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I
n teeth with periradicular lesions, the
removal of the irritants (inflamed or ne-
crotic tissue) from the root canal sys-

tem begins the process of repair and resolu-

tion. Repair of periradicular lesions is

primarily characterized by inflammatory

cell infiltration, which is responsible for re-

moval of endogenous and exogenous irri-

tants, followed by fibroblastic proliferation

collagen deposition, bone formation, and

cement apposition when root desorption

occurs.

Most periapical diseases are induced as
a result of direct or indirect involvement of
oral bacteria. In most cases, the etiological
factors are oral contaminants through the
root canal or degenerating pulpal tissues.
Because bacteria initiate and perpetuate
the pulpal tissues, we need to control not
only bacterial progression in pulpal and pe-
riapical diseases but also the responses of
pulpal and periapical tissues to bacterial in-
fection. The control of the pulp fibroblast re-
sponse is fundamental to control the pulp
inflammation. To control the pulp inflam-
mation after infection, the aim of this study
was to investigate the anti-inflammatory ef-
fects of a biologically active film on human
pulp fibroblasts by using the melanocortin
peptides (�-MSH) as active molecule.1

Melanocortin peptides (�-MSH) are cru-
cial in cutaneous biology,2 but also involved
in other tissue metabolism as adipose tis-
sue and bone,3,4 �-MSH has been shown to
possess anti-inflammatory effects in many
experimental models of acute and chronic
inflammation.5�7 �-MSH is also able to re-
duce tissue fibrosis.8 To date, five melano-
cortin receptors (MCR) coupled to adenylate
cyclase have been identified based on their

ability to increase intracellular cAMP when
activated.2,9�12 �-MSH has been shown to
inhibit the production and activity of pro-
inflammatory mediators such as IL-1, TNF-�,
IL-6, IL-13, and KC, the mouse homologue
of human chemokine gro-� as well as the
expression of adhesion molecules such as
ICAM-1.7,13 They also induce the production
of the anti-inflammatory cytokine, IL-10.14

These effects occur primarily by inhibiting
I�B� degradation and NF-�B activation.15�17
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ABSTRACT Millions of teeth are saved each year by root canal therapy. Although current treatment modalities

offer high levels of success for many conditions, an ideal form of therapy might consist of regenerative approaches in

which diseased or necrotic pulp tissues are removed and replaced with healthy pulp tissue to revitalize teeth.

Melanocortin peptides (�-MSH) possess anti-inflammatory properties in many acute and chronic inflammatory models.

Our recent studies have shown that �-MSH covalently coupled to poly-L-glutamic acid (PGA-�-MSH) retains anti-

inflammatory properties on rat monocytes. This study aimed to define the effects of PGA-�-MSH on dental pulp

fibroblasts. Lipopolysaccharide (LPS)-stimulated fibroblasts incubated with PGA-�-MSH showed an early time-dependent

inhibition of TNF-�, a late induction of IL-10, and no effect on IL-8 secretion. However, in the absence of LPS, PGA-�-

MSH induced IL-8 secretion and proliferation of pulp fibroblasts, whereas free �-MSH inhibited this proliferation. Thus,

PGA-�-MSH has potential effects in promoting human pulp fibroblast adhesion and cell proliferation. It can also reduce

the inflammatory state of LPS-stimulated pulp fibroblasts observed in gram-negative bacterial infections. These effects

suggest a novel use of PGA-�-MSH as an anti-inflammatory agent in the treatment of endodontic lesions. To better

understand these results, we have also used the multilayered polyelectrolyte films as a reservoir for PGA-�-MSH by using

not only PLL (poly-L-lysine) but also the Dendri Graft poly-L-lysines (DGLG4) to be able to adsorb more PGA-�-MSH. Our

results indicated clearly that, by using PGA-�-MSH, we increase not only the viability of cells but also the proliferation.

We have also analyzed at the nanoscale by atomic force microscopy these nanostructured architectures and shown an

increase of thickness and roughness in the presence of PGA-�-MSH incorporated into the multilayered film (PLL-PGA-�-

MSH)10 or (DGLG4-PGA-�-MSH)10 in accordance with the increase of the proliferation of the cells growing on the surface

of these architectures. We report here the first use of nanostructured and functionalized multilayered films containing �-

MSH as a new active biomaterial for endodontic regeneration.

KEYWORDS: pulp fibroblasts · inflammation · cytokines · melanocortin ·
multilayered films · nanostructured assemblies · Dendri Graft poly-L-lysines
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Most of these effects have been characterized in mono-
cytes, keratinocytes, and dermal fibroblasts.

On dermal fibroblasts, differents studies reported

clearly the anti-inflammatory effects of �-MSH and

showed not only the inhibition of TNF-� signaling but

also the suppression of the TGF-�1-induced expression

of collagen.18,19 This combined anti-inflammatory and

anti-fibrogenic activity of �-MSH on this human fibro-

blastic cell type is of special value for the therapy of skin

disorders where fibroblasts are aberrantly

activated.20�22

However, the effects of �-MSH on pulp fibroblasts

have not yet been described. The use of �-MSH could

be an interesting way to explore control of the inflam-

matory activation of pulp fiblobasts after dental injury

and therefore to keep teeth vitality.

The vitality of the pulp is fundamental to the func-

tional life of the tooth and is a priority for targeting clini-

cal management strategies. Dental pulp, as any other

connective tissue, responds to aggression with the in-

flammation process, in order to eliminate pathogens

and allow repair. However, due to its particular fea-
tures as the confinement in hard chamber and its
unique blood irrigation and lymphatic circulation, a
pulp inflammation process becomes hard to control
and dissipate. Frequently, the pulp inflammation is so
painful and clinically irreversible that the removal of the
whole pulp is required.

Pulp fibroblasts are a key group of dental cells re-
sponsible for controlling a variety of matritial pro-
cesses following dental injury. They play a central role
in signaling various aspects of tissue regeneration. The
control of the pulp fibroblast response is fundamental
to control the pulp inflammation.23�25

Studies from our laboratory have shown that �-MSH
can be covalently coupled to poly-L-lysine and incorpo-
rated into multilayer films, without changes in their bio-
logical properties,26 and that such �-MSH derivatives re-
tain anti-inflammatory properties in vitro.27�29 In more
recent studies, the �-MSH derivatives were coupled to
the carrier polyion poly-L-glutamic acid (PGA), which
leaves the anti-inflammatory C-terminal sequence
Lys11-Pro12-Val13 of �-MSH peptides accessible. This
PGA-�-MSH multilayer film was shown to have anti-
inflammatory effects in vivo in a model of tracheal pros-
thesis.29 The aim of this study was to investigate the ef-
fects of a biologically active film of PGA-�-MSH on
human pulp fibroblasts including its effects on cytok-
ine/chemokine expression.

RESULTS
Effects of �-MSH and PGA-�-MSH on Production of TNF-�,

IL-10, and IL-8 by LPS-Stimulated Pulp Fibroblasts. Pulp fibro-
blasts were stimulated with LPS (10 ng mL�1) in the
presence of 100 �g mL�1 of either free �-MSH or PGA-
�-MSH. The amount of TNF-� secreted by cells in the
presence of LPS was significantly increased over a 6 h
time period (Figure 1A). At early time points (20 min to
2 h), however, �-MSH and PGA-�-MSH significantly in-
hibited the amount of LPS-induced TNF-� secretion,
while at later time points (4�6 h), this effect was lost.
In contrast, no inhibition of LPS-induced IL-8 secretion
was observed in the presence of 100 �g mL�1 of either
�-MSH or PGA-�-MSH during this 6 h time period (Fig-
ure 1B). Furthermore, increasing the concentrations of
both �-MSH and PGA-�-MSH 400 �g mL�1 did not
change the amount of the IL-8 produced (data not
shown). In contrast to these observations, both �-MSH
and PGA-�-MSH induced significant levels of the anti-
inflammatory cytokine, IL-10 (Figure 1C).

Effects of PGA-�-MSH on IL-8 Production by Pulp Fibroblasts
in the Absence of LPS. Previous studies have shown that
�-MSH stimulates the production of IL-8 by dermal fi-
broblasts.30 To characterize the ability of PGA-�-MSH to
stimulate IL-8, the levels of IL-8 expression were deter-
mined in LPS-free fibroblast cultures. Fibroblasts (pulp,
Figure 2A, and NIH 3T3, Figure 2B) stimulated with PGA-
�-MSH showed a time- and concentration-dependent

Figure 1. Kinetics of TNF-� (A), IL-8 (B), and IL-10 (C) production by
LPS-stimulated pulp fibroblasts. Cells were incubated at a density of
5 � 105 cells/well in the presence of 10 ng mL�1 of LPS and 100 �g
mL�1 of free �-MSH or of PGA-�-MSH for 20 min, 1 h, 2 h, 4 h, and 6 h:
TNF-� production (A), IL-8 production (B), and IL-10 production (C).
White bars represent the secretion with LPS alone; black bars repre-
sent the values obtained when cells were incubated with LPS � free
�-MSH, and hatched bars represent the values obtained after incuba-
tion with LPS � PGA-�-MSH. An average of three measurements with
the corresponding standard error is shown; *P � 0.05 vs LPS alone.
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increase in IL-8 production, with NIH 3T3 fibroblasts be-
ing more sensitive than primary pulp fibroblasts. The
first significant increase in IL-8 could be detected with
50 �g mL�1 of PGA-�-MSH on NIH 3T3 fibroblasts and
with 100 �g mL�1 of PGA-�-MSH on pulp fibroblasts af-
ter 1 and 2 h contact, respectively.

PGA-�-MSH Internalization and Effects on cAMP Accumulation
in Pulp Fibroblasts. Since �-MSH peptides are most effec-
tive when internalized by monocytes via their
receptors,9,10 the degree of internalization of PGA-�-
MSH by pulp fibroblasts was assessed. Incubation
of pulp fibroblasts with FITC-labeled PGA-�-MSH
(100 �g mL�1) resulted in a homogeneous fluores-
cence of the fibroblasts after 2 h, indicating internal-
ization (Figure 3A). The effect of PGA-�-MSH on
cAMP accumulation in pulp fibroblasts was then de-
termined to ascertain whether it exerted its biologi-
cal effects via activation of MCR receptors. Both the
positive control, forskolin, and the nonselective ago-
nist MTII significantly increased cAMP concentra-
tions to 3367 � 242 and 459 � 14 fmol/well, respec-
tively, above the basal level of 239 � 36 fmol/well.
In contrast, both the selective MC1R agonist (MS05)

and PGA-�-MSH failed to significantly in-
crease cAMP accumulation at any of the
concentrations tested (Figure 3B).

Effects of PGA-�-MSH on Pulp Fibroblast
Proliferation and Adhesion. The ability of free
�-MSH and PGA-�-MSH to promote prolifera-
tion and/or adhesion of fibroblasts was also
determined. Cell viability was determined by
trypan blue exclusion, and the proliferation
was measured by the acidic phosphatase
method (Figure 4).

We have also shown by confocal micros-
copy that the incubation of fresh seeded pulp
fibroblasts with �-MSH (Figure 5A) PGA-�-
MSH in solution (Figure 5B) indicates clearly
that while �-MSH inhibits the proliferation of
the cells (Figure 4B) (but not the viability, Fig-
ure 4A), the presence of �-MSH covalently
coupled to PGA [PGA-�-MSH and (PLL-PGA)5-
PLL-PGA-�-MSH] promotes adhesion. On the
multilayered film, when PGA inhibits the adhe-
sion of cells (Figure 6A), PGA-�-MSH on the
multilayer film induces this adhesion (Figure
6B).

Pulp Fibroblast Behaviors Effects of PGA-�-MSH
When Incorporated into the Multilayered Film (PLL-
PGA-�-MSH)10 by Using PLL or the Dendri Graft Poly-L-
lysines (DGLs). In this study, we analyzed the ef-
fect of PGA-�-MSH on pulp fibroblast when
PGA-�-MSH is not only adsorbed on the top
of the multilayered films (see Figure 6) but also
incorporated at each level as a reservoir for
cells (PLL-PGA-�-MSH)10 or by using the
DGLG4,31�33 to be able to adsorb more PGA-�-

MSH and to increase the efficiency in terms of prolifera-
tion effect.

In Figure 7, we analyzed the proliferation and mor-
phology of pulp fibroblasts growing on the surface of
the multilayered films (PLL-PGA)10 (A), (PLL-PGA-�-
MSH)10 (B), (DGLG4-PGA)10 (C), and (DGLG4-PGA-�-MSH)10

(D) followed by AlamarBlue. We have also analyzed by
confocal microscopy morphology and actin organiza-
tion these cells after 2 days of proliferation.

First we analyzed by quartz crystal microbalance
(QCM) dissipation versus frequency shift of the multilay-
ered films during their build-up process. Successive ad-
sorptions on top of a SiO2-coated quartz crystal sensor
were monitored in situ by QCM for (PLL-PGA)10 (A), (PLL-
PGA-�-MSH)10 (B), (DGLG4-PGA)10 (C), and (DGLG4-PGA-�-
MSH)10 (D) multilayered films. In Figure 8, the values of
frequency shift and dissipation are collected, and the
linear regressions are added in the graph to follow the
build.

In the next step, atomic force microscopy (AFM)
was used to get additional information about the struc-
ture of these multilayered architectures at the nano-
scale (Figure 9).

Figure 2. Kinetics of IL-8 production by pulp fibroblasts. Cells were in-
cubated at a density of 5 � 105 cells/well in the absence of LPS. IL-8
production by human pulp (A) and NIH 3T3 (B) fibroblasts was mea-
sured after 0 min, 1 h, 2 h, 4 h, and 6 h of cell contact with different con-
centrations of PGA-�-MSH (0 �g mL�1, black bars; 25 �g mL�1, gray
bars; 50 �g mL�1, hatched bars; 75 �g mL�1, dotted bars; 100 �g mL�1,
clear bars). An average of three measurements with the correspond-
ing standard error is shown; *P � 0.05 vs control (PGA).
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Modification of dissipation can be correlated to in-

crease the roughness of films analyzed by atomic force

microscopy (AFM).34 In this study, we have also ana-

lyzed the roughness and thickness of these nanostruc-

tured films (architectures A, B, C, and D) obtained by in

situ AFM image height mode in buffer of these films

(Figure 9 and Table 1).

DISCUSSION
Melanocortin peptides have been shown to possess

anti-inflammatory effects in many experimental mod-

els of acute and chronic inflammation35 and in human

cells such as monocytes,36astrocytes, and keratinocytes.

The biological effects of �-MSH are exerted partially

via direct binding to their receptors (MCR) resulting in

adenylate cyclase-mediated conversion of ATP to cyclic

AMP9,10 and inhibition of pro-inflammatory

cytokines.37�39 In addition to these anti-inflammatory

properties in various cell types, �-MSH has also recently

been shown to antagonize the effects of TGF-� on col-

lagen synthesis by dermal fibroblasts.19 These proper-

ties of �-MSH suggest that it might be useful for the

treatment of fibrotic disorders.40 Due to these reported
anti-inflammatory effects of �-MSH, we hypothesized
that such agents might be therapeutically useful as anti-
inflammatory agents for inflamed pulp, and thus, we
have begun to investigate the effects of �-MSH and
PGA-�-MSH on pulp fibroblasts.

To improve implant biocompatibility, polyelectro-
lyte multilayers on charged surfaces offer an important
approach.41�44 We have developed bioinert materials
able to create, through surface modifications, a bioac-
tive interface regulating biological responses.27�29,45�49

We previously observed in a monocyte model, where
we examined TNF-� and IL-10 secretions, that PGA-�-
MSH induces a response similar to that of �-MSH in so-
lution.27 This was the basis for examining the effects of
PGA-�-MSH on pulp fibroblasts.

As previously observed with monocytes, PGA-�-
MSH, in contact with LPS-induced pulp fibroblasts, in-
duces a bimodal anti-inflammatory response with an
early inhibition of TNF-� production that is statistically
significant after the first and second hour of activation
and a later (4 h) statistically significant induction of the
anti-inflammatory cytokine, IL-10.

These results have a significant impact on pulpal in-
flammation because TNF-� induces significant high lev-
els of vascular growth factor mRNA gene expression in
human pulp, which may promote apical expansion of
the inflammation.50 Therefore long-term expression of
TNF-� may avoid the healing process as reactinary or re-
parative dentin formation, which acts to increase the
barrier between the cells of the pulp and the injury.51

The induction of IL-10 by PGA-�-MSH is also crucial
because IL-10 inhibits synthesis of most pro-
inflammatory cytokines by dental pulp cells.52

Recently, it was reported that inflamed pulps
present higher amounts of IL-1� and IL-8 than healthy
pulps, and that pulp fibroblasts stimulated also by Es-
cherichia coli LPS produce higher levels of IL-1� and IL-8
than the control group.53 However, both �-MSH and
PGA-�-MSH were unable to inhibit IL-8 release by LPS-
stimulated pulp fibroblasts. The apparent discrepancy
with studies in which �-MSH inhibited IL-1-induced IL-8
production in dermal fibroblasts30 could be due to dif-
fering stimuli, LPS versus IL-1, or to the type of fibro-
blasts used. Even though NF-�B-mediated IL-8 gene ex-
pression can be induced by LPS through the CD14/
TLR4 receptor complex or by IL-1 through the IL-1
receptor, the signaling pathways leading to IL-8 expres-
sion are partially different.54,55 Furthermore, the involve-
ment of �-MSH in these pathways is not identical.13 In
addition, since IL-1 is a better inducer of IL-8 than LPS in
fibroblasts, the antagonist effects of �-MSH on IL-8 pro-
duction might be more striking on IL-1-stimulated than
on LPS-stimulated fibroblasts.

Free �-MSH is known to stimulate IL-8 expression
by dermal fibroblasts.30 To ascertain whether PGA-�-
MSH retains this capacity, its effects on LPS-free pulp

Figure 3. Internalization of FITC-labeled PGA-�-MSH and intra-
cellular cAMP accumulation by pulp fibroblasts. (A) Fluorescent
microscopy top view (green FITC channel) of pulp fibroblasts af-
ter 2 h of treatment with 100 �g mL�1 of PGA-�-MSH-FITC. (B) In-
tracellular cAMP accumulation. Pulp fibroblasts were incubated
with (a) vehicle (negative control), (b) forskolin (3 �M), (c) MTII
(10 �g mL�1), (d) MS05 (10 �g mL�1), PGA-�-MSH (e) 10 �g mL�1,
(f) 30 �g mL�1, (g) 100 �g mL�1, or (h) 300 �g mL�1 and cell-
associated cAMP determined at the 30 min time point. Cell incu-
bation with forskolin (used as a positive control) led to 3367 �
242 fmol/well (n � 6). Data expressed as mean � SEM of three ex-
periments; *P � 0.05 vs vehicle (a).
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and NIH 3T3 fibroblasts were evaluated. Similar IL-8 se-

cretion profiles were found, confirming that the stimu-

lation more than the cell type is important for free-�-

MSH or PGA-�-MSH overall effect. Recently, we and

others reported clearly that the PGA-�-MSH kept its

full activities when adsorbed on the top of the multilay-

ered polyelectrolytes films by using different
kinds of cells in terms of melanin production

or cytokine production.26,27 In this study, we

checked first that PGA-�-MSH was still active

when adsorbed on the top of the multilayered

films (PGA-PLL). The objective here was to ana-

lyze the behaviors of the fibroblastic cells in

terms of adhesion and proliferation in contact

with the multilayered film in the presence or

absence of PGA-�-MSH. To further character-

ize PGA-�-MSH potential, its effect on cell ad-

hesion was determined in our model. PGA-�-

MSH multilayer films contribute to adhesion

and proliferation of human pulp fibroblasts,

whereas unmodified PGA or free �-MSH

clearly has no effect on cell adhesion and pro-

liferation as compared to control fibroblast

cultures. This could suggest that PGA-�-MSH

and �-MSH somehow interact differently with

the cells. This was confirmed by the diffuse

fluorescence observed after contact between

FITC-PGA-�-MSH and pulp fibroblasts and by

the fact that cAMP levels were not significantly

elevated after stimulation with PGA-�-MSH

but were after treatment with MCR agonists,

indicating that the effects of PGA-�-MSH are

not specifically MCR receptor mediated. In

fact, coupling �-MSH to PGA makes the

C-terminal region of the peptide more acces-

sible, enhancing the anti-inflammatory effects

of the peptide without inducing cAMP accu-

mulation, as has already been suggested for

the peptide alone.56

To better understand the cells’ behaviors
when PGA-�-MSH is adsorbed on the top of

the multilayered film (PGA-PLL)n, we have analyzed the
effects of PGA-�-MSH incorporated into the multilay-
ered film (PLL-PGA-�-MSH)10 as a reservoir for cells. We
have also analyzed the effects when PLL was replaced
by Dendri Graft poly-L-lysines (DGLs) in the same archi-
tecture (DGLG4-PGA-�-MSH)10.

Figure 4. Viability and proliferation of pulp fibroblast. Viability of pulp
fibroblast after 1 day (D1), 2 days (D2), or 4 days (D4). The percentage
of viable cells has been calculated as follows: number of viable cells �
100/number of total cell with an average of eight measurements with
the corresponding standard error (A). Cell proliferation has been
checked by the acid phosphatase assay for quantifying the growth of
adherent and nonadherent cells. The background corresponds to an
absorbance of 0.16 at � � 405 nm. An average of three measurements
with the corresponding standard error was represented (B).

Figure 5. Pulp fibroblast morphological changes after 2 days of culture. Cell morphology of pulp fibroblasts after 2 days of cul-
ture seeded in the presence of �-MSH (A) or PGA-�-MSH (B). After 2 days, the quantification of the adherent cells in the pres-
ence of �-MSH or PGA-�-MSH in solution was analyzed (C).
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In Figure 7, we analyzed proliferation and morphol-

ogy of pulp fibroblasts growing on the surface of the

multilayered films (PLL-PGA)10 (A), (PLL-PGA-�-MSH)10

(B), (DGLG4-PGA)10 (C), and (DGLG4-PGA-�-MSH)10 (D) fol-

lowed by AlamarBlue and confocal microscopy (mor-

phology). Our results indicated clearly an increase of cell

proliferation in the presence of PGA-�-MSH when ad-

sorbed on PLL or DGLG4 as a reservoir for cells. These re-

sults are in accordance with the results obtained by ad-

sorption of only one layer of PGA-�-MSH on the top of

the multilayered film (PLL-PGA)5-PLL. To better under-

stand these results, we analyzed at the nanoscale these

multilayered films (architectures A, B, C, and D).

First, we analyzed by QCM dissipation versus fre-

quency shift of the multilayered films during their
build-up process. Successive adsorptions on top of a
SiO2-coated quartz crystal sensor were monitored in situ
by QCM for (PLL-PGA)10 (A), (PLL-PGA-�-MSH)10 (B),
(DGLG4-PGA)10 (C), and (DGLG4-PGA-�-MSH)10 (D) multi-
layered films. In Figure 8, the values of frequency shift
and dissipation are collected, and the linear regressions
are added in the graph to follow the build.

From Figure 8, when the evolution of dissipation is
plotted versus evolution of frequency, it is evident that
using DGLG4 and/or PGA-�-MSH during the build-up of
the film have significantly modified the viscoelasticity

value. The ratio R goes from 1.0 � 10�3 for (PLL-PGA)10

(A) film to 10.0 � 10�3 for (PLL-PGA-�-MSH)10 (B) or

(DGLG4-PGA)10 (C) films. Interestingly, by using both

DGLG4 and PGA-�-MSH in the case of (DGLG4-PGA-�-

MSH)10 (D), the ratio R increases until 14.0 � 10�3

(Table 1).

The evolution of 	f/
 showed a regular film deposi-

tion starting with the first layer of PLL. The increase in

�	f/
 with the number of deposited layers suggested

that regular film deposition occurred.

In the next step, atomic force microscopy (AFM)

was used to get additional information about the struc-

ture of these multilayered architectures (Figure 9).

Modification of dissipation can be correlated to in-

crease the roughness of films analyzed by AFM.34 In
this study, we have also analyzed the roughness and
thickness of these nanostructured films (architectures
A, B, C, and D) obtained by in situ AFM image height
modes in buffer of these films (Figure 9 and Table 1).
In Figure 9, the films made of alternating layers of PLL
or DGLG4 and PGA or PGA-�-MSH were examined in situ
by AFM in the liquid phase. The film thickness was
evaluated by scratching the film with the AFM tip and
was estimated to be 7.7 nm for (PLL-PGA)10 without -�-
MSH, 307 nm for (PLL-PGA-�-MSH)10, and 532 nm for
(DGLG4-PGA-�-MSH)10 in the presence of both DGLG4

Figure 6. Pulp fibroblast morphological changes after 2 days of culture. Cell morphology and quantification of adherent
cells of pulp fibroblasts after 2 days of culture seeded on the multilayered films (PLL-PGA)5-PLL-PGA (A) or (PLL-PGA)5-PLL-
PGA-�-MSH (B). Quantification of adherent cells on the LBL films (C).

Figure 7. Proliferation and morphology of pulp fibroblasts growing on the surface of the multilayered films. Proliferation of
pulp fibroblast after 2 days of culture on the surface of the multilayered films (PLL-PGA)10 (A), (PLL-PGA-�MSH)10 (B), (DGLG4-
PGA)10 (C), and (DGLG4-PGA-�MSH)10 (D) followed by AlamarBlue (left panel). Morphology and actin organization of cells (fixa-
tion after 2 days of proliferation) observed by confocal microscopy (right panel): Alexa Fluor 546-labeled phalloidin (red)
and DAPI (blue), scale bar � 20 �m.
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and PGA-�-MSH deposited materials compared to the

deposited DGLG4 in the architecture (DGLG4-PGA)10 with-

out �-MSH estimated to only 8.2 nm. The roughness

was also analyzed (Table 1) and was still in line with the

results obtained concerning the proliferation

and the morphology of cells growing on the

surface of these nanostructured films with an

increase of the roughness (rms) from 4.1 nm

without �-MSH to 66.1 nm with �-MSH. Inter-

estingly, by using DGLG4, the roughness (rms)

goes from 2.3 nm without �-MSH to 18.7 nm

with �-MSH. In this case, when we combine

both DGLG4 and �-MSH, we do not have more

roughness but more thickness. These results

could be explained by an intralayer process in-

creasing the film cohesion and increasing the

film hydration.

CONCLUSION
Millions of teeth are saved each year by

root canal therapy. Although current treatment

modalities offer high levels of success for many

conditions, an ideal form of therapy might con-

sist of regenerative approaches in which dis-

eased or necrotic pulp tissues are removed and

replaced with healthy pulp tissue to revitalize

teeth.57

Pulp fibroblast plays a central role in signal-
ing various aspects of tissue regeneration. The

control of the pulp fibroblast response is fundamental

to control the pulp inflammation. We have shown that

free PGA-�-MSH can modulate the activation of human

pulp fibroblasts and can regulate the inflammatory fi-

Figure 8. Dissipation versus frequency shift analysis by QCM of the
multilayered films during their build-up process. Successive adsorp-
tions on top of a SiO2-coated quartz crystal sensor were monitored in
situ by QCM for (PLL-PGA)10 (�), (PLL-PGA-�-MSH)10 (�), (DGLG4-
PGA)10 (9), and (DGLG4-PGA-�-MSH)10 (}) multilayered films. Values
of frequency shift and dissipation are collected, and the linear regres-
sions are added in the graph to follow the build-up of each film. The
zoom of the low values of dissipation and frequency is presented in
the inset.

Figure 9. Height mode AFM images in buffer of the multilayered films. In situ AFM images (5 � 5 �m2) of the multilayered
films (PLL-PGA)10 (A), (PLL-PGA-�-MSH)10 (B), (DGLG4-PGA)10 (C), and (DGLG4-PGA-�-MSH)10 (D).
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broblast’s environment as well as the ability of the fibro-
blast to adhere.

We have also investigated whether PGA-�-MSH
could induce adhesion when in contact with a multilay-
ered film finding an increase in adhesion and prolifera-

tion, while PGA alone or free �-MSH inhibited this
mechanism. In conclusion, this study highlights that
PGA-�-MSH can not only modulate pro- and anti-
inflammatory cytokines but also promote adhesion of
pulpal fibroblasts. Therefore, these effects of PGA-�-
MSH may have important regulatory functions in extra-
cellular matrix composition.

Although the mechanism by which PGA-�-MSH can
stimulate all of these responses in human pulp fibro-
blasts has not yet been elucidated, PGA-�-MSH may,
nevertheless, have important regulatory functions to
modulate pulpal inflammation, which causes pulpitis
followed by apical periodontitis. We report here the first
use of nanostructured and functionalized multilayered
films containing �-MSH as a new active biomaterial for
endodontic regeneration.

MATERIALS AND METHODS
Chemicals. The �-MSH analogue, HS-CH2CH2-Ser-Tyr-Ser-Nle-

Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-COOH, was obtained from
Neosystem (Strasbourg, France). Poly-L-glutamic acid (PGA),
poly-L-lysine hydrobromide (PLL), N-hydroxysulfosuccinimide,
lipopolysaccharide (LPS) from E. coli 026:B6, and phorbol ester
12-O tetradecanoyl phorbol 13 acetate (TPA) were obtained from
Sigma (St. Quentin, France).

Synthesis of PGA-�-MSH Films. The �-MSH peptide was covalently
coupled to poly-L-glutamic acid (PGA) and used free or incorpo-
rated into the polyelectrolyte multilayer films (PLL-PGA)n-PLL as
previously described.27,29

Synthesis of Dendri Graft Poly-L-lysines (DGLs). DGLs were prepared
as described in a recent publication.31 In brief, N�-TFA-L-lysine-
NCA prepared according to a method reported in the literature32

was dissolved in an aqueous H2�CO3/HCO3Na solution (pH
6.5),33 leading, after 30 min, to oligo-N�-TFA-L-lysine, which pre-
cipitates and is isolated by filtration. The protecting group is re-
moved with 150 mL of water�methanol ammonia solution at pH
11 (15 h at 40 °C). Following partial solvent removal at reduced
pressure, the remaining solution was freeze-dried, affording to a
first-generation oligo(L-lysine) of DPn � 8 and low polydisper-
sity (1.2). By repeating the same polymerization procedure in the
presence of the first-generation oligo(L-lysine), second-
generation DGL (DGLG2) was obtained (DPn � 48 and polydisper-
sity � 1.3) following deprotection and freeze-drying. The third-
generation DGL (DGLG3) was obtained (DPn � 123 and polydis-
persity � 1.4) under the same conditions using DGLG2. The
fourth-generation DGL (DGLG4) was obtained (DPn � 365 and
polydispersity � 1.3) under the same conditions using DGLG3.
The structures of DGLG2, DGLG3, and DGLG4 were established by
1H and 13C NMR. In this study, we have used the fourth-
generation DGLG4.

Polyelectrolyte Multilayered Film Preparation. For all biological ac-
tivity experiments, polyelectrolyte multilayer films were pre-
pared on glass coverslips (CML, France) and pretreated with 10�2

M SDS and 0.12 N HCl for 15 min at 100 °C, and then exten-
sively rinsed with deionized water. The glass coverslips were
then deposited in 24-well plates (Nunc, Denmark). A precursor
film constituted by PLL-(PGA-PLL) was built by alternating im-
mersion of the plates during 20 min in the respective polyelec-
trolyte solutions (300 �L) at the respective concentrations of 1
mg/mL for PGA and PLL in the presence of 0.15 M NaCl at pH �
7.4. PGA-�-MSH is negatively charged and was always adsorbed
on a film terminating with a layer of positively charged PLL. After
each deposition step, the coverslips were rinsed three times dur-
ing 5 min with deionized water. All of the films were sterilized
for 10 min by exposure to ultraviolet (UV) light (254 nm, 30 W, il-
lumination distance 20 cm). Before use, all films were equili-

brated in contact with 1 mL of RPMI medium (see Cell Culture)
without serum.

Cell Culture. Human pulp fibroblasts were obtained from hu-
man third molar germ tissue extracted for orthodontic reasons
(Dental School, Strasbourg). These tissues were used with the pa-
tient’s informed consent and approval by the Research Ethics
Committee. Human pulp fibroblasts and mouse embryo fibro-
blasts (NIH 3T3, a gift of IGBMC, Strasbourg, France) were cul-
tured in Dulbecco’s modified Eagle’s medium (D-MEM) contain-
ing 1% antimicotic solution and 10% FBS (Life Technologies,
Paisley, UK). The cultures were incubated at 37 °C in a humidi-
fied atmosphere of 5% CO2. When the cells reached subconflu-
ence, they were harvested with trypsin and subcultured. The fi-
broblast cultures used for all experiments were from passages
three to six.

Cell Viability and Proliferation. Cell viability was determined by
trypan blue exclusion. Cell proliferation was measured by the
acid phosphatase method. Briefly, cells were washed with 300
mL of PBS. The buffer added to each well contains 0.1 M sodium
acetate (pH 5.5), 0.1% of Triton X-100, and 10 mM of
p-nitrophenyl phosphate [pNPP] (Sigma, St. Quentin, France). Af-
ter a 3 h incubation at 37 °C with 5% CO2, the reaction was
stopped by the addition of 1 N sodium hydroxide, and the absor-
bance was measured by a spectrophotometer at 405 nm (Lab-
systems, iEMS Reader MF, Gibco). Cell viability and proliferation
were measured at 24 and 96 h. Cell spreading and adhesion were
observed by confocal microscopy.

AlamarBlue (Serotec) was used to assess cellular prolifera-
tion. The AlamarBlue test is a nontoxic, water-soluble, colorimet-
ric redox indicator that changes color in response to cell metabo-
lism. In this study, 5 � 104 pulp fibroblasts were seeded on the
top of LbL-coated 14 mm diameter coverslips (n � 3) placed on
24-well plates. After 2 days of culture, cells were incubated in
10% AlamarBlue/D-MEM solution in a humidified atmosphere
at 37 °C and 5% CO2. After 6 h, 100 mL of incubation media was
transferred to 96-well plates and measured at 590 and 630 nm in
order to determine the percentage of AlamarBlue reduction.

Immunofluorescence. After 2 days of proliferation, cells were
fixed with 4% PFA during 1 h, permeabilized with 0.1% Triton
X-100 for 1 h, and incubated for 20 min with Alexa Fluor 546-
conjugated phalloidin (Molecular Probes) for F-actin labeling and
5 min with 200 nM DAPI (Sigma) for nuclear staining. Cells were
mounted on microscope slides using Vectashield (Vector) and
imaged by confocal microscopy (Zeiss, LSM 510).

Cell Activation. Fibroblasts (5 � 105) were seeded in 24-well
plates (Nunc, CML, Nemours, France) and incubated with LPS
(10 ng mL�1) from E. coli in the presence or absence of free
�-MSH or PGA-�-MSH coupled peptides, in D-MEM without
FBS. At different time points of incubation, cells were centri-
fuged and the levels of TNF-�, IL-10, or IL-8 in cell-free superna-

TABLE 1. Physical Characterization of the Multilayered
Filmsa

nanostructured films roughness rms (nm) thickness (nm) 	D/(	f/
) (QCM)

A 4.1 � 0.3 7.7 � 2.2 0.01 � 0.0015
B 66.1 � 13.6 307 � 48 0.10 � 0.026
C 2.3 � 0.7 8.2 � 1.1 0.10 � 0.018
D 18.7 � 2.3 538 � 100 0.14 � 0.001

aRoughness, thickness, and 	D/(	f/
) analysis of the multilayered films (PLL-
PGA)10 (A), (PLL-PGA-�-MSH)10 (B), (DGLG4-PGA)10 (C), and (DGLG4-PGA-�-MSH)10

(D) obtained by AFM and QCM .A
RT
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tants were determined using commercially available ELISA kits
(Endogen, Woburn, MA). Studies of the effects of multilayer films
consisting of PGA-�-MSH coupled peptides were conducted by
seeding 5 � 105 cells directly onto the film in a 24-well plate as
previously described.26 All experiments were performed at least
three times.

Intracellular cAMP. Pulp fibroblasts (1 � 105) were plated in 24-
well plates in D-MEM containing 1% antimicotic solution and
10% FBS (Life Technologies, Paisley, UK). The cultures were incu-
bated at 37 °C in a humidified atmosphere of 5% CO2 and al-
lowed to adhere for 2 h. Cells were then washed and incubated
with 3 �M forskolin (positive control), the MC3/4R agonist MTII
(10 �g mL�1), the MC1R agonist MS05 (10 �g mL�1), and PGA-�-
MSH (10�300 �g mL�1) in the presence of 1 mM isobutylmeth-
ylxantine in serum-free medium and incubated for 30 min at
37 °C in a humidified atmosphere of 5% CO2. A nontreated group
incubated in serum-free medium alone served as a negative con-
trol. Cell supernatants were then removed, and the cells were ly-
sed. Intracellular cAMP was quantified using a commercially
available enzyme immunoassay kit and a standard curve con-
structed with 0�3200 fmol �g mL�1 cAMP (Amersham Bio-
science, Little Chalfont, UK).

Quartz Crystal Microbalance. The films were monitored in situ
with a quartz crystal microbalance using an axial flow chamber
QAFC 302 (QCM-D, D300, Q-Sense, Götenborg, Sweden). QCM
works by measuring the resonance frequency shift (	f) of a
quartz crystal induced by polyelectrolyte or protein adsorption
onto the crystal in comparison to the crystal in contact with
buffer. Changes in the resonance frequencies were measured at
the third overtone (
 � 3), corresponding to the 15 MHz reso-
nance frequency. A shift in 	f/
 can be related in a first approxi-
mation to a variation of the mass adsorbed to the crystal by the
Sauerbrey relation: m � �C	f/
, where C is a constant character-
istic of the crystal used (in our case, C � 17.7 ng cm�2 Hz�1).
The qualitative information about the viscoelastic properties of
the film can be analyzed by using the ratio R: 	D/(f/
). An increas-
ing value of this ratio indicates a decreasing of stiffness of the de-
posited material.

Atomic Force Microscopy. The images were obtained in contact
mode in liquid conditions with the Solver Pro from NT-MDT
(Moscow, Russia). Cantilevers with a spring constant of 0.03 N/m
and with silicon nitride tips were used (Model MSCT-AUHW
Park Scientific, Sunnyvale, CA). Several scans were performed
over a given surface area. These scans had to give reproducible
images to ascertain that there is no sample damage induced by
the tip. Deflection and height mode images are scanned simul-
taneously at a fixed scan rate (between 2 Hz) with a resolution of
512 � 512 pixels. For all observations, the samples were kept un-
der liquid (build-up buffer).

Confocal Laser Scanning Microscopy (CLSM). CLSM observations were
documented with a Zeiss LSM 510 microscope using a �40/1.4
oil immersion objective at 0.4 �m z-section intervals. FITC fluo-
rescence was detected after excitation at 488 nm with a 488 nm
cutoff dichroic mirror and a 505�530 nm emission band-pass fil-
ter (green). All experiments were performed with cells in
solution.

Statistical Analysis. All values are expressed as mean � SEM,
and all experiments were repeated at least three times. Statisti-
cal analysis was performed using the Mann�Whitney U test. A
probability p value �0.05 was considered significant to reject the
null hypothesis.
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