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Abstract: In the context of porous bone void filler for oral

bone reconstruction, peptides that suppress microbial growth

and promote osteoblast function could be used to enhance

the performance of a porous bone void filler. We tested the

hypothesis that P15-CSP, a novel fusion peptide containing

collagen-mimetic osteogenic peptide P15, and competence-

stimulating peptide (CSP), a cationic antimicrobial peptide,

has emerging properties not shared by P15 or CSP alone.

Peptide-coated surfaces were tested for antimicrobial activity

toward Streptoccocus mutans, and their ability to promote

human mesenchymal stem cell (MSC) attachment, spreading,

metabolism, and osteogenesis. In the osteogenesis assay,

peptides were coated on tissue culture plastic and on thin

films generated by plasma-enhanced chemical vapor deposi-

tion to have hydrophilic or hydrophobic character (water con-

tact angles 638, 428, and 928, respectively). S. mutans

planktonic growth was specifically inhibited by CSP, whereas

biofilm formation was inhibited by P15-CSP. MSC adhesion

and actin stress fiber formation was strongly enhanced by

CSP, P15-CSP, and fibronectin coatings and modestly

enhanced by P15 versus uncoated surfaces. Metabolic assays

revealed that CSP was slightly cytotoxic to MSCs. MSCs

developed alkaline phosphatase activity on all surfaces, with

or without peptide coatings, and consistently deposited the

most biomineralized matrix on hydrophilic surfaces coated

with P15-CSP. Hydrophobic thin films completely suppressed

MSC biomineralization, consistent with previous findings of

suppressed osteogenesis on hydrophobic bioplastics. Collec-

tive data in this study provide new evidence that P15-CSP

has unique dual capacity to suppress biofilm formation, and

to enhance osteogenic activity as a coating on hydrophilic

surfaces. VC 2015 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

103A: 3736–3746, 2015.
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INTRODUCTION

Strategies are currently evolving to regenerate bone voids
by engineering the surfaces of slowly degrading biomateri-
als.1,2 The surface should permit osseous integration while
the scaffold becomes gradually replaced by vital bone. A
synthetic peptide fragment of collagen type I, P15, also

known as PepGenVR , has been extensively used in the context
of oral bone reconstruction, for sinus augmentation and to
treat empty tooth sockets, usually as an additive to
hydroxyapatite-based bone void filler.3–11 In addition to pro-
moting cell adhesion, P15 stimulates mesenchymal stem
cells (MSCs) to express higher alkaline phosphatase activity,
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a marker of early osteoblast differentiation.11,12 However,
wound infection and delayed bone growth are persisting
challenges in oral bone repair, motivating research on meth-
ods to limit bacterial growth in addition to promoting
osteogenesis.

Competence-stimulating peptide (CSP) is a quorum-
sensing peptide expressed by oral Streptococcus mutans (S.
mutans) a common microbial component of human dental
caries.13–15 CSP is released from S. mutans as a 21-amino
acid peptide to initiate a complex array of responses includ-
ing biofilm formation, production of bacteriocins (proteina-
ceous bacterial toxins), and uptake of foreign DNA.16,17 In
vitro assays have shown that CSP synthetic peptide pro-
motes biofilm formation at low doses,18,19 and at higher
doses has a killing effect on S. mutans,20 potentially through
mechanisms involving direct plasma membrane disruption
by the amphipathic peptide21,22 or indirectly by stimulating
higher bacteriocin release.18 In other studies, mutational
variant of CSP (KBI-3221) was shown to suppress S. mutans
biofilm formation.23 Thus, CSP-mimetic peptides can be
designed at different doses to exert antimicrobial, pro-
biofilm, or antibiofilm activity.

The purpose of this study was to test the hypothesis
that a novel fusion peptide, P15-CSP, displays both osteoge-
neic and antimicrobial activity, whereas the individual pep-
tides P15 and CSP mediate only one of the two functions.
We reasoned that local delivery and retention of a mimetic
peptide could be better ensured as a coating compared to
a diffusible peptide. Previous studies showed that P15,
when adsorbed to a scaffold surface, enhanced in vitro
MSC osteogenesis and bone formation.11 The mode of
action is suggested to involve biomimetic stimulation of
stem cell integrins that induce osteoblast differentiation.24

Titanium surfaces covalently coupled with P15 are also
effective in stimulating osteogenesis.25 However, CSP nor-
mally interacts with S. mutans as a soluble peptide; there-
fore, in this study, peptide coatings were generated by
adsorption using a dry-coating method, then assayed for
inhibition of planktonic growth and biofilm formation by S.
mutans, and for metabolic activity, enhanced cell attach-
ment, actin organization, and osteogenic differentiation of
human bone marrow MSCs.

Cell adhesion is an important initiating process of in
vitro osteogenesis that is promoted by anionic surfaces
characteristic of most plasma-modified tissue culture (TC)
plastics,26 and by cationic proteins passively adsorbed to
plastic.27,28 Surfaces with controlled hydrophilicity can also
be generated by plasma-enhanced chemical vapor deposi-
tion (PECVD) of thin films.29 To favor cationic CSP peptide
retention for the osteogenesis assay, peptides were dry
coated onto TC plastic, and highly wettable anionic thin
films created using a gas mixture of ethylene (C2H4) and
oxygen under low pressure, to generate plasma-polymerized
ethylene-containing bound oxygen, termed here L-PPE:O,
which carries hydroxyl and carboxylic acid groups.30 Hydro-
phobic thin films with a poorly wettable surface were gen-
erated by plasma-polymerized hexamethyldisiloxane
(HMDSO).31 In previous studies, L-PPE:O but not HMDSO

surfaces were shown to reproducibly initiate contact activa-
tion of the blood coagulation enzyme cascade32; these data
serve as proof-of-concept that L-PPE:O thin films present
anionic surfaces that can form bioactive complexes with
proteins such as FXII. Thus, we analyzed the effect of P15-
CSP, P15, CSP coatings on surfaces with distinct wettability,
including highly anionic (L-PPE:O), anionic (TC-treated), and
hydrophobic (HMDSO).

EXPERIMENTAL

Peptide synthesis, aseptic solution preparation, and
coating
Peptide P15 was purchased from GenScript (Piscataway,
NJ); synthetic peptide CSP and fusion peptide P15-CSP were
supplied by Mimotopes (Clayton, Victoria, Australia) with a
purity grade of >95% and sequence identity confirmed by
the supplier by Mass Spectrometry and High Pressured Liq-
uid Chromatography (HPLC). Peptide sequences are shown
in Table I. The linker peptide A(EAAAK)nA in P15-CSP can
separate two active domains of a bifunctional fusion pro-
tein.33 Lyophilized peptides were reconstituted in distilled
water at 10 mg/mL and filter-sterilized using Ultrafree-CL
spin filters (Millipore, Billerica, MA), and aliquots of stock
solution (10 mg/mL in distilled water) were stored at
2208C. Fibronectin was from Sigma-Aldrich (Oakville, ON,
Canada). The well surfaces of 96-well microplates (Corning,
Tewksbury, MA) and eight-well glass chamber slides (BD
Biosciences, Mississauga, ON, Canada) were covered with
peptide or fibronectin solutions diluted to 100 lg/mL with
sterile distilled water, to obtain 31.25 mg peptide or fibro-
nectin for each cm2 of surface, for example, 100 mL for 96-
well microplates (10 mg peptide per microplate well) and
220 mL for eight-well glass chamber slides (22 mg peptide
per chamber well), respectively. The solutions were left on
the surfaces at room temperature to dry under sterile air
environment in a laminar flow hood. During the dry-coating
procedure, the peptide solution formed a meniscus and
reproducibly regressed by evaporation toward the edge of
the wells, resulting in relatively more peptide deposited at
the well edges than the flat well bottom (unpublished
observations). Therefore, to ensure reproducible coating in
the middle of the well, an identical volume and concentra-
tion of each peptide was systematically applied. The “wet
coating” technique (i.e., incubate a 1 mg/mL peptide solu-
tion for 1 h at room temperature followed by thorough PBS
washes27,28) was not used partly because baseline cell adhe-
sion is already high on TC-treated plastics, and partly
because it was anticipated that relatively little peptide
would be retained by “wet-coating” hydrophobic non-TC-
treated 96-well plates.

Bacterial culture and biofilm assay
A static biofilm assay was carried out using a 96-well plate
light transmission and crystal violet staining method, as pre-
viously described.23 The 96-well plates with randomized
and blinded surface dry coatings were shipped to Kane Bio-
tech to carry out the cultures. S. mutans (UA159) was
grown under anaerobic conditions in Todd Hewitt Broth
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supplemented with yeast extract (3%) and hog gastric mucin
(0.01%) pH 7.0. Growth of biofilm was initiated by inoculation
of overnight culture at 3.3% v/v into semidefined minimal
(SDM) media, in 96-well TC microplates (Corning) precoated
with different peptide conditions: uncoated (control), P15 (10
mg), CSP (10 mg), P15-CSP (10 mg), a mixture (P151CSP) of
P15 (10 mg) and CSP (10, 50, or 100 mg), represented in the
text as uncoated, P15(10), CSP(10), P15-CSP(10),
P15(10)1CSP(10), P15(10)1CSP(50), P15(10)1CSP(100),
as well as a blank (not inoculated with S. mutans). The bio-
films were developed under anaerobic conditions using GEN-
bag Anaer bags and sachets (bioMerieux, Montreal, Quebec,
Canada) at 378C for 18 h. Planktonic cell growth was deter-
mined by measuring the absorbance at 600 nm using a plate
reader. Biofilm growth was measured by discarding medium
with planktonic cells and rinsing with water. The plate was
air-dried overnight. The bound cells were stained with 0.4%
(w/v) crystal violet (Sigma-Aldrich) for 15 min. The stain solu-
tion was then removed and wells were rinsed with water. The
plates were air-dried, the wells photodocumented, then 33%
(v/v) acetic acid was added for 15 min to solubilize the dye
followed by absorbance measures at 630 nm. For each experi-
ment, background staining was corrected by subtracting the
absorbance from staining solution bound to the blank, and
normalized to the mean absorbance of uncoated wells in the
same assay plate (N5 3 wells per condition in three distinct
plates generated on two different occasions, for N5 9 per
condition).

MSC culture
Primary human bone marrow MSCs from a single donor
were purchased from Texas A&M Institute for Regenerative
Medicine (Temple, TX), and obtained by bone marrow aspi-
rate from a healthy consented donor with institutionally
approved protocols. MSCs were cultured and expanded in
complete culture media (CCM) as suggested by the supplier,
which consisted of alpha-minimum essential medium
(aMEM, Invitrogen, Burlington, ON, Canada), 16% fetal
bovine serum (FBS, Atlanta Biologics, Atlanta, GA), 2 mM L-
glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin
(Sigma-Aldrich). The cells were maintained in a cell culture
incubator with humidified air and 5% CO2 at 378C, and
used between passages 3 and 5.

Cell adhesion assay
MSCs were exposed to trypsin–EDTA for 2 min, collected in
serum-containing medium, centrifuged and resuspended in
serum-free media, seeded at 2.5 3 104 per well in non-TC-
treated 96-well microplates (Corning) precoated with P15,

CSP, P15-CSP, or fibronectin, and allowed to adhere for 1 h
at 378C. The loosely -bound cells were then removed by
washing three times with PBS (Sigma-Aldrich), and the
remaining adherent cells were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) for 15 min. The fixed cell nuclei were
stained with Hoechst 33258 (Invitrogen, at 1 mg/mL PBS)
for 10 min. Fluorescent images of Hoechst-stained adherent
cells were taken with the Zeiss AxioVert S100 microscope
system. For each condition, six fields were visualized and
cell nuclei were quantified using Image J software to obtain
the mean cell density per field. Results were tabulated from
the average of triplicate wells in three distinct cultures
(N53).

Actin staining and confocal microscopy
To study cell morphology and actin stress fiber formation, 1
3 104 MSCs were prepared as described for the cell adhe-
sion assay, and cultured on eight-well glass chamber slides
precoated or not with P15, CSP, P15-CSP, or fibronectin.
After incubation in serum-free medium for 1 or 24 h
unbound cells were washed away with PBS, while the
adherent cells were fixed with 4% formaldehyde and per-
meabilized with 0.5% Triton X-100. The cells were stained
with Alexa-488 phalloidin (Invitrogen) for 1 h, counter-
stained by Hoechst 33258, and mounted with Fluoromount-
GTM (Southern Biotech, Birmingham, AL). Stained cells were
visualized and imaged with the Olympus FV1000-IX81 con-
focal microscope system.

Cell metabolic assay (MTT assay)
Cell metabolism as an indirect indicator of cell prolifera-
tion was assessed by thiazolyl blue tetrazolium bromide
assay (MTT reagent, Sigma-Aldrich) based on the reduction
of tetrazolium salt to formazan crystals by live cell mito-
chondria. MSCs were seeded at 2.5 3 104 per well in 96-
well TC microplates (Corning) precoated with P15, CSP, or
P15-CSP, and maintained in CCM. After 18 h of culture,
MTT solution (5 mg/mL) was added to each well, and the
microplates were incubated for additional 3 h at 378C. Fol-
lowing the incubation period, MTT solution was gently
aspirated from each well, and formazan crystals were dis-
solved by the addition of 96% v/v isopropanol, 0.04M HCl,
and read at 565 nm absorbance. All samples were run in
triplicate.

Surface treatment and water contact angle
measurement
PECVD was used to generate nanocoatings of hydrophobic
and hydrophilic/anionic surfaces on 35 mm TC-treated Petri
dishes (Corning). As previously reported,32 hydrophobic

TABLE I. Peptides Evaluated in This Study

Peptide Sequence pI Minimum Purity (%) Supplier

P15 15 aa NH2-GTPGPQGIAGQRGVV-COOH 9.75 95 GenScript (Piscataway, NJ)
CSP 21 aa NH2-SGSLSTFFRLFNRSFTQALGK-COOH 12.01 91 Mimotopes (Roseville, MN)
P15-CSP 53 aa NH2-GTPGPQGIAGQRGVVAEAAAKEAAAK-

EAAAKASGSLSTFFRLFNRSFTQALGK-COOH.
9.99 89 Mimotopes (Roseville, MN)
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surfaces were generated by plasma-polymerized HMDSO
vapors at 50 W, 60 mTorr, 20 sccm flow of HMDSO, and 2-
min deposition. Hydrophilic carboxylated surfaces (L-PPE:O)
with negative charges were created by C2H4 1Ar/O2 mix-
ture at 10 W, 600 mTorr, 20 sccm flow of C2H4 and 15 sccm
flow of O2/Ar (10/90 v/v) for 60 min. Surface wettability of
HMDSO, L-PPE:O, and TC plastic dishes untreated by PECVD
was measured through static contact angle with a FTA200
goniometer (First Ten Angstrom, Portsmouth, VA), equipped
with a data analysis software package (FTA32 Video). Four
measurements were taken on each surface using Milli-Q
water as probe liquid and the experiment was repeated at
least twice. The HMDSO and L-PPE:O surfaces maintained
the same WCA after sterilization by exposure to UV light
under a laminar flow hood for 1 h (data not shown).
Previous experiments suggested that these thin films are
stable during at least 1 h of incubation with human blood
plasma32; therefore, it was assumed that the plasma-
modified surfaces retained their hydrophobic and hydro-
philic/anionic character during the dry-coating step with
the peptides described below and in TC medium.

Osteogenesis assay
HMDSO, untreated, and L-PPE:O surfaces of 96-well TC micro-
plates were dry-coated with P15, CSP, or P15-CSP. MSCs were
seeded subconfluently at 1.0 3 103 per well on these surfaces
and maintained in CCM. At confluency, the MSCs were cul-
tured for 3 weeks in mineralizing media (MM) or osteogenic
media (OSM). As described previously,34 MM consisted of
CCM with 5 mM disodium b-glycerol phosphate (Sigma-
Aldrich), 100 lM L-ascorbic acid-2-phosphate (Sigma-Aldrich).

OSM consisted of MM with 10 nM dexamethasone (Sigma-
Aldrich). Media were changed twice weekly for 3 weeks.

In situ staining for alkaline phosphatase activity and
mineralized matrix deposition
After 3 weeks of culture, osteogenic induction of MSCs was
detected by in situ staining for alkaline phosphatase activity
and mineralized matrix by alizarin red staining for calcium.
Briefly, the cells were fixed for 1 h in 10% neutral buffered
formalin and rinsed in PBS. The samples for alkaline phos-
phatase activity assay were incubated in the dark with gen-
tle agitation for 10 min at room temperature with 5-bromo-
4-chloro-3-inolyl phosphate/nitroblue tetrazolium (BCIP-
NBT, Sigma-Aldrich) alkaline phosphatase substrate, washed
twice with PBS containing 20 mM EDTA, and once with PBS.
The other samples were incubated for 20 min in 1% w/v
alizarin red (Sigma-Aldrich), then rinsed repeatedly with
ddH2O. The stained monolayers were visualized and imaged
with the Carl ZeissTM StemiTM 2000C Stereo-microscope sys-
tem. The monolayers stained with alizarin red were
extracted with 10% acetic acid (v/v), neutralized with 10%
ammonium hydroxide (v/v), and quantified with a plate
reader for absorbance at 425 nm against a standard curve
of pure alizarin red to obtain mM concentration.

Statistical analysis
All data are reported as the mean and standard deviation
(SD). The Student’s t-test was used to analyze differences
between sample groups for biofilm assays, cell adhesion,
and WCA measures. Sample numbers are indicated in the
methods and figure legends. Differences in alizarin red
stain were calculated from N5 5 wells for each condition

FIGURE 1. Antimicrobial and antibiofilm activities of peptide coatings toward S. mutans were assessed for the following conditions: Uncoated

tissue culture plastic, 10 mg coatings of peptides P15, CSP, P15-CSP, 10 mg P15 mixed with 10, 50, or 100 mg CSP, and noninoculated wells

(blank), respectively. Planktonic growth after 18 h was measured by medium absorbance at 600 nm and biofilm formation was measured by dye

extracted from stained biofilm and read at 630 nm. The dotted line represents mean planktonic growth and biofilm formation in control wells

with no peptide coating. *p< 0.05 vs. uncoated control; � p<0.05 vs. uncoated control, P15, CSP, and P15(10) 1 CSP(10)-coated surfaces

(mean 6 SD, N 5 9). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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generated during two independent cultures, and differen-
ces determined by factorial ANOVA using coating condi-
tion (uncoated, P15, CSP, P15-CSP) and medium condition

(MM, OSM) as between-factors and a Tukey Honest signifi-
cant difference post hoc test. Significant difference:
p<0.05.

FIGURE 2. MSC adhesion, actin stress fiber formation, and spreading on uncoated surfaces and surfaces coated with P15, CSP, P15-CSP, and fibro-

nectin (positive control). Cells were seeded for 1 h in serum-free media in non-TC-treated 96-well plates, the unbound cells rinsed off, and attached

cells quantified relative to fibronectin-adherent cells (A, *p< 0.05 in comparison to uncoated control; *p< 0.05 in comparison to P15 condition)

(mean 6 SD, N 5 3; matching phase contrast images, B–F). Other cells were seeded for 1 or 24 h in eight-well glass chamber slides and stained with

Alexa-488 phalloidin to reveal green F-actin and Hoechst to reveal blue nuclei (G–K). Peptide conditions are listed above, and time to the left. Panels

B–F: Scale bar5 100 mm; Panels G–P: Scale bar 5 50 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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RESULTS

Antimicrobial and biofilm assay on peptide-coated
surfaces
Planktonic cell growth was inhibited by an average 10% by
CSP coatings at 10 mg per well, whereas P15-CSP or P15
coatings had no effect (Fig. 1). In other wells coated with
mixtures of P15 and CSP, planktonic growth was inhibited
by 10% by CSP coatings at 10 mg per well and by 30% in
wells containing 50 or 100 mg per well CSP (Fig. 1). There-
fore, peptide coatings containing free CSP, but neither P15-
CSP nor P15 alone, had an antimicrobial effect on liquid-
phase bacterial growth.

Biofilms formed homogeneously on uncoated TC plastic,
CSP- and P15-coated wells (Fig. 1). P15-CSP-coated wells
inhibited biofilm formation to around 40% compared to
uncoated or CSP-coated wells (p< 0.05, Fig. 1). Interestingly,
coatings containing mixtures of P15 and CSP also had an
inhibitory effect of biofilm formation when CSP was present
at doses that also affected planktonic growth (p< 0.05 vs.
uncoated plastic, Fig. 1). These experiments showed that
surfaces coated with P15-CSP fusion peptide have unique
effects on S. mutans not exhibited by the individual peptides
P15 or CSP, mainly, depressed biofilm formation in the
absence of planktonic growth inhibition.

MSC adhesion, spreading, and metabolism on peptide-
coated surfaces
Human MSCs remained rounded 1 h after seeding on
uncoated polystyrene surfaces in serum-free medium, and
adhered rapidly and uniformly to wells coated with CSP,
P15-CSP, and fibronectin [p< 0.05 vs. uncoated, Fig. 2(A–F)].
Cells attached for 1 h to fibronectin-coated wells had classi-
cal integrin-mediated actin stress fiber formation and cell
spreading with negligible actin fiber organization on
uncoated glass [Fig. 2(K) vs. (G)]. CSP- and P15-CSP-coated
surfaces also promoted spreading and actin stress fiber for-
mation after 1 h [Fig. 2(I,J)]. P15-coated surfaces promoted
a slight but significant increase in cell attachment over
uncoated surfaces [p<0.05, Fig. 2(A)], but induced little
visible actin stress fiber formation after 1 h [Fig. 2(H)].
After 24 h of attachment, cells were highly spread on fibro-
nectin, CSP and P15-CSP coatings, and also showed slightly

more spreading on P15-coated wells than uncoated surfaces
[Fig. 2(L–P)].

After overnight culture in serum-containing medium,
MSC metabolic activity was equally maintained on uncoated,
P15-CSP-, and P15-coated surfaces, and reproducibly
depressed on CSP-coated surfaces (Fig. 3). These data
revealed a previously unsuspected cytotoxic effect of CSP on
MSCs. To summarize, P15-CSP- and CSP-coated surfaces pro-
moted a more rapid attachment and restructuring of the
actin cytoskeleton compared to uncoated and P15-coated
surfaces. P15-CSP and P15 coatings were fully cytocompati-
ble while CSP had a slight cytotoxic effect.

MSC osteogenic differentiation on peptide-coated
surfaces with distinct wettability
Osteogenesis assays were carried out on peptide-coated TC
plastic, with MM as the negative control condition and OSM
(MM with 10 nM dexamethasone) as the osteogenic condi-
tion. By phase contrast microscopy, matrix vesicle produc-
tion in the monolayers was visibly heavier in OSM versus
MM [Fig. 4(M–P) vs. 4(A–D)]. Many monolayers in MM
retracted and formed nodules (arrows, Fig. 4), as previously
reported.34 OSM clearly induced alkaline phosphatase activ-
ity [Fig. 4(E–H) vs. (Q–T)]. Dexamethasone also enhanced
extracellular matrix calcification, an end-stage marker of
mature osteoblast differentiation (p< 0.0005, MM vs. OSM
for all conditions). A more reproducible calcification was
seen in wells coated with P15 (p50.033) and P15-CSP
[p<0.01, Fig. 4(Y)]. In P15-CSP-coated wells, MSCs depos-
ited on average 6.9-fold more calcified matrix versus CSP-
coated surfaces [p< 0.01, Fig. 4(Y)], and 2.5-fold more ver-
sus uncoated TC plastic [Fig. 4(Y)].

With the goal of stabilizing cationic CSP peptide reten-
tion on a more anionic surface, thin films of L-PPE:O were
deposited by PECVD in 96-well plates. HMDSO thin films
were deposited in other plates. Water contact angle meas-
urements demonstrated progressive levels of hydrophilic to
hydrophobic character, with contact angles of 41.88 6 2.18,
62.78 6 0.78, and 92.38 61.58 for L-PPE:O thin films, TC plas-
tic, and HMDSO thin films, respectively [Fig. 5(A)]. MSCs cul-
tured on HMDSO films were spindle-shaped and those
cultured on L-PPE:O had normal stromal morphology [Fig.
5(B)]. These thin films (nanolayers) did not produce macro-
scopically visible changes in the 96-wells, except for a few
selected wells where the L-PPE:O films become wrinkled
without detaching from the plastic (unpublished
observations).

After 3 weeks of osteogenic culture on PECVD films,
MSC alkaline phosphatase activity was induced by OSM on
L-PPE:O and HMDSO surfaces with and without peptide
coatings (blue stain, Fig. 6(E–H, Q–T)). On L-PPE:O surfaces,
matrix calcification was induced by dexamethasone
(p<0.0001, MM vs. OSM for all conditions). For individual
conditions, MSCs consistently produced more calcified
matrix when cultured on P15 (p50.046)- and P15-CSP
(p<0.005)-coated L-PPE:O thin films [Fig. 6(Y)]. In this
experiment, L-PPE:O wells coated with CSP showed the
same level of calcification as L-PPE:O alone [Fig. 6(Y)].

FIGURE 3. MSC metabolic activity after 18 h of growth in CCM on tis-

sue culture plastic compared to tissue culture plastic coated with P15,

CSP, or P15-CSP. Cells were exposed to MTT reagent and formazan

crystals solubilized and the relative absorbance measured at 565 nm.

*p< 0.05 vs. uncoated control (mean 6 SD, N 5 3).
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FIGURE 4. MSC osteogenesis assay in 96-well microplates coated with P15, CSP, or P15-CSP after 3 weeks of culture in MM (A-L) or OSM (M-X).

Monolayers were assessed for morphology by phase contrast microscopy (A–D; M–P, scale bar 100 mm), and by in situ staining for alkaline

phosphatase activity (blue stain, E–H, Q–T) and alizarin red stain for matrix calcification (red, I–L, U–X). In panel W, the monolayer detachment

was due to a histoprocessing artifact. Panel Y shows the mean alizarin red stain eluted from monolayers (mean 6 SD #, *, ^, significant differen-

ces, N 5 5). Black arrows indicate tissue nodules formed by partly retracted monolayers, as previously observed in MSC cultures without dexa-

methasone.34 Dashed line shows the mean calcification by MSC on uncoated tissue culture plastic in OSM. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Strikingly, MSC monolayers on HMDSO surfaces showed no
sign of matrix calcification, even in wells initially coated
with P15 or P15-CSP, coatings that were sufficient to stimu-
late reproducible calcification when deposited on TC-treated
polystyrene (Fig. 4). These collective data suggest that the
P15 and P15-CSP dry coatings were stably retained at bio-
active levels on the hydrophilic surfaces.

DISCUSSION

Results from this study support the hypothesis that P15-
CSP has dual bioactivities toward S. mutans and human
MSCs not observed for the individual P15 and CSP peptides.
P15-CSP and CSP but not P15 had detrimental effects on S.
mutans, and P15-CSP and P15 but not CSP had stimulatory
effects on osteogenesis. Because P15-CSP coatings inhibited
biofilm formation without suppressing bacterial growth, this
suggests that the peptide is somehow interfering with bac-
terial surface adhesion35 or quorum sensing.23 Coatings con-
taining CSP inhibited bacterial planktonic growth, which
according to previous studies could be potentially mediated
by bacteriocin production36 or membrane perturbation,

which could consequently explain the reduced biofilm for-
mation observed with higher concentrations of CSP [i.e.,
conditions P15(10)CSP(50) and P15(10)CSP(100), Fig. 1].
Our study also revealed a previously unsuspected cytotoxic
effect of CSP toward MSCs, most probably due to membrane
permeation as an amphipathic peptide.22 Biofilm formation
on CSP surfaces is consistent with previous studies showing
that soluble CSP permits or even enhances biofilm forma-
tion at lower doses.23,37

Our data provide new evidence that bifunctional biomi-
metics can be designed using synthetic fusion peptides.
However, translation of this technology to in vivo applica-
tions requires further investigation as to whether antibio-
film activity is conserved by P15-CSP, and other
amphipathic antimicrobial peptides (AMPs) under develop-
ment38 or AMP and RGD39 after exposure to blood which
can further coat the peptide-modified surfaces with serum
factors.40 The antimicrobial effects of CSP, and enhanced
MSC attachment to CSP- and P15-CSP-coated surfaces, are
consistent with proper folding of the peptide after rehydra-
tion in different culture medium, which could lead to dime-
rization via the hydrophobic patch,41 and presentation of a
mainly cationic region to cells, which along with a host of
other cationic proteins could mediate cell adhesion without
specifically engaging integrin receptors.28 Significant MSC
adhesion was induced by P15, CSP, and P15-CSP coatings
over uncoated surfaces [Fig. 2(A)], along with greater cell
spreading [Fig. 2(M–P) vs. 2(L)], strongly suggesting that
the peptides were retained as a surface coating for at least
24 h after rehydration. It should be noted that all assays in
our study except for the osteogenesis assay were performed
without refreshing the medium; therefore, some of the
observed effects could be due to soluble peptide released
from the adsorbed coating in addition to the peptide coating
itself. The relatively modest MSC actin stress fiber formation
induced after 1 h by P15-coated surfaces in this study is
similar to a previous study by others analyzing MSC adhe-
sion to P15-coated hydroxyapatite scaffolds in serum-free
medium.11 These collective observations could be poten-
tially explained by desorption of excess noncovalently
adsorbed P15 into the medium after rewetting and competi-
tion between soluble P15 and the P15 coating for a2b1
integrin binding. It is most probable that peptides applied
by dry coating at 31.25 mg per cm2 formed multilayers that
allow or even favor desorption of the excess peptide. There-
fore, it can only be speculated as to whether cell responses
were mediated by multilayer peptide aggregates, or whether
the excess peptide rapidly dissolved leaving a residual pep-
tide monolayer with a particular conformation that induced
changes in cell behavior. Different methods to monitor and
control peptide release kinetics and thereby understand
their impact on peptide activity will be interesting to pursue
in future studies. Because the physical, mechanical, and sur-
face roughness properties of the underlying plasma-
modified coatings were not analyzed in this study, the influ-
ence of these parameters on peptide retention, cell adhe-
sion, and osteogenic differentiation would also require
further investigation.

FIGURE 5. Water contact angle (WCA) in Panel (A) was determined on

PECVD-deposited HMDSO thin films, Untreated control surface (tissue

culture-treated polystyrene, Corning) and PECVD-deposited L-PPE:O

thin film (mean 6 SD, N 5 4) and Panels (B and C) show correspond-

ing MSC cell morphologies after 4 days of culture in CCM on HMDSO

and L-PPE:O thin films (phase contrast microscopy).
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Various cell responses have been previously observed
using PECVD films with distinct surface composition, topol-
ogy, and wettability.29 When PECVD-deposited films with

low wettability (928 WCA) are incorporated with nanocrys-
talline diamond, these films elicit a similar level of calcified
matrix deposition by CRL-11372 osteoblast cells as

FIGURE 6. MSC osteogenesis on HMDSO and L-PPE:O thin films without and with P15, CSP, or P15-CSP peptide coatings in 96-well plates.

MSCs proliferated to confluency during 10 days in CCM, then the media were switched to MM or OSM for an additional 3 weeks. Panels A–X

show MSC osteogenesis in OSM, on HMDSO (A–L) or L-PPE:O (M–X) surfaces as documented with phase contrast images (A–D, M–P, scale bar

100 mm), in situ staining for alkaline phosphatase activity (blue, E–H, Q–T), and alizarin red staining for calcium (red, I–L, U–X). Quantitation of

alizarin red concentration eluted from L-PPE:O surfaces is shown in (Y, mean 6 SD, N 5 5, significant differences indicated by *, ^). HMDSO wells

had nondetectable levels of alizarin red eluted (not shown). The dashed line shows the mean alizarin red stain eluted from MSC osteogenic cul-

tures in OSM on tissue culture plastic [0.83 mM, see Fig. 4(Y)]. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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borosilicate glass,42 although osteoblast cell lines in general
have a strong spontaneous mineralization potential com-
pared to primary human MSCs used in this study.43 Cells
previously cultured on oxygen-containing plasma-polymer-
ized thin films showed depressed cell growth on surfaces
with pure carbonyl (ketone), and strong attachment and
proliferation on surfaces with hydroxyl groups and 3–5%
carboxylate groups (reviewed in Ref. 29). Caco-2 epithelial
cells were found to attach and proliferate to a similar extent
on traditional cell culture plastic and PECVD-deposited
poly(2-hydroxyethyl methacrylate) (pHEMA) films with a
1:1:1.1 ratio of carbonyl:hydroxyl:ester groups.44 Data in
this study extend these findings to show that L-PPE:O films
with 1:1:1.9 carbonyl:hydroxyl:ester groups and 6.7% car-
boxylic acid32 support human MSC cell attachment and
osteogenesis. This study also revealed that primary human
MSCs colonize and commit to early osteoblast differentiation
on both HMDSO surfaces (92.38 WCA) and L-PPE:O surfaces
(41.88 WCA), but after 3 weeks of osteogenic culture, end-
stage differentiation and biomineralization only takes place
on L-PPE:O surfaces, an effect enhanced by adsorption of L-
PPE:O with P15-CSP or P15. The inability of monolayer cells
to biomineralize on hydrophobic HMDSO surfaces in this
study could be potentially related to the inability of the
monolayer primary stem cells to reach a highly packed, or
high enough density on these surfaces [Fig. 6(A–D)], to per-
mit adequate collagen deposition and subsequent biominer-
alization. It was recently reported that the inner pore
surfaces of porous polycapro-e-lactone, a hydrophobic bio-
plastic, are poorly colonized by primary human MSCs and
produce very little calcified matrix in the 3D osteogenesis
assay.2 The ability of adsorbed P15 and P15-CSP to acceler-
ate mineralization as a coating on hydrophilic surfaces could
be explained by enhanced cell seeding efficiencies or cell
proliferation, leading to higher monolayer densities. Studies
are currently underway to test whether P15-CSP is pro-
osteogenic after coating 3D porous scaffolds with hydropho-
bic or hydrophilic/anionic inner pore surfaces.

CONCLUSION

This study revealed that P15-CSP fusion peptide coatings
inhibit biofilm formation but are not bacteriocidal to S.
mutans or cytotoxic to MSCs, compared to free CSP which
depresses S. mutans growth and diminishes metabolic activ-
ity of in vitro cultured MSCs. This study also provides novel
data showing that P15-CSP and CSP coatings accelerate MSC
attachment and spreading. End-stage osteogenesis was
reproducibly enhanced by P15-CSP coatings on two hydro-
philic surfaces, TC plastic and L-PPE:O thin films. Taken
together, coating with a novel fusion peptide P15-CSP on
hydrophilic anionic surfaces represents a promising new
strategy to promote MSC attachment and osteogenic differ-
entiation while also suppressing S. mutans biofilm forma-
tion. Furthermore, P15-CSP can be conveniently applied and
stored as a dry coating on various biocompatible surfaces
and provide a more cost-effective strategy of optimizing bio-
materials for potential use in bone regeneration and dental
bone repair procedures.
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