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Abstract: P15-CSP is a biomimetic cationic fusion peptide

that stimulates osteogenesis and inhibits bacterial biofilm

formation when coated on 2-D surfaces. This study tested the

hypothesis that P15-CSP coatings enhance 3-D osteogenesis

in a porous but otherwise hydrophobic poly-(E-caprolactone)

(PCL) scaffold. Scaffolds of 84 mm and 141 mm average pore

size were coated or not with Layer-by-Layer polyelectrolytes

followed by P15-CSP, seeded with adult primary human mes-

enchymal stem cells (MSCs), and cultured 10 days in prolifer-

ation medium, then 21 days in osteogenic medium. Atomic

analyses showed that P15-CSP was successfully captured by

LbL. After 2 days of culture, MSCs adhered and spread more

on P15-CSP coated pores than PCL-only. At day 10, all con-

structs contained nonmineralized tissue. At day 31, all con-

structs became enveloped in a “skin” of tissue that, like 2-D

cultures, underwent sporadic mineralization in areas of high

cell density that extended into some 141 mm edge pores. By

quantitative histomorphometry, 2.5-fold more tissue and bio-

mineral accumulated in edge pores versus inner pores. P15-

CSP specifically promoted tissue-scaffold integration, fourfold

higher overall biomineralization, and more mineral deposits

in the outer 84 mm and inner 141 mm pores than PCL-only

(p<0.05). 3-D Micro-CT revealed asymmetric mineral deposi-

tion consistent with histological calcium staining. This study

provides proof-of-concept that P15-CSP coatings are osteo-

conductive in PCL pore surfaces with 3-D topography. Biomi-

neralization deeper than 150 mm from the scaffold edge was

optimally attained with the larger 141 mm peptide-coated

pores. VC 2017 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

105A: 2171–2181, 2017.
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INTRODUCTION

Bone injuries sometimes heal with a fibrous or fibrocartilage
scar tissue that is unable to mineralize. This condition is path-
ological and termed a nonunion defect. Nonunion in periodon-
tal bone is particularly urgent to treat.1,2 Ideally, an oral bone
void filler has osteoconductive surfaces that can become
colonized with osteoblasts that deposit bone directly on the
scaffold surface. In addition, bone void fillers can be designed
to suppress bacterial growth, and to have controlled shapes
and biodegradation rates synchronized to the rate of bone
ingrowth. Direct bone deposition on the scaffold surfaces

could provide mechanical stability as the scaffold is gradually
replaced by vascular native bone tissue. Poly (E-caprolactone)
(PCL) is a biodegradable bioplastic under development for
bone tissue engineering applications since over a decade.3

Although PCL can be melted into optimal porous shapes, PCL
surfaces are hydrophobic and inhibit cell attachment and
differentiation of stem cells into osteoblasts.4–7 Coating the
surfaces of porous PCL with chitosan, a cationic adhesive poly-
saccharide, was previously shown to enhance 3-D osteogene-
sis in PCL with smaller but not larger pore sizes for reasons
that remain unclear.8
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P15 is a 15-amino acid RGD-containing biomimetic osteo-
genic peptide sequence derived from collagen type I. P15 pro-
motes early osteoblast differentiation of mesenchymal stem
cells when added as a free peptide in solution,9 and also as a
coating on various substrates.10,11 The mode-of-action is
believed to involve stimulation of integrin receptors by the
RGD motif contained in the P15 peptide.9 Adult human bone
marrow-derived mesenchymal stem cells are reported to
express a variety of integrin receptors (VLA-a1,2,3,5,6/
VLA-b1, also known as CD49/CD29).12 The P15 peptide is
currently used as an additive in clinical bone void fillers due
to its capacity to stimulate mesenchymal stem cell (MSC)
adhesion and alkaline phosphatase activity.9,13

Competence stimulating peptide (CSP) is a 39 amino
acid cationic amphiphilic peptide expressed by Streptococcus
mutans, a prevalent oral bacterium. Wild-type CSP mediates
quorum-sensing and promotes biofilm formation,14 however
CSP peptides carrying certain mutations were previously
found to interfere with biofilm formation.15 It was recently
shown that the a fusion peptide P15-CSP promotes osteo-
genesis and inhibits biofilm formation when coated on
hydrophilic but not hydrophobic 2-D surfaces.16 The pur-
pose of this study was to investigate the osteogenic pheno-
type of primary human MSCs cultured in P15-CSP-coated
porous PCL scaffolds compared to bare PCL. Because little
is known of the effect of pore size on in vitro 3-D osteogen-
esis, we analyzed 3-D osteogenesis in scaffolds with 84 and
141 mm diameter pores. These pore sizes allow in vitro cell
infiltration and retention for 3-D culture,6 and fall inside
normal trabecular bone spacing in rabbit.17 The 141 mm
PCL scaffold satisfies a previously cited minimal 100 mm
pore diameter required for bone and vascular ingrowth.18

The CSP moiety of the fusion peptide is cationic and
amphiphilic, and the cationic patch was found to be sufficient
to immobilize the peptide on an anionic 2-D surface.16 In this
study, to capture and retain a bioactive P15-CSP coating on
porous PCL, the scaffold surfaces were rendered hydrophilic
and anionic using Layer-by-Layer (LbL) deposition of polye-
lectrolytes.5 Prior to seeding the scaffolds with primary
human MSCs, scaffold surfaces were characterized for mor-
phology and retention of the P15-CSP surface coating. Scaf-
folds with 84 and 141 mm diameter pores were coated or not
with peptide, and seeded with human MSCs. Following con-
ventional protocols for a 2-D osteogenesis assay,19 cells were
allowed to proliferate in the porous 3-D scaffolds for 10 days
before switching to mineralizing medium containing dexa-
methasone, ascorbate and b-glycerol phosphate for another
21 days. Samples were assessed at days 2, 10, and 31 for cell
morphology, extracellular matrix accumulation, biomineral
deposits, and Ca/P ratio. We tested the hypothesis that tissue
deposition and punctate mineral deposition in a porous 3-D
PCL scaffold is influenced by pore size, pore location (inner
vs. outer pores), and by the P15-CSP coating.

METHODS

PCL scaffold preparation
PCL from Perstrop (Sweden, in pellet form), and poly(ethylene
oxide) (PEO) from Dow Chemicals (USA) were vacuum oven-

dried (48 h, 708C), and 3-D scaffolds formed by melt-blending
at a 45PCL/55PEO volume fraction in a Brabender internal
mixer with roller blades. Polymers were mixed for 10 min at
1008C and the blade rotation speed was set at 50 rpm. During
mixing, a constant flow of dry nitrogen was introduced to pro-
tect the PCL from oxidative degradation. After quenching in
liquid nitrogen, the PCL/PEO blend was annealed at 1608C for
either 1 hour (target 80 mm pore size) or 2 hours (target 140
mm average pore size) with a constant flow of nitrogen.20

Dried scaffolds were cut into 3 mm diameter, 2 mm thickness
cylinders, washed in ddH20 at room temperature for 7 days
with several changes of ddH20 to extract the PEO phase and
subsequently to generate porous 3-D scaffolds, then freeze-
dried overnight. Scaffolds were evaluated by mercury intru-
sion porosimetry as having 84 and 141 mm average pore size.

Layer-by-layer (LbL) deposition of polyelectrolytes and
P15-CSP surface coating
Poly(diallyldimethylammonium chloride) (PDADMAC), poly
(sodium 4-styrenesulfonate) (PSS) and NaCl were purchased
from Sigma-Aldrich. Positively charged PDADMAC and negatively
charged PSS were prepared at 10 mg/mL in 1 M NaCl at pH 8 or
pH 2. Six total layers were deposited Layer-by-Layer by incubat-
ing the 84 mm and 141 mm scaffolds in PDADMAC (pH 8, 1 h) fol-
lowed by 1 h water rinsing to remove unbound polyelectrolyte,
then 5 more layers were created by incubating in PSS polyanion
(pH 2, 1 h) alternating with PDADMAC (pH 2, 1 h) and water
washes in-between, to form a final uniform negatively charged
PSS surface. The LbL-coated PCL cylinders were sterilized in
70% ethanol for 1 h, rinsed three times with sterile ddH20, then
immersed aseptically for 4 hours at room temperature in 2 mg/
mL synthetic P15-CSP peptide (NH2-GTPGPQGIAGQRGVVAEAAA-
KEAAAKEAAAKASGSLSTFFRLFNRSFTQALGK-COOH, Mimotopes,
Clayton, Victoria, Australia, minimum purity higher than 89%,
reconstituted at 10 mg/mL in ddH20, filter-sterilized using
Ultrafree-CL filters from Millipore, Billerica, MA, USA, and stored
as aliquots at 2208C), then washed in sterile ddH20 for 1 hour to
remove unbound peptide.

P15-CSP coating analysis via X-ray photoelectron
spectroscopy (XPS)
An ESCALAB MKII instrument (VA Scientific Limited, U.K.) with a
Mg KaX-ray source, ht 5 1253.6 and analyzer pass energy of
100 eV was operated at 20 mA and 15 kV, in an ultrahigh-
vacuum (UHV) chamber (<1029 Torr). The binding energy of
the C1s core levels (286.5 eV) was used as an internal standard
to distinguish between band-bending and chemical shifting. Scaf-
fold samples were cut transversely through the middle as well
as 1 mm on either side of the midline to generate three internal
XPS measures per sample. The XPS, equipped with a filter of 500
mm in diameter, was performed at three points across the diame-
ter of the internal surfaces of sectioned porous scaffolds. Each
point was scanned 64 times to limit the background noise. Data
were analyzed with VA Avantage software to obtain percent
nitrogen content which is specific to peptide because the PSS
polyanion of the final LbL layer has no nitrogen.
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Cell culture and 3-D osteogenesis assay
Primary human bone marrow MSCs from a single donor were
purchased from Texas A&M Institute for Regenerative Medi-
cine (Temple, TX, USA), which obtains bone marrow aspirates
from healthy consented donors using institutionally-approved
protocols. MSCs were passaged in complete culture media
(CCM), which consists of alpha minimum essential medium
(aMEM, Invitrogen, Burlington, ON, Canada), 16% fetal bovine
serum (FBS, Atlanta Biologics, GA, USA), 2 mM L-glutamine
(Sigma-Aldrich), and 1% penicillin/streptomycin (Sigma-
Aldrich). Cells were maintained in a humidified cell culture
incubator with 5% CO2 at 378C, and used between passage
numbers 3 and 5 in this study. Scaffolds were cold-seeded
with trypsinized MSCs as previously described.5 Briefly, sterile
2% agarose was solidified in each well of a 24-well plate, and
a 3 mm diameter hole was cored with a 3 mm biopsy punch.
Each hole was press-fit with a PCL scaffold, then 2.5 3 105

freshly trypsinized MSCs in 20 mL CCM were applied over
each scaffold at 48C for 2 h to allow cell infiltration of nonag-
gregated cells. The samples were covered with 500 mL CCM
and cultured overnight at 378C to allow cells to attach to the
scaffold. The seeding density used here (250,000 cells per
3 mm diameter, 2 mm thick cylinder) was comparable to pre-
vious in vitro assays of 3-D osteogenesis using human primary
osteoblasts or MSCs seeded in porous PLGA, collagen or PCL-
TCP scaffolds.21–23 Seeded scaffolds were transferred to 96-
well plates (Corning) with one scaffold and 200 mL CCM per
well. Cells were cultured in CCM for 10 days with bi-weekly
medium changes, followed by 21 days in osteogenic media
(OSM, day 31), which consisted of CCM with 5 mM disodium
b-glycerol phosphate (Sigma-Aldrich), 100 lM L-ascorbic
acid-2-phosphate (Sigma-Aldrich) and 10 nM dexamethasone
(Sigma-Aldrich). At selected endpoints (day 2, 10, 31), cell–
scaffold constructs were fixed with 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS), washed, and stored
at 48C in PBS for further analysis.

Environmental scanning electron microscopy (ESEM)
PFA-fixed scaffold samples at day 2, 10, 31 were cut trans-
versely in half at room temperature with a razor blade,
coated with gold-palladium alloy, and the trimmed face was
observed by ESEM (Quanta 200 GEF, FEI Company, Czech
Republic) under high vacuum pressure mode at 20 kV.
Energy dispersive X-ray spectrometry (EDX) micro-analysis
was employed to detect the presence of calcium and phos-
phorus in extracellular matrix of day 31 samples.

Cryosectioning and histological staining
PFA-fixed scaffold samples at day 10 and 31 were equilibrated
in sucrose, embedded in Tissue-Tek OCT compound (Cedar-
lane, Hornby, ON, Canada), and cryosectioned at a thickness of
10 mm using the CryoJane tape transfer system (Instrumedics,
St Louis, Mo) to fully attach the sample section to the slide.
Duplicate sections were stained with Hematoxylin and Eosin
(H&E), Alizarin Red, and Von Kossa/Toluidine blue (N51
scaffold at day 2 and N54 independent scaffolds per condi-
tion at day 10 and day 31). Stained sections were either dried
at room temperature and mounted in Permount to retain

PCL in the section, or carried through alcohol dehydration
and cleared in toluene which removes PCL, and mounted in
PermountVR (see Supporting Information Fig. S1). Histo-
morphometry software (Northern Eclipse, Empix, Missisauga,
ON, Canada) was used to acquire a calibrated 10x magnifica-
tion image in histology sections cleared of PCL polymer by
toluene (to avoid false-positive signal due to polymer), in a
quadrant of the scaffold showing the highest mineral deposits.
Outer edge pores were defined as an L-shaped region of inter-
est spanning 150 mm the outer edge of the PCL toward the
middle, excluding the outer “skin” of tissue monolayer that
covered the scaffolds. Inner pores were defined as a rectangu-
lar region that spanned from 150 mm away from the edge to
450 mm deep in the scaffold. Unbiased measures of areal %
H&E and alizarin red stain were obtained by HSV thresholding
(Image J) with set upper and lower limits, and calculated by
positive pixels divided by total pixels in all the regions of
interest (Supporting Information Fig. S2).

Micro-CT
PCL samples (84 mm and 141 mm pore size PCL with P15-CSP
coating cultured with cells at day 31 (experimental) or at day
10 (negative control), and PCL-only cultured with cells at day
31, N5 1 per condition) were freeze-dried, stacked in yellow
pipette tips with parafilm separators, scanned with a Skyscan
7200 instrument (Kontich, Belgium), and digital images
reconstructed with NRecon Skyscan Software; 2-D images
were obtained using DataViewer Skyscan Software to show
PCL (gray signal) and biomineral (bright white signal) in rep-
resentative 2-D cross-sections through the middle of the scaf-
fold and through the edge pores. Datasets were also loaded in
CTAn Skyscan Software, where the threshold was set to
observe biomineral-only (160 to 255); volume-rendered
images were obtained after repositioning the 3-D model to
show the maximum mineral present in the whole scaffold.

Statistical analyses
Histomorphometry data were reported as the mean and
standard deviation (N5 4). The General Linear Model (Statis-
tica, Statsoft, Tulsa OK) and Fisher least squares difference
post-hoc analysis was used to evaluate differences in H&E %
stain and alizarin red % stain at culture day 31, based on 3
categorical predictors: pore size (84 versus 141 um pores),
pore location (inner versus outer pores), and peptide coating
(yes-no). The Student’s t test was used to evaluate H&E and
Alizarin red % stain as a function of peptide coating, pore loca-
tion, or pore size (N516 each analysis). Linear regression
analysis was used to assess Alizarin Red % stain as a function
of H&E % stain. Differences in nitrogen content by XPS were
analyzed by Student’s t test. Significance was set at p<0.05.

RESULTS

Cationic P15-CSP fusion peptide is retained on the
surfaces of LbL-modified PCL
PCL pores presented smooth curved surfaces at 1000x to
5000x magnification, while LbL-P15-CSP-coated PCL pores
showed a rough and textured surface [Fig. 1(A–H)]. XPS analy-
sis showed peptide-specific nitrogen on the surface layer.
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Sampling of 3 distinct areas in the scaffold pores revealed a
trend for fourfold higher average nitrogen % atomic content
in P15-CSP-coated LbL-PCL scaffolds compared to LbL-PCL
[4.16 2.4 vs. 1.06 0.5, % N, respectively, p5 0.09, N5 3, Fig.
1(I–J)]. Peptide-coated and LbL-coated scaffolds had similar
oxygen (20.5% vs. 20.2%) and carbon (75.4% vs. 78.9%)
content. These data demonstrated that the cationic peptide was
successfully captured by the LbL coating.

Time-dependent changes in cell morphology and matrix
deposition in PCL pores
After 2 days of culture, MSCs seeded in bare PCL scaffolds
responded with rapid fibrosis that filled some of the pore
spaces. Most of the cells detected on the PCL-only surfaces
were sparse and rounded in morphology [Fig. 2(A,B)]. MSCs
seeded in P15-CSP-coated PCL were both rounded and
spread on 84 mm scaffolds, and visibly more populous and
attached to the convex and concave surfaces of the 141 mm
scaffolds [Fig. 2(C,D)].

After 10 days of culture in proliferation medium (CCM),
extracellular matrix deposits were detected in many pores,
with or without the P15-CSP coating [Fig. 3(A–C)]. The
extracellular matrix presented both as thin fibers coating
the PCL-only surface and as sheets of matrix filling the
pores or covering the P15-CSP-coated pore surfaces [Fig.
3(A–C)]. After 21 days of further culture in osteogenic
medium (OSM, culture day 31), variable levels of extracellu-
lar matrix were detected in pores of all scaffolds, sometimes
spanning the pore cavity, sometimes as thin fibers, and also
as a rubbly texture that is typical of mineralized matrix
viewed by SEM24 [Fig. 3(D–F)]. At day 31, more adherent
cells were detected on the P15-CSP-coated PCL pore surfa-
ces compared to bare PCL [Fig. 3(E,F)].

Effect of peptide coating on 3-D tissue accumulation
and punctate mineral deposition
At day 31, tissue had accumulated throughout the intercon-
nected pores that was contiguous with a “skin” of monolayer

FIGURE 1. ESEM images collected prior to cell seeding in the inner pores of 84 and 141 lm bare PCL (A–D) or P15-CSP-coated PCL (E–H), and

XPS atomic analyses of an example 141 lm scaffold coated with LbL (I) or LbL-P15-CSP (J). N1s, C1s and O1s peaks are as indicated.
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MSCs enveloping the outside of all scaffolds [Fig. 4(A,B,E,F)].
Along the pore surfaces, more cells and extracellular matrix
were attached to peptide coated surfaces compared to bare
PCL [Figs. 4(D,H)]. According to quantitative measures of
H&E % stain, outer edge pores of all the scaffolds accumu-
lated around threefold more tissue than the inner pores [8%
vs. 3% stain, p< 0.0001, N516, Fig. 5(A)]. A similar level of
tissue accumulated in peptide-coated inner and outer pores
compared to bare PCL [Fig. 5(A)], although the highest aver-
age H&E % stain occurred in the outer edge pores of the
141 mm bare PCL scaffolds [Fig. 5(A)]. By quantitative histo-
morphometry for alizarin red % stain for calcium, P15-CSP
coatings specifically enhanced biomineralization by fourfold
in the outer pores of the 84 mm scaffold and by eightfold in
the inner pores of the 141 mm scaffold [p<0.05 vs. PCL,
N54, Fig. 5(B)]. When scaffolds with and without peptide
coating were analyzed together, edge pores showed 2.5-fold

more biomineral than inner pores [1.56 1.6% vs. 0.66 1.0%
alizarin red stain, p<0.05, N516, Fig. 5(B)]. When inner
and outer pores were analyzed together, peptide coated PCL
showed fourfold more biomineral at day 31 than PCL-only
[1.76 1.5% vs. 0.46 1.0%, p<0.01, N516, Fig. 5(B)].
Regression analysis of all 32 measures showed that H&E %
stain was not correlated with alizarin red % stain (data not
shown), indicating that tissue accumulation was necessary
but not sufficient for mineralization. Cell attachment to the
scaffold was needed for 3-D osteogenesis.

No biomineralization was observed in negative controls
consisting of scaffolds cultured for 2 or 10 days in CCM,
whereas positive monolayer control cultures on peptide-
coated 2-D tissue culture plastic developed punctate biomin-
eral deposits after 31 days of culture in OSM (Supporting
Information Fig. S3). MSCs cultured for 31 days in bare PCL
scaffolds developed only sporadic mineral deposits in the

FIGURE 2. Representative ESEM images of scaffold pores seeded with MSCs on culture day 2, in PCL-only (A, 84 lm pore size, B, 141 lm pore

size), and P15-CSP-coated PCL (C-D, 141 lm pore size). In (A-B) open arrowheads indicate sparse, round cells adhering to PCL-only scaffold

and white arrowheads indicate fibrous extracellular matrix. In (C-D) white arrows indicate more MSCs were attached to the P15-CSP coated PCL

scaffold surfaces with a more spread morphology.
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external monolayer “skin” and in adjacent outer edge pores
however the mineralized tissue was often detached from
the pore surface [arrows, arrowheads, Fig. 6(A–D)]. By

contrast, discrete punctate mineral deposits were detected
by alizarin red stain for calcium in pores throughout the
141 mm peptide-coated PCL scaffold (dotted circles, Fig. 6)

FIGURE 3. Representative ESEM images of tissue accumulated at day 10 (A,B,C), and day 31 (D,E,F) in PCLonly (A,B,D,E) and P15-CSP-coated

PCL (C,F). Cells are indicated with white arrows. Different types of extracellular matrix were observed in the scaffold pores, including thin fibers

(small arrows), sheets of matrix filling the pore or coating the pore surface (arrowheads) and rubbly matrix attached to the pore surface with a

morphology consistent with mineral deposits (thick arrows). Scale bars are 5 or 10 lm, as indicated.

FIGURE 4. Tissue accumulation outside and inside the scaffolds along the pore surfaces after 21 days of osteogenic differentiation (culture day

31), as shown by representative serial sections from 141 lm pore size PCL (A-D) or P15-CSP-PCL (E-H) stained with Alizarin Red (A, E) or H&E

(B-D, F-H). Extracellular matrix and resident cells were more attached to the P15-CSP-coated pore surfaces (G-H, insets from dotted boxes shown

in panel F) than PCL-only pore surfaces (C-D, insets from panel B). Scale bars: 50 or 100 lm, as indicated.
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and mainly in the outer edge pores of the 84 mm peptide-
coated scaffolds (Supporting Information Fig. S4). Serial sec-
tions stained with von Kossa for phosphate showed a simi-
lar mineral staining pattern (Supporting Information Figs.
S1 and S4). Both calcium (3.62%) and phosphorus (1.54%)
were detected in the extracellular matrix of day 31 peptide-
coated osteogenic cultures, giving a 2.3 Ca/P ratio (Fig. 7).
These collective results suggest that the calcium deposits
detected by Alizarin Red stain reflect hydroxyapatite forma-
tion in the 3-D culture, and are not simply dystrophic calci-
fication (calcium carbonate). Micro-CT analyses of 84 mm
and 141 mm scaffolds were consistent with histology and
showed no mineral deposits on peptide-coated PCL at day
10, and a slightly mineralized “skin” enveloping the bare
PCL scaffold at day 31 [Fig. 8(A–F)]. Dense mineral deposits
occurred in the pores near the edge of the peptide-coated
PCL 84 mm scaffold and punctate mineral deposits were
seen throughout the porous of the peptide-coated PCL 141
mm scaffold [arrows, bright white signal, Fig. 8(G–L)]. Micro-
CT 3-D views showed that mineral was asymmetrically
deposited in the peptide-coated scaffolds [Fig. 8(I,L)].

DISCUSSION

This study demonstrated that a bioactive P15-CSP coating
can be captured on porous PCL surfaces by LbL, and con-
firms the hypothesis that P15-CSP coatings induce primary
stem cells to undergo 3-D osteogenesis. Osteogenesis was
observed in peptide-coated pores where at least 4% areal
H&E stain was observed, and in bare PCL pores at the
larger pore scaffold edges that accumulated on average 8%
areal H&E stain (Fig. 5). Thus one effect of the peptide coat-
ing was to induce discrete punctate areas of osteogenic dif-
ferentiation in the scaffold pores. Another effect was to
induce osteogenesis directly on the PCL pore surface. These

results imply that the stem cells seeded in the pores were
able to undergo self-renewal along a curved surface and
then undergo osteoblast differentiation in a pore microen-
vironment. These data provide proof-of-concept that
P15-CSP coatings are osteoconductive surfaces that enhance
3-D osteogenesis.

In bare PCL, in vitro mineral deposits developed mainly
in cellular masses and not on the PCL pore surface, which
means that a microscopic “nonunion” was present in these
constructs. By comparison, the P15-CSP coating provided a
surface with a similar capacity for cells to adhere as the
native matrix deposited in the pores, which allowed osteo-
genesis to take place on the pore surfaces rather than in
cell clusters in the “skin” and outer edge pores. Cell attach-
ment is known to improve the capacity for MSCs to differen-
tiate into osteoblasts.19 Our P15-CSP fusion peptide data
are consistent with previous publications investigating the
effect of P15 alone. Bhattacharjee et al. showed that MSCs
adhere well to porous PCL constructs grafted with P15 pep-
tide, however end stage osteoblast differentiation and bio-
mineralization were not evaluated.25 In another study, an
RGD-containing silk fibroin-PCL scaffold was shown to sup-
port MG-63 cell adhesion and mineral deposition.26 How-
ever MG-63 cells are already differentiated to osteoblasts,
unlike primary MSCs that require specific signals to differ-
entiate to functional osteoblasts and deposit mineral.19 Glo-
ria et al.27 showed that a printed 3-D PCL scaffold grafted
with RGD peptide permitted strong cell attachment of
NIH3T3 fibroblasts after 2 to 4 days. Our study extends
these previous findings to show that noncovalent P15-CSP
coatings accelerate attachment of primary human MSCs and
create osteoconductive surfaces inside porous PCL. Osteo-
genesis deep in the scaffold was improved by a pore diame-
ter that permitted the ingrowth of a threshold of tissue that

FIGURE 5. Quantitative histomorphometry of (A) H&E % stained area and (B) alizarin red % stained area in the inner and outer pores of 84 and

141 lm PCL scaffolds, with and without P15-CSP coatings. Data show the mean (marker) 6 standard error of the mean (box) 6 standard deviation

(whiskers). Gray boxed text below the graphs shows the results of hypothesis testing of the overall effect of pore location, pore size, and coating

(N 5 16). Significant effects were observed for pore location: edge pores accumulated 2.5-fold more tissue (p< 0.0001, A) and 2.5-fold more

mineral (p 5 0.04, B) than inner pores. P15-CSP coated scaffold pores accumulated the same amount of tissue (�5% H&E % stain, p 5 0.3, A),

and 4-fold more biomineral than PCL-only (1.7 vs. 0.4% alizarin red % stain, p 5 0.007, B). Panel B: *p<0.05, **p< 0.005 (N 5 4).
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was defined in our study as 4% H&E stain. A punctate min-
eralization pattern developed on both 2-D and 3-D coated
P15-CSP surfaces. Based on our collective data, we hypothe-
size that the peptide coating can more effectively compete
with the fibrous matrix filling the pores to retain proliferat-
ing stem cells along the pore surfaces, leading to a critical
mass of osteoblasts competent to lay down a mineralized
matrix.

Other biomaterials are known to promote cell adhesion
to 3-D PCL scaffolds but evidence they are sufficient to con-
sistently induce robust biomineralization is lacking. Chito-
san, a polysaccharide containing glucosamine and N-acetyl
glucosamine, promoted MSC attachment to PCL both as a
coating (98% DDA chitosan)5 and as a chitosan/PCL blend
(20% w/w 75–90% DDA chitosan/PCL),7,28 with a relatively
lower biomineralization in 3-D pores compared to the P15-
CSP coating.5 When implanted in vivo, chitosan/PCL blended
scaffolds supported less in vivo bone formation compared to
TCP-PCL scaffolds with the same porous structure.29 PCL 3-
D scaffolds coated with poly-lysine, collagen, HA, or HA and
collagen induced strong MSC adhesion in vitro, however the
ability of these coatings to induce 3-D biomineralization

remains to be determined.30 These collective data show that
although many biopolymer surface coatings can enhance
MSC attachment to PCL, additional features may be needed
to stimulate end-stage osteogenesis. Outside of the physical
makeup of the coating, surface roughness, texture and stiff-
ness,31,32 could be optimized to further improve punctate
biomineralization in PCL scaffolds. One limitation of this
study is the uncertain effect of P15-CSP coating on MSC
chemotaxis and angiogenesis, activities needed for in vivo
woven bone synthesis.

Many scaffold materials have been proposed as bone
void fillers for guided bone regeneration, including synthetic
(PCL, poly-lactic acid, PLA) and naturally derived polymers
(collagen, hyaluronic acid, chitosan).33–35 One advantage of
PCL over collagen could be prolonged stability that may be
required during the several months it takes for new bone to
form and mineralize in vivo.36 Donzelli et al.37 showed that
3-D collagen scaffolds are completely degraded after 35
days in vitro, whereas 3-D PCL scaffolds containing 5% to
20% w/w tricalcium phosphate still had 50% polymer bulk
after 42 days in vitro.38 In line with these observations,
printed PCL scaffolds implanted in porcine cranial bone

FIGURE 6. Distinct levels and patterns of biomineralization in PCL-only (A-D) and P15-CSP-coated PCL (E–H). Open arrowheads indicate minerali-

zation in the monolayer skin enveloping the scaffolds, black arrows show mineralization in the outer edge pores that communicate with the

monolayer outside the scaffold, and dotted circles and ovals indicate discrete punctate mineral deposits in the scaffold pores. All 141 lm scaf-

folds are shown for culture day 31.
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FIGURE 7. Biomineral characterization at day 31 of a representative 141 lm P15-CSP-PCL scaffold, where a small region observed by ESEM (A-

B) was analyzed for atomic content by EDX (C).

FIGURE 8. Micro-CT analyses of mineralization as a function of osteogenesis in PCL or P15-CSP-PCL. Biomineral deposit distribution was analyzed

by micro-CT in a representative cell-seeded scaffolds at day 10 (A–B) 84 lm P15-CSP-PCL (negative control), and at day 31 (D–F) 84 lm PCL-only,

(G–I) 84 lm P15-CSP-PCL, and (J–L) 141 lm P15-CSP-PCL. Images show representative 2-D coronal, axial and sagittal views through the deep pores

of the scaffolds (A, D, G, J, scale bar 5 1 mm), and 2-D axial views through the edge pores of the scaffold (B, E, H, K, arrows point to mineral deposits).

Panels (C, F, I, L) show a 3-D view of the entire scaffold using CTAn software where the threshold was set to see mineral-only. Note the asymmetric

3-D mineral deposits inside of P15-CSP-coated PCL (I, L), and mineral deposits limited to the external layer for PCL-only (F).
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defects lost approximately 20% volume (85% to 65%)
between 8 and 12 weeks in vivo.35 It is relevant to note in
this latter study that the printed 3-D PCL-only scaffolds sup-
ported cranial woven bone ingrowth, however, most of the
bone was separated from the PCL scaffold fibers by a layer
of fibrous tissue.35 Current data reinforce the notion that
bare hydrophobic PCL surfaces are insufficient to permit
osteoblast colonization leading to bone deposition directly
on the scaffold surface.

Our study offers new knowledge on the role of 3-D
topography in osteogenesis. Namely, osteogenesis in bare
PCL mainly took place where 141 mm pores were in direct
communication with the cellular outer monolayer “skin”
(similar to a monolayer), whereas the P15-CSP peptide coat-
ing could induce osteogenesis in deeper scaffold pores, but
only in areas with a minimal level of tissue growth. Lower
mineralization in the deeper pores of the 84 mm scaffolds
was likely due to fewer MSCs populating the inner pores.
Our histomorphometry analyses were limited by analysis of
a relatively small sample area of the scaffolds, which
showed an asymmetric mineral distribution. The origin of
asymmetric mineral deposits is unclear, although potential
explanations include differential nutrient diffusion through
the external tissue layer leading to inadequate cell prolifera-
tion in some of the inner or deeper pores, differential half-
life or stability of the coating, colonization of distinct pores
with passaged MSCs having differential colony-forming unit
potential, and osteoinductive signals released by “founder”
osteogenic colonies. Our study provides important proof-of-
concept data that bioactive PCL scaffolds can be created
using LbL coatings with one external layer of biomimetic
peptide. The need for only 1 peptide layer considerably
reduces the costs involved where synthetic peptides are
used.

CONCLUSIONS

Cationic P15-CSP peptide was retained on LbL polyelectrolyte-
coated PCL pore surfaces, promoted MSC adhesion and spread-
ing and was sufficient to induce osteoblast differentiation and
punctate mineralized matrix deposition by primary human
MSCs in and along the scaffold pores. Tissue deposition and
punctate mineral deposition in porous 3-D PCL scaffolds was
influenced by pore size, pore location (inner vs. outer pores),
and by the P15-CSP coating. P15-CSP coatings promoted punc-
tate calcification despite the presence of fibrotic matrix filling
the pores. P15-CSP coated surfaces can effectively compete
with native extracelluar matrix to create a surface niche for
stem cell adhesion, renewal, and osteogenic differentiation.
This study provides proof-of-concept that P15-CSP coatings are
osteoconductive in vitro, in 3-D porous scaffolds.
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