsh chemical washing. Washing in a solution with
high ionic strength (10× PBS), followed by surfactant
treatment (10 wt % sodium dodecyl sulfate) under mechanical
shearing creates a daunting environment where loosely attached
ligands would be easily displaced. As a result, DGEA-PA/K-PA
and E3-PA/K-PA nanofibers were almost completely washed
away after the treatment (Figure 2A). In sharp contrast, DGEA-
PA/Dopa-PA and E3-PA/Dopa-PA nanofibers remained on the
titanium surface. This suggests DGEA-PA/Dopa-PA and E3-
PA/Dopa-PA nanofibers permanently, that is, covalently,
bonded to the titanium surface, which could be attributed to
the interaction of Dopa with the surface. Digitalized quantity of
the coomassie dye, following a standard destaining protocol,
showed that the density of Dopa-containing nanofibers were in
excess of 4 × 103-fold higher compared to DGEA-PA/K-PA
and E3-PA/K-PA (Figure 2B). Dense surface coverage of
DGEA-PA/Dopa-PA and E3-PA/Dopa-PA nanofibers on a
titanium surface was further vindicated by X-ray photoelectron

spectroscopy (XPS). Complete suppression of the titanium
photoelectron signal with the appearance of intense nitrogen
signals was indicative of the peptide bound to the surface
(Figure 2C). However, the presence of the titanium signal in
addition to the much weaker nitrogen signal suggested removal
of the large portion of the coating during the washing step.
Altogether, Dopa residue on the nanofibers enabled robust
surface biofunctionalization, which is essential for better
restorative capacity and enhancing the biocompatibility of the
underlying biomaterial.

Surface Mineralization with Biological Apatite. A
material that supports growth of bone-like HAp is considered
bioactive and, hence, has the capacity for bone bonding. SBF
contains most of the ionic components of the blood plasma at
comparable concentrations in an artificially prepared solution.45

When the titanium substrates functionalized with DGEA-PA/
Dopa-PA and E3-PA/Dopa-PA nanofibers were transferred to
SBF, the surfaces were found to be densely covered with

Figure 3. Hydroxyapatite formation on PA nanofibers in simulated body fluid. (A, B) SEM micrographs of DGEA-PA/Dopa-PA and E3-PA/Dopa-
PA coated titanium surfaces on day 3. Hydroxyapatite islands nucleate from the surface of nanofibers, forming lath-like porous crystals (C, D). Dopa
residue has a predominant role in hydroxyapatite formation, as evidenced by the absence of the mineralization on DGEA-PA/K-PA and E3-PA/K-PA
up to 9 days in SBF (E, F). Bare titanium also did not trigger mineralization (G). (H, I) Diffraction patterns in SAED and Ca/P ratio in EDS identify
the deposited mineral as hydroxyapatite. (J) On E3-PA/Dopa-PA nanofibers, glutamic acid residues synergize with Dopa, leading to significantly
higher amount (fold difference) of hydroxyapatite formation compared to DGEA-PA/Dopa-PA (day 3; ***P < 0.0001).
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spherical calcium phosphate minerals (Figure 3A−C). Detailed
investigation showed that these minerals began to form within
6−12 h and become microscopically detectable after 24 h of
incubation (Figure S3). As the incubation time increases, both
the mineral density on the surface increases and the individual
island sizes get bigger (Figure S3A). SAED and XRD patterns
confirmed the minerals as HAp (Figures 3H and S4C).31,46,47

EDS showed the overwhelming presence of calcium and
phosphorus in the minerals. Ca/P molar ratio was found to be
1.87, a close value to that of HAp (1.67; Figure 3I).48 Higher
magnification SEM and TEM analyses showed characteristic
flakes of HAp that form porous structure on the mineral islands
(Figures 3D and S4A,B). Raman spectrum showed specific
fingerprints of crystalline HAp was bone-mimetic carbonated
apatite due to the carbonate peak located at 1070 cm−1 (Figure
S4D). Microscopic analyses showed that HAp formation
follows island growth (Volmer−Weber) mode, which due to
a large number of surface nuclei generation followed by the
growth of separate and uniform islands homogeneously
distributed on the substrate (Figure S5).49 However, we did
not observe any mineralization on the nanofiber constructs of
DGEA-PA/K-PA and E3-PA/K-PA even after up to 9 days of
treatment with SBF (Figures 3E,F and S3). We also did not
detect mineralization on bare Ti6Al4V (Figure 3G). These
results highlight the indispensible role of Dopa residue for
hydroxyapatite formation on surface. Ryu et al. reported that

poly dopamine-coating assists HAp formation by Ca2+ binding
of catechol groups.50 High negative charge density of oligo
glutamic acid nanofibers can similarly induce hydroxyapatite
formation in concentrated CaCl2 solution supplemented with
β-glycerophosphate and alkaline phosphatase enzyme.51 On the
other hand, analyzing mineralization in SBF is regarded as a
more reliable strategy for understanding in vivo mineralization
behavior of a biomaterial.45 Indeed, higher concentration of
poly glutamic acid inhibits HAp formation through strongly
binding to calcium ion, thereby inhibiting its supersaturation
into the crystalline phase.52 Here, we combined the features of
glutamic acid binding of calcium with that of catechol in the E3-
PA/Dopa-PA nanofibers. By doing so, we obtained much
higher HAp on E3-PA/Dopa-PA nanofibers compared to
DGEA-PA/Dopa-PA in spite of the fact that both E3-PA and
DGEA-PA possess the same net charge at pH 7.4 (Figure 3J).
Interestingly, SEM micrographs confirmed higher mineral
density on E3-PA/Dopa-PA with smaller individual island size
(Figure 3A,B). Due to locally higher negative charge density of
EEE, E3-PA has a superior Ca-sequestering capacity compared
to DGEA-PA, which had somewhat alternating negative
residues in its primary sequence. This was thought to cause
formation of higher number of prenucleation clusters on E3-
PA/Dopa-PA nanofibers, followed by Dopa-mediated crystal-
lization into HAp.53 Therefore, the bioactivity of E3-PA/Dopa-

Figure 4. Early stage interactions of hMSCs with the osteoinductive nanofibers. (A, B) Adhesion and spreading of hMSCs on the nanofiber coatings
in serum-free medium at 2 h 15 min. (C) Translocation speed of hMSCs. (D) Viability of hMSCs at 24 h. (E) Proliferative hMSCs over the course
of 5 days (*P < 0.05, **P < 0.01, ***P < 0.0001, ΔP < 0.0001; comparing day 1 with both day 3 and day 5).
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PA for native bone integration was predicted to be higher than
DGEA-PA/Dopa-PA.
Adhesion, Spreading, Migration, Survival, and Pro-

liferation of hMSCs. A bioinstructive microenvironment for
bone tissue regeneration should support adhesion, spreading,
and survival of hMSCs and induce their differentiation into
mineral-depositing osteoblasts. Adhesion and spreading are first
prerequisite events for the survival, proliferation, and
phenotypic behaviors of most of the cells that come into
contact with a biomaterial.54−56 Moreover, analyses of these
two parameters give direct evidence of specific cell−material
contact. We investigated the adhesion and spreading of hMSCs
on the nanofibers in serum-free medium supplemented with
bovine serum albumin and cyclohexamide. Albumin acts to
reduce nonspecific interactions with the nanofibers, whereby
cyclohexamide inhibits the global translation process, which
reduces the interference of endogenously synthesized proteins
in the adhesion and spreading of the cells. By doing so, our
emphasis was to enhance the signal pertaining to initial cell-
nanomaterial interactions. After 2 h, the adhesion of hMSCs on
DGEA-PA/Dopa-PA was found significantly higher than on E3-
PA/Dopa-PA and bare Ti6Al4V (Figure 4A). Adhesion on
HAp (DGEA-PA/Dopa-PA) was also higher than HAp (E3-
PA/Dopa-PA), revealing the significance of DGEA that
facilitates direct contact between the cells and surface-bound
nanofibers. This behavior is in agreement with the previous
studies, in which DGEA ligand facilitates cell binding through
its integrin α2β1 receptor.17 Interestingly, cell adhesion on both
HAp (DGEA-PA/Dopa-PA) and HAp (E3-PA/Dopa-PA) was
higher compared to their nonmineralized counterparts. The
enhanced total surface area on the mineralized substrates might
be caused by the spherical HAp islands. Similar to the adhesion,
the mean projection cell areas followed a trend, where hMSCs
spread the most on the premineralized HAp (DGEA-PA/Dopa-
PA) and DGEA-PA/Dopa-PA coatings (Figure 4B). To further
support this specific interaction, we investigated the cell

motility of hMSCs on the nanofibers. Previously it was
shown that cell motility and adhesion strength often show
opposite trends.56−58 This can allow empirical evaluation of the
interaction between hMSCs and the nanofibers, such that cells
should be slowest on the DGEA-presenting nanofibers as the
interaction strength between DGEA ligands on the nanofibers
and the surface receptors slows the overall cell motility. Indeed,
on both DGEA-PA/Dopa-PA and HAp (DGEA-PA/Dopa-PA)
coatings, cell locomotion was significantly slower than on bare
surface (Figure 4C). In addition to these early stage cell−matrix
interactions, the nanofibers were also found to be biocompat-
ible as evaluated by the comparable viability levels at 24 h
(Figure 4D). Furthermore, hMSCs continued proliferation at
comparable levels on DGEA-PA/Dopa-PA and E3-PA/Dopa-
PA. On the other hand, the proliferative cell numbers
significantly decreased on the premineralized coatings (Figure
4E). This could be due to the commitment of hMSCs for
differentiation on the mineralized HAp (DGEA-PA/Dopa-PA)
and HAp (E3-PA/Dopa-PA) surfaces. Similar to our observa-
tion, adipose-derived mesenchymal stem cell proliferation was
previously reported to be negatively correlated with the mineral
content on a nanofibrous polymer scaffold.59

Osteogenic Differentiation of hMSCs. Differentiation of
hMSCs along the osteoblast lineage begins with commitment
to osteoprogenitor cells followed by differentiation into
preosteoblasts and finally maturation into functional osteo-
blasts. A biochemical marker for the initial commitment to
osteoprogenitor cells is the elevated alkaline phosphatase
(ALP) activity, which is a prerequisite for enriching bone
formation site with inorganic phosphates. Over the course of 3
weeks, hMSCs cultured on DGEA-PA/Dopa-PA nanofibers
exhibited the highest ALP activity after day 7 (Figure 5A). This
was attributable to the initial osteoinductive signal provided by
the DGEA sequence. This result is also in agreement with a
previous study where DGEA ligand presented on a nanofibrous
phage induced early differentiation of mouse preosteoblasts.10

Figure 5. Osteoinductive effect of PA nanofibers on hMSCs. (A) Alkaline phosphatase activity of hMSCs over 4 weeks. (B) SEM micrographs of
cell-seeded coatings, revealing the surface stability of the nanofibers against the cellular activity (day 28). Arrows point de novo calcium phosphate
formation on E3-PA/Dopa-PA as a result of osteoblast activity. (C) Calcium deposition (fold difference) on the PA nanofibers over 4 weeks (*P <
0.05, **P < 0.01, ***P < 0.0001).
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Interestingly, ALP activities stimulated by premineralized HAp
(DGEA-PA/Dopa-PA) and HAp (E3-PA/Dopa-PA) nanofibers
tended to remain lower (since day 7, up to day 21) than their
nonmineralized nanofiber counterparts. On both nanofiber
systems, typical spindle-like morphology of hMSCs completely
differentiated to osteoblast-like large cells over 28 days of
differentiation (Figure S6). Some cells also contained multiple
protrusions, with smaller cell body, reminiscent of osteocyte
precursors. SEM micrographs of the surfaces acquired on day
28 confirmed the stability of the coatings against the
biochemical activity of the cells, showing that osteoinductive
signals of the nanofibers were be sustained over the course of
the experiment (Figure 5B).
Notably, on the E3-PA/Dopa-PA nanofibers, we observed de

novo agglomerates of calcium phosphate, which were attributed
to the activity of mature osteoblasts (Figures 5B and S7A).
Since the alkaline phosphatase activity was higher on DGEA-
PA/Dopa-PA, the resulting mineralization was expected to be
higher as well. However, we did not observe similar aggregates
on DGEA-PA/Dopa-PA coatings. It is also important to

highlight that the flakes of HAp islands on HAp (DGEA-PA/
Dopa-PA) and HAp (E3-PA/Dopa-PA) got thickened after 28
days in culture with cells (Figure S7B). This was attributed to
the activity of differentiated cells, so that de novo calcium
phosphate continued to grow over the existing mineral.
Nevertheless, newly nucleated calcium phosphate aggregates
were also evident (Figure S7C).
To further analyze the osteoinductive effect of DGEA-PA/

Dopa-PA and E3-PA/Dopa-PA on the osteogenic differ-
entiation of hMSCs, we quantified deposited calcium as a
result of cellular bioactivity of the maturated osteoblasts. We
deduce that day 14 marks the emergence of mature osteoblasts,
which is signified by the significantly higher amount of
deposited calcium on both DGEA-PA/Dopa-PA and E3-PA/
Dopa-PA nanofibers in comparison with the bare titanium
(Figure 5C). On day 14, the amount of calcium deposited on
E3-PA/Dopa-PA was also significantly higher than that of
DGEA-PA/Dopa-PA. This difference continued to increase
until day 28. Even though initial ALP activity was higher by the
induction of DGEA-PA/Dopa-PA, E3-PA/Dopa-PA induced

Figure 6. Differentiation of hMSCs into the osteoblast lineage cells by PA nanofibers. (A, B) Expression levels of RUNX2 and COL1A1 genes
confirm the osteogenic differentiation by day 28. Localization of DMP-1 protein inside the cell is informative about the differentiation stage of the
cell within the osteoblast linage. (C) Confocal images of DMP-1 immunostaining. The arrows point the nuclear, cytoplasmic, or extracellular
localization of DMP-1. Green shows DMP-1, gray shows filamentous actin, red shows the nucleus. (D) Distribution of DMP-1 localization in cell
populations (**P < 0.01, ***P < 0.0001).
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mature osteoblast formation more efficiently. Taking into
account Figure 3J, where HAp deposition on E3-PA/Dopa-PA
was greatly increased as a result of the synergistic interaction of
polyglutamic acid groups with Dopa; we accounted this mainly
to more favorable chemical properties of E3-PA/Dopa-PA,
which could better facilitate the mineralization by cellular
activity. As a result, the overall mineral formation on the E3-
PA/Dopa-PA rapidly increased compared to DGEA-PA/Dopa-
PA.
To assess the impact of accelerated mineralization by E3-PA/

Dopa-PA on the differentiation of hMSCs, we explored the
expression of genes associated with osteoblastogenesis. Runt-
related transcription factor 2 (RUNX2) and collagen type I
alpha 1 (COL1A1) are two cardinal marker proteins of this
process, so their expression levels is informative about the
differentiation stage of the cells. Here, we also included
premineralized HAp (DGEA-PA/Dopa-PA) and HAp (E3-PA/
Dopa-PA) compositions to better evaluate the impact of
mineralization on the differentiation in comparison with their
nonmineralized nanofibers. On day 28, the highest RUNX2
gene expression was observed on HAp (E3-PA/Dopa-PA) and
the lowest on the bare titanium (Figure 6A). Although
statistically not significant, the expression of RUNX2 on HAp
(DGEA-PA/Dopa-PA) was found higher than that of DGEA-
PA/Dopa-PA. A similar trend was also observed in the
expression of COL1A1 gene where the expression levels were
comparable among HAp (DGEA-PA/Dopa-PA), HAp (E3-PA/
Dopa-PA), and E3-PA/Dopa-PA (Figure 6B). However, the
lower expressions of COL1A1 and RUNX2 on DGEA-PA/
Dopa-PA compared to the other coatings show that maturation
of cells was at a lesser stage on DGEA-PA/Dopa-PA. To further
confirm this result, we investigated the intracellular and
extracellular localization of dentin matrix protein-1 (DMP-1).
DMP-1 belongs to the Small Integrin Binding Ligand N-Linked
glycoprotein family (SIBLINGs) expressed in osteoblasts and
osteocytes.60 DMP-1 can be found in the nucleus, cytoplasm, or
extracellular matrix, depending on the maturation state of
osteoblasts.61 This protein has a dual role in the biomineraliza-
tion process. In preosteoblasts, DMP-1 is predominantly
localized in the nucleus where it acts as a transcriptional
component for activation of osteoblast-specific genes, such as
osteocalcin.61 During the osteoblast maturation, phosphory-
lated DMP-1 is exported to the extracellular matrix where it
regulates nucleation of hydroxyapatite. Therefore, localization
of this protein is highly informative about the osteoinductivity
of the nanofibers. On day 28, on DGEA-PA/Dopa-PA, more
than 60% of the cells showed predominant nuclear localization,
showing that more than half of the cells differentiated on these
nanofibers were at the preosteoblast stage (Figure 6C). On the
other hand, on all HAp (DGEA-PA/Dopa-PA), HAp (E3-PA/
Dopa-PA), and E3-PA/Dopa-PA coatings, predominant cyto-
plasmic localizations were evident. In addition, we observed
extracellular localization of DMP-1, where phosphorylated
DMP-1 proteins were attached to the HAp formed by the
nanofibers on HAp (E3-PA/Dopa-PA) and HAp (DGEA-PA/
Dopa-PA).62 As a result, we concluded that hMSC differ-
entiation into mature osteoblasts was promoted in the highest
degree by the premineralized compositions. Although we did
not notice extracellular DMP-1 localization on E3-PA/Dopa-
PA, its predominant localization in the cytoplasm shows that
cells on these nanofibers were at a higher maturation stage
compared to those on DGEA-PA/Dopa-PA. Conversely, even
less than 20% of cells on the bare titanium showed positive

DMP-1 staining, indicating that differentiation efficiency was
much lower compared to the osteoinduction of nanofiber
systems. Altogether, these results show that even though early
osteogenic commitment was enhanced on DGEA-PA/Dopa-
PA, the maturation of cells into functional osteoblasts was more
efficient on E3-PA/Dopa-PA, at almost comparable level to
those of the premineralized peptide nanofibers.

■ CONCLUSIONS
In this study, we developed bioinspired multifunctional
nanofibers, which served as osteoinductive interfaces between
hMSCs and titanium surface. All PA nanofiber functionalized
surfaces exhibited higher performance in terms of adhesion and
differentiation of hMSCs, compared to uncoated titanium. We
demonstrated that Dopa residue has two critical functions:
mediating robust immobilization of the nanofibers onto
titanium surface and nucleating bone-like hydroxyapatite
minerals on the nanofibers. Although DGEA-PA/Dopa-PA
mediates early adhesion and differentiation into osteoprogeni-
tor cells, E3-PA/Dopa-PA efficiently directs mature osteoblast
formation and subsequent mineralization. With that, we here
showed that, on the contrary to the common think-
ing,10,13,63−66 an initial osteogenic commitment of the
progenitor stem cells does not necessarily guarantee a priority
for maturation into functional osteoblasts. Therefore, bone-like
hydroxyapatite nucleating E3-PA/Dopa-PA nanofibers exhibit
an outstanding induction of osteogenesis, which, we suggest, is
owing to the physical proximity of Dopa and glutamic acid
residues on the nanofibers, boosting hydroxyapatite formation.
Overall, this synthetic platform is a successful example of
effective employment of the reductionist approach for eliciting
strong regenerative response through molecular level cell−
material interactions.
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