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Abstract
A pentapeptide AVIFM (CAP-p5) derived from the carboxy-terminus end of ce-
mentum attachment protein was examined for its role on proliferation, differenti-
ation, and mineralization of human periodontal ligament cells (HPLC), and for its 
potential to induce cementum deposition in vivo. CAP-p5 capability to induce hy-
droxyapatite crystal formation on demineralized dentin blocks was characterized 
by scanning electron microscopy, μRAMAN, and high-resolution transmission 
electron microscopy. The results revealed that CAP-p5 promoted cell prolifera-
tion and cell differentiation and increases alkaline phosphatase activity of HPLC 
and mineralization at an optimal concentration of 10 μg/mL. It induced the ex-
pression of cementum molecular markers BSP, CAP, CEMP1, and ALP at the pro-
tein level. In a cell-free system, human demineralized dentin blocks coated with 
CAP-p5 induced the deposition of a homogeneous and continuous mineralized 
layer, intimately integrated with the underlying dentin indicating new cementum 
formation. Physicochemical characterization of this mineral layer showed that 
it is composed of hydroxyapatite crystals. Demineralized dentin blocks coated 
with CAP-p5 implanted subcutaneously in BALB/cAnNCrl were analyzed histo-
logically; the results disclosed that CAP-p5 could induce the deposition of a ce-
mentum layer intimately integrated with the subjacent dentin with cementocytes 
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1   |   INTRODUCTION

Cementum is one component of the most complex biolog-
ical system in mammals: the periodontium. This mineral-
ized connective tissue covers the entire surface of the root 
and constitutes the interface between the periodontal liga-
ment and dentin. Cementum contributes to the anchorage 
of the collagen fiber bundles of the periodontal ligament 
and the supra-alveolar gingival fiber system, providing 
biomechanical and structural support for the connective 
tissue attachment; therefore, cementum and the peri-
odontal ligament are intricately connected.1 Homeostasis 
of the periodontium is lost when this physiological sys-
tem is affected by periodontitis, a chronic multifactorial 
disease, leading to its destruction and tooth loss.2 Ideally, 
periodontal therapy has been directed to re-establish the 
anatomy and a fully functional attachment apparatus of 
periodontal tissues affected by periodontal disease. These 
include standard surgical procedures, the use of bar-
rier membranes for guided tissue regeneration (GTR)3,4 
enamel matrix derivative (EMD)5,6 bone morphoge-
netic proteins (BMPs),7 growth factors such as PDGF,8–10 
IGF-I,11 and TGF-β1superfamily proteins,12 and multi-
functional scaffolds.13 Lately the combination of MSCs, 
growth factors, and a scaffold has also been proven to suc-
ceed in recreating an osteogenic construct.14 However, the 
therapeutical approaches used nowadays have failed to 
completely restore the anatomy and function of a healthy 
periodontium, and the results are not predictable. Hence, 
novel therapeutic strategies that facilitate the regeneration 
of normally functioning periodontal apparatus in the dis-
eased periodontium are being investigated.

Within the intricacy of the regeneration of the peri-
odontal functional unit, cementum plays a key role to 
regulate the periodontium microenvironment to achieve 
the neoformation of periodontal tissues. Cementum extra-
cellular matrix is composed of collagen types I and III,15 
glycoproteins such as osteopontin, also known as secreted 
phosphoprotein 1 (SPP1),16 bone sialoprotein (BSP), os-
teocalcin (BGLAP), matrix GLA protein (MGP), alkaline 

phosphatase mineralization associated (ALP),17 fibronec-
tin (FN1) and vitronectin (VTN).17,18 Cementum also has 
shown to contain proteins called Cementum Protein 1 
(CEMP1)19 and Cementum Attachment Protein (CAP),20 
these proteins are expressed by cementoblasts and mesen-
chymal stem cells in the periodontium, and they promote 
cell attachment and periodontal ligament cells differenti-
ation toward the cementoblastic phenotype. In addition, 
these proteins are potent regulators of hydroxyapatite crys-
tal nucleation and its growth in vitro.21–23 These proteins 
have been shown to promote bone regeneration in critical-
sized calvaria defects.23,24 Cementum Attachment Protein 
is an isoform and homonym of 3-hydroxyacyl-CoA dehy-
dratase (HACD1).20 Previous studies have unveiled the role 
of CAP regulating the mineralization process in vitro and 
in vivo.23 Recently, we demonstrated that CAP's carboxyl-
terminus nucleates hydroxyapatite crystals in  vitro and 
induces HPLC differentiation.25 The CAP's C-terminus 
sequence comprises 15 amino acids, which replaces the 
active site for HACD1 phosphatase activity. Synthetic pep-
tides are cost-effective small molecules with high regener-
ative competency, biocompatibility, and straightforwardly 
synthesized with manageable properties that make them 
perfect biomolecules with noteworthy impact on tissue re-
generation. Therefore, we designed a pentapeptide from 
the carboxy-terminus sequence of CAP. This peptide with 
the sequence AVIFM is hereinafter referred to as CAP-p5. 
We examined the influence of this peptide on cell prolif-
eration, cell differentiation, and mineralization of HPLC. 
We investigated specific effects of the CAP's-p5 on de novo 
cementum formation on dentin blocks coated with CAP-
p5 and subcutaneously implanted into BALB/cAnNCrl.

2   |   MATERIALS AND METHODS

2.1  |  Ethics statement

The Ethics Committee at the Facultad de Odontología, of 
the Universidad Nacional Autónoma de México (UNAM), 

embedded into the cementum matrix. Immunostaining showed the expression of 
cementum molecular markers; v.gr. BSP, CAP, CEMP1 and ALP, validating the 
molecular identity of the newly deposited cementum. We conclude that CAP-p5 
is a new biomolecule with the potential of therapeutic application to contribute 
to the regeneration of cementum and periodontal structures lost in periodontal 
disease.

K E Y W O R D S

cementum, cementum attachment protein, peptide CAP-p5: Cementum proteins, periodontal 
regeneration
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reviewed and approved the use of human tissue from the 
oral cavity for the generation and culturing of HPLC and 
all animal procedures. Tissue samples were obtained from 
donors who underwent routine oral surgery procedures.

2.2  |  Peptide Synthesis

The pentapeptide sequence corresponds to aminoacids 
136 to 140 of the CAP's carboxy-terminal domain: AVIFM. 
The synthesis of the peptide was performed as described 
elsewhere.26 Briefly, the peptide was synthesized by stand-
ard Fmoc solid-phase peptide synthesis and purified using 
C-18 reverse-phase liquid chromatography up to a > 95% 
purity level (Byosinth, Gardner, MA, USA). Lyophilized 
CAP-p5 was dissolved in deionized water and the solution 
filtered (0.22-μm filter) and maintained at 4°C until use.

2.3  |  Cell culture

Human periodontal ligament cells (HPLC) were 
isolated and maintained as previously described.27 The 
experimental studies used cells between 2nd and 5th 
passages. The cells were grown and maintained in DMEM 
supplemented with 10% fetal bovine serum (FBS; Thermo 
Fisher Scientific, Waltham, MA, USA), antibiotics 
(penicillin 100 UI/mL; streptomycin 100 μg/mL) in 5% 
CO2 and 95% air atmosphere with 100% humidity.

2.4  |  Effect of CAP-p5 on cell 
proliferation

To evaluate the effect of CAP-p5 on HPLC proliferation, 
the colorimetric 3-(4,5-dimethylthazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) assay was used. HPLC were 
plated at 0.5 × 104 density in 96-well plates (Thermo Fisher 
Scientific, Waltham, MA, USA). Experimental cells were 
treated with CAP-p5 at 1, 5, 10 and 15 μg/mL concentra-
tions in DMEM supplemented with 0.5% FBS for 0, 24, 
48, 72, and 96 h. Medium was replaced with fresh CAP-
p5 every other day. Control cells did not receive CAP-p5 
treatment and were cultured in the presence of 0.5% or 
10% FBS, as negative and positive controls, respectively. At 
the end of each time interval, 10 μL MTT solution (5 mg/
mL; Boehringer Mannheim, Indianapolis, IN, USA) in PBS 
were added to the wells and incubated at 37°C for 4 h. After 
MTT incubation, 100 μL lysing buffer (20% sodium dode-
cyl sulfate, 50% dimethyl formamide [pH 4.7]) was added 
to each well and incubated 1 h at 37°C. Afterward, the re-
sultant solution was read at 570 nm on a microplate reader 
(Filter Max F5; Molecular Devices, Sunnyvale, CA, USA).

2.5  |  Detection and Quantification of 
Mineralization

Human periodontal ligament cells were plated at a density 
of 5 × 104 cells, in 6-well plates (Thermo Fisher Scientific, 
Waltham, MA, USA) and incubated with 10% FBS, 5 mM 
β-glycerophosphate, and 50 μg/mL ascorbic acid (controls) 
or with 10 μg/mL of CAP-p5 (experimental) for 5, 10, and 
15 days. Cell culture media was replaced every other day 
and cells were fixed with 70% ethanol and air-dried at vari-
ous time intervals. Cell cultures were tested for calcium 
precipitation by staining with 2% Alizarin Red S (ARS; 
Millipore Sigma, Burlington, MA, USA) for 10 min. To 
quantify the calcium deposit's staining intensity, the ce-
tylpyridinium chloride (CPC) method was used. Briefly, 
after staining with ARS, CPC (10%, w/v, in distilled water; 
Millipore Sigma) was added to each dish (2 mL/dish) and 
incubated for 1 h at 37°C. After incubation, the transparent 
CPC solution turned purple, was diluted 5 times (10% w/v) 
and transferred to a 96-well plate (100 μL/well) for absorb-
ance reading, at 570 nm (Filter Max F5; Molecular Devices). 
Experiments were performed in triplicate and repeated 
twice.

2.6  |  Alkaline Phosphatase Specific 
Activity

ALP-specific activity was determined on HPLC (untreated 
and treated with 10 μg/mL of CAP-p5) and cultured for 5, 
10 and 15 days. ALP activity assays were performed as 
described by Lowry et al.28 The activity was expressed as 
nanomoles of p-nitrophenol per minute per milligram 
of protein and alkaline phosphatase enzymatic activity 
was normalized to total protein concentration.29 Data 
are shown as mean ± S.E.M. from three independent 
experiments with p < 0.05 considered statistically 
significant. Data were analyzed using Student t test. 
Statistical analyses were performed with Sigma Stat V 3.1 
software (Systat, San Jose CA, USA).

2.7  |  Western blot analysis

Human periodontal ligament cells were plated at 2 × 104 
density in 6-well culture plates and cultured for 5, 10, and 
15 days, treated with or without 5 μg/mL CAP-p5. At the end 
of the experimental period, the cells were scraped with a po-
liceman and dissolved in lysis buffer containing 1% SDS and 
protease inhibitor cocktail. Western blots were performed 
with rabbit polyclonal antibodies anti-human recombinant 
CAP (produced in house), anti-human recombinant CEMP1 
(produced in house), anti-human GAPDH (sc-13,179; Santa 
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Cruz Biotechnology, Dallas, TX, USA), monoclonal anti-
body anti-human BSP (sc-73,497; Santa Cruz Biotechnology, 
Dallas, TX, USA) and monoclonal antibody anti-human 
ALP (sc-365,765; Santa Cruz Biotechnology, Dallas, TX, 
USA). Proteins from experimental and control groups (20 μg/
lane) were separated on SDS/12% PAGE and electroblotted 
on a PVDF membrane (Immobilon-P; Millipore Sigma). 
Membranes were blocked with 5% nonfat milk for 1 h and 
then incubated with 1:1000 diluted antibodies for 1 h. After 
they were washed, the membranes were incubated with 
1:1000 diluted Goat anti-Rabbit IgG (H + L) secondary anti-
body, HRP (31,460; Thermo Fisher Scientific, Waltham, MA, 
USA), or Goat anti-Mouse IgG (H + L) secondary antibody, 
HRP (31,430; Thermo Fisher Scientific, Waltham, MA, USA) 
for 1 h. Membranes were washed with PBS and developed as 
described elsewhere.19 For assessment of the Western blot, 
all membranes were digitalized with an Epson V550 scanner 
and processed and analyzed with ImageJ software National 
Institutes of Health (NIH), Bethesda, MD, USA. The relative 
level of each protein was assessed by measuring the inte-
grated intensity of all pixels in each band, excluding the local 
background. Results are expressed as percentages of protein 
intensity.

2.8  |  Deposition of Hydroxyapatite 
Crystals on Dentin Blocks Induced by 
CAP-p5

Human teeth were gathered at the Facultad de 
Odontología, Universidad Nacional Autónoma de 
México. The use of these materials complied with the 
Institutional Review Board Guidelines (approved pro-
tocol: CIE: CIE/0101/10/2023). Dentin blocks were pre-
pared as follows: teeth, were extensively washed with 
PBS, and the remaining soft tissue was detached with a 
7/8 Gracey curette. Then, under a stereoscopic micro-
scope the cementum layer was scrapped with a 30/33 
Jaquette Scaler until the cementum was completely 
scraped. Dentin blocks specimens (3 × 3 mm; 1,5 mm 
thick) were prepared with a diamond disk under copi-
ous irrigation, then the blocks were sonicated for 10 min 
to eliminate tissue debris. Dentin blocks were exten-
sively washed in deionized water and demineralized 
with 38% phosphoric acid gel for 45 s and extensively 
washed with deionized water. The specimens were 
stored in 70% ethanol at 4°C until used. Dentin blocks 
were coated with 50 μg of CAP-p5 solution dropped 
on top and vacuum dried. Control dentin blocks were 
dropping 25 μL of deionized water (23). The specimens 
were then submerged in a simulated physiological so-
lution SPS; 1.2 mM CaCl2·2H2O, 50 mM HEPES buffer, 

0.72 mM KH2PO4,16 mM KCl, 4.5 mM NH4Cl, 0.2 mM 
MgCI2·6H2O, pH = 7.15 and incubated for 7 days at 
37°C.30

2.9  |  Characterization of the Mineral 
Deposits on Dentin Blocks

2.9.1  |  Scanning Electron Microscopy

After 7 days of incubation, the morphology, microstructure, 
and the elemental chemical composition of the precipi-
tates formed on the dentin blocks (coated with CAP-p5 or 
uncoated), were examined with the JSM-7800F Schottky 
FE-SEM. The dentin blocks were fixed in an aluminum 
specimen holder and the samples weas sputter-coated in 
gold (3 nm) to reduce charge. The images were obtained 
with backscattered electron signal (BSE). The calcium 
to phosphate (Ca/P) ratio was calculated from the semi-
quantitative analysis obtained by EDS pattern at 20–25 V 
acceleration voltage and at 20–25 Pa of pressure in the speci-
men chamber on different areas with different probe sizes 
(Noran X-ray microanalysis detector, model Voyager 4.2.3.).

2.9.2  |  μRaman

Spectra from crystals precipitated on dentin blocks (with 
and without CAP-p5 treatment) were recorded with a 
Micro-Raman (Thermo Fisher Scientific, Waltham, MA, 
USA) with an excitation source of 532 nm, power of 8 mW, 
and 50–3000 cm-1. A 50 objective with a numerical aperture 
of 0.75 was used to focus the sample and collect the spectra 
for 12 s. Samples were positioned horizontally on a plastic 
specimen holder, and a region of interest was selected using 
an integrated optical microscope. The vibratory spectra 
from functional groups were analyzed with the Origin Pro 
2020 software (OriginLab, Northampton, MA, USA).

2.9.3  |  High resolution transmission electron 
microscopy (HRTEM)

The calcium phosphate precipitates obtained from dentin 
blocks (with and without CAP-p5 treatment) were sus-
pended in isopropyl alcohol and dispersed by ultrasonic 
bath, then a drop was placed on carbon Formvar-coated 
copper grids of 300 mesh. The samples were character-
ized by transmission electron microscopy (JEOL JEM-
2010F FasTEM microscope) operated at 200 kV. Digital 
Micrograph software was used to analyze the crystal 
structure of the samples. The interplanar distances were 

https://www.sciencedirect.com/topics/medicine-and-dentistry/high-resolution-transmission-electron-microscopy
https://www.sciencedirect.com/topics/medicine-and-dentistry/high-resolution-transmission-electron-microscopy
https://www.sciencedirect.com/topics/medicine-and-dentistry/2-propanol
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compared to standard hydroxyapatite (JCPDS 72–1243) 
and monetite (JCPDS 03–0398).

2.9.4  |  Resin infiltration and backscattered 
scanning electron microscopy

For backscattered scanning electron microscopy (SEM), 
the surfaces of the methyl methacrylate-embedded dentin 
blocks were polished. The specimens were examined with 
JSM-7800F Schottky FE-SEM microscope.

2.9.5  |  In Vivo Subcutaneous Implantation of 
Dentin Blocks coated with CAP-p5

The Protocols used in these studies were approved by 
the Institutional Animal Care and Use Committee at the 
School of Dentistry, Universidad Nacional Autonoma de 
Mexico (approved protocol FO-M001-0009-2022). Five 
male BALB/cAnNCrl aged 2 months and weighing 25–30 
grams were obtained from the Instituto de Fisiología 
Celular, Vivarium. The animals were acclimatized for 
7–14 days at a temperature 18–22°C and relative humid-
ity 30%–70% with a 12/12 h light/dark cycle. The animals 
had ad libitum access to water and a standard laboratory 
diet. The same animal served as control and experimen-
tal. Dentin blocks dimensions were: 3 × 3 mm; 1,5 mm 
thick. (1). Control group: On the right site of the male 
BALB/cAnNCrl mice dorsum were implanted the dentin 
blocks treated with deionized water. (2). Experimental 
group. On the left side of the male BALB/cAnNCrl dor-
sum dentin blocks treated with 50 μg of CAP-p5 were 
implanted, (see Figure 1). Dentin blocks specimens from 
both groups (control and experimental) were vacuum 
dried prior to the subcutaneous implantation. A surgi-
cal subcutaneous incision was performed in male BALB/
cAnNCrl, anesthetized by intraperitoneal injection of 
80 mg/kg ketamine and 10 mg/kg xylazine. A 1 cm in-
cision was performed at the center of the dorsum. The 
control and experimental dentin blocks specimens were 
placed subcutaneously, and skin was sutured with 5–0 
Vicryl™ absorbable sutures (Ethicon Inc., Bridgewater, 
NY, USA). The procedures were performed under asep-
tic conditions. After 16 weeks, animals were euthanized 
using carbon dioxide gas USP Grade A.

2.9.6  |  Histologic Procedures

Immediately after the euthanasia, dentin blocks were 
recovered and fixed in 10% formaldehyde for 5 days. 
The dentin blocks were decalcified with 10% EDTA 

(pH 7.4), containing 0.5% formaldehyde for 30 days, de-
hydrated in a graded alcohol series, embedded in paraf-
fin. Sections 5 mm thick were cut and mounted on glass 
silanized slides, as described elsewhere.23 Panoramic 
photomontages acquired from three central sections per 
defect and stained with hematoxylin and eosin were used 
for histological and histomorphometric analyses to assess 
the formation of new cementum on dentin blocks treated 
with CAP-p5. Three sections were stained with Masson's 
trichrome stain for cross-reference. The sections were ex-
amined via light microscopic analysis (Axioskope 2; Zeiss, 
Germany) and performed by two-blinded examinators.

2.9.7  |  Immunofluorescence

Expression of cementum-related molecular markers were 
analyzed in the dentin blocks with and without CAP-p5 treat-
ment by double-immunofluorescence staining using the fol-
lowing antibodies: 1. Rabbit anti-human recombinant CAP 
polyclonal antibody (produced in house), diluted 1:100; rab-
bit anti-human recombinant CEMP1 (produced in house), 
diluted 1:50; 3. rabbit anti-human ALP (PA5-8335; Thermo 
Fisher Scientific, Waltham, MA, USA), diluted 1:50 and 4: 
mouse anti-human BSP (SC-73497; Santa Cruz Biotech., Inc. 
Dallas, Texas, USA) diluted 1:100. Antibodies were diluted in 
PBS containing 2 mg/mL of BSA to block unspecific binding 
of the antibody. Sections were incubated with primary anti-
bodies as described above and incubated overnight at 4°C. 
Sections were washed with PBS containing 0.1% Tween 20, 

F I G U R E  1   CAP-p5 dentin blocks coating and subcutaneous 
implantation in BALB/cAnNCrl mice.
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three times for 5 min, then with PBS for 5 min. Sections were 
then incubated with 1:400 diluted (in PBS), goat anti-mouse 
IgG (H + L) highly cross-adsorbed secondary antibody, 
Alexa Fluor™ Plus 488 (A32723; Thermo Fisher Scientific, 
Waltham, MA, USA) and goat anti-rabbit IgG (H + L) cross-
adsorbed secondary antibody, Alexa Fluor™ 594 (A-11012; 
Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 
room temperature. The samples were evaluated with a fluo-
rescence microscope (Axioskope 2; Zeiss, Germany), with 
the appropriate filter combinations. Negative controls were 
achieved by omitting the primary antibody or by incubating 
with normal mouse or rabbit serum.

2.10  |  Statistical analysis

Unpaired Student t tests were used to compare the con-
trol groups against the experimental group at 4 weeks 

post-surgery. All results are expressed as mean ± SE, and 
a value of p = 0.05 was considered statistically significant. 
Statistical analyses were performed with Sigma Stat V 3.1 
software (Systat, San Jose CA, USA).

3   |   RESULTS

3.1  |  Cell proliferation

The results showed that CAP-p5 optimally stimulated 
HPLC proliferation at a 10 μg/mL concentration. The 
stimulation was 71, 84, 89 and 86% at 1, 2, 3, and 4 days 
respectively, when compared to the positive control (10% 
FBS; Figure 2A).

CAP-p5 Induced HPLC toward a Mineralizing Phenotype.
Human periodontal ligament cells were treated with 

CAP-p5 (10 μg/mL) and assessed for mineral production 

F I G U R E  2   (A) Synthetic Cementum Attachment Protein-Derived Peptide (CAP-p5) stimulated HPLC proliferation with an optimal 
concentration of 10 μg/mL by 71, 84, 89 and 86% at 1, 2, 3, and 4 days, respectively. (B) Representative images of HPLC after osteogenic 
induction elicited by CAP-p5 at 10 μg/mL of cultures stained with 2% solution of ARS at 5, 10, and 15 days, (C) Elution of ARS with 
Cetylpyridinium Chloride showed that the calcium contents of HPLC treated with CAP-p5 at 10 μg/mL concentration are significantly 
higher than those of the control cells. (D) Alkaline phosphatase specific activity was increased by HPLC treated with CAP-p5 at 10 μg/mL 
concentration at 5, 10, and 15 days. All assays were repeated three times independently (n = 3/group). *p < 0.05, **p < 0.01, and ***p < 0.005.
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with ARS. The results revealed the formation of calcium 
nodules by HPLC treated with CAP-p5. Control cultures 
did not form calcium nodules (Figure 2B). Quantification 
of staining using CPC demonstrated significant differ-
ences of staining intensity between CAP-p5-treated HPLC 
cultures by 10.0, 3.7 and 5.2-fold at 5, 10 and 15 days, when 
compared to controls (Figure 2C).

Alkaline Phosphatase Specific Activity of HPLC treated 
with 10 μg/mL of CAP-p5 at 5, 10 and 15 days revealed that 
ALP-specific activity raised by 2.1, 2.3 and 2.6-fold, respec-
tively, when compared to untreated controls. (Figure 2D).

3.2  |  Expression of 
Cementum-Associated Proteins by Human 
Periodontal Ligament Cells

The differentiation effect of CAP-p5 on HPLC toward 
cementoblast-like cell phenotype was assessed at the 
protein level by Western blot analysis (Figure  3A). The 
expression of cementum-related molecules was assessed 
at 5, 10, and 15 days. The results revealed that treatment 
of HPLC cultures with CAP-p5 (10 μg/mL), increased the 
expression of ALP by 83, 80, and 138% HPLC cultures 
treated with CAP-p5 at 5, 10, and 15 days, when compared 
to the controls (Figure 3B). BSP was expressed by 39% both 
at 10 and 15 days in experimental cultures, when compared 
to controls respectively. Cell cultures treated with CAP-
p5 revealed a positive effect on the expression of CAP by 
64.6, 123, and 107% when compared with control cultures 
at 5, 10, and 15 days respectively. Cementum Protein 1 
expression by HPLC treated with CAP-p5 increased by, 
129, 95 and 89% at 5, 10 and 15 days of culture respectively, 
relative to controls.

3.3  |  Analyses of Mineral Deposits on 
Dentin Blocks

3.3.1  |  Scanning Electron Microscopy and 
μRaman Spectroscopy

SEM analysis of the mineral deposits on control dentin 
blocks revealed crystal features of flake-like crystals, 
with almost parallel and linear organization (Figure 4A). 
Dentin blocks coated with CAP-p5 promoted the forma-
tion of lamellae-like crystal structures, with irradiating 
plate-like crystals emerging out of the underlying den-
tin surface. (Figure  4B). Further confirmation of the 
nature and structural changes of the crystals deposited 
on dentin blocks treated with CAP-p5 and controls was 
performed using μRaman spectroscopy. A representa-
tive μRaman spectrum of control and CAP-p5 samples 

are shown (Figure 4C). Micro-Raman bands for controls 
showed the most intense band at 987 cm−1 correspond-
ing to symmetric PO stretching (v1). Raman spectra of 
CAP-p5 showed the most intense band at 963 cm−1 due to 
the symmetric stretching mode of the P–O bond v1(PO4). 
The results show that spectra assigned to the control and 
CAP-p5 phase are visibly distinguishable. We observed 
the distinct shifts and splitting of the HPO4

2− vibra-
tional frequencies in the control spectra with the nor-
mal modes of the isolated phosphate ion PO4

3− observed 
in CAP-p5 due the presence of hydroxyapatite. EDS 
elemental analysis was carried out to measure the cal-
cium to phosphorus (Ca/P) molar ratio of the samples. 
Mineral deposits on dentin blocks coated with CAP-p5 
after incubation for 7 days in SPS had a Ca/P molar ratio 
of 1.57 ± 0.07 (inset), which is close to the theoretical 

F I G U R E  3   (A) Human periodontal ligament cells cultured 
without CAP-p5 showed practically undetectable expression at the 
protein level of ALP and CEMP1. However, CAP was expressed at 
15 days of culture. Human periodontal ligament cells treated with 
CAP-p5 at 10 μg/mL concentration revealed a noteworthy gene 
product expression of ALP, CAP, and CEMP1 at 5, 10, and 15 days 
of culture. Nevertheless, BSP was noticeably expressed at 10 and 
15 days of culture. (B) Cementum-related molecules expression 
when compared to controls. *p < 0.05; ****p < 0.0001.

https://www.sciencedirect.com/topics/medicine-and-dentistry/raman-spectrometry


8 of 14  |      RODRÍGUEZ et al.

value of stoichiometric hydroxyapatite (inset). Controls 
had a Ca/P molar ratio of 1.28 ± 0.03 (inset).

Control and experimental samples embedded in resin 
showed distinct differences in the remineralization of den-
tin blocks as observed by SEM. After 7 days of dentin blocks 

incubation in SPS, a disorganized layer of crystallites with 
a gap between the underlaying dentin and crystals was ob-
served in control samples without the peptide Figure 5A. 
However, a newly, homogeneous, and continuous layer 
of mineral with an intimate union with the surface of the 
underlying dentin was observed in specimens coated with 
CAP-p5 (Figure 5B). The morphological features revealed 
that the layer was composed of globular material with a 
thickness of 7 μm comprising biomimetic cementum in an 
in vitro system, that continued to form needle-like crystals.

3.3.2  |  High-Resolution Transmission 
Electron Microscopy (HRTEM)

HRTEM provided further insight into the nanometer-
scale details of the samples. The HRTEM images and 
corresponding fast Fourier transform (FFT) revealed the 
single-crystal nature of monetite according to JCPDS 
03–0398 in the control sample (Figure 6A). The interpla-
nar distances measured in segments of the HRTEM mi-
crograph were 0.447 and 0.426 nm, corresponding to the 
interplanar spacing of the (011) and (101) crystal planes 
of monetite. For the crystals induced by CAP-p5, the dif-
fraction spots were assigned as a single crystal diffraction 

F I G U R E  4   (A) SEM images of the mineral deposits on control 
dentin blocks revealed features of flake-like crystals, with almost 
parallel and linear organization with a CA/P ratio: 1.28 (inset). 
(B) Dentin blocks coated with CAP-p5 promoted the formation of 
lamellae-like crystal structures, with irradiating plate-like crystals 
emerging out of the underlying dentin surface with a Ca/P ratio: 
1.57 (inset), representing hydroxyapatite. (C) Further confirmation 
of the nature and structural changes of the crystals deposited on 
dentin blocks treated with CAP-p5 and controls was performed 
using μRaman spectroscopy.

F I G U R E  5   SEM images of resin embedded samples. (A) 
Lateral view of controls samples without CAP-p5 treatment 
revealed a disorganized crystals and a gap between crystal layer 
and the underlying dentin surface. (B) Dentin blocks treated 
with CAP-p5 displayed a homogeneous and uniform thickness of 
cementum-like layer firmly integrated to the subjacent dentin. Den, 
dentin, NC, new cementum.

https://www.sciencedirect.com/topics/medicine-and-dentistry/raman-spectrometry
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of hydroxyapatite taken along the [11-2] direction. The 
interplanar distances were 0.525 nm and 0.306 nm corre-
sponding to the planes (101) and (120) for hydroxyapa-
tite according to JCPDS 72–1243 (Figure 6B).

3.3.3  |  Histological analysis for 
Cementum formation induced by CAP-p5 in 
BALB/cAnNCrl

To determine whether CAP-p5 can induce cementum 
formation on CAP-p5-coated dentin blocks, we used a 

BALB/cAnNCrl mouse model. After 16 weeks of subcu-
taneous implantation control dentin blocks were covered 
by dense fibrous connective tissue bundles, cells were 
aligned and facing the irregular dentin surface. Notably, 
there was no evidence that the cells facing the dentin 
surface deposited mineralized material on dentin blocks 
(Figure 7A). Dentin blocks coated with CAP-p5 revealed 
the formation of densely packed connective fibrous tissue 
on top of the dentin blocks treated with CAP-p5. The con-
nective tissue contained immersed cells into the fibrous 
matrix bundles oriented parallelly to the dentin block 
surface. Cells contained in this matrix were aligned to the 

F I G U R E  6   (A) The HRTEM images and corresponding fast Fourier transform (FFT) revealed the single-crystal nature of monetite 
according to JCPDS 03–0398 in the control sample. The interplanar distances were 0.447 and 0.426 nm, corresponding to the interplanar 
spacing of the (011) and (101) crystal planes of monetite. (B) For the crystals induced by CAP-p5, the diffraction spots were assigned 
as a single crystal diffraction of hydroxyapatite taken along the [11-2] direction. The interplanar distances were 0.525 nm and 0.306 nm 
corresponding to the planes (101) and (120) for hydroxyapatite according to JCPDS 72–1243.

F I G U R E  7   Dentin block with and without CAP-p5 coating implanted in the dorsum of BALB/cAnNCrl and left in situ for 16 weeks. 
(A) Histologic sections were stained with Masson's trichrome. Control dentin implants (without CAP-p5 coating) exhibited connective 
fibrous tissue layer without evidence of cementum deposition on the underlying dentin. (B) Dentin blocks coated with CAP-p5 implanted 
subcutaneously in BALB/cAnNCrl revealed dense fibrous connective tissue with putative cementoblast bordering a well-defined continuous 
layer of new cementum firmly integrated with the underlaying dentin. CB, cementoblast; CDJ, cementum-dentin junction; CT, cementocyte; 
CTB, Connective tissue bundles; NC, new cementum.
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dentin surface and facing the newly formed cementum-
like tissue (Figure 7B). The newly deposited cementum-
like tissue showed a homogeneous thickness. A consistent 
line with basophilic affinity staining was observed at the 
intimate junction between newly deposited cementum 
and underlying dentin. This newly formed cementum-
like tissue showed both cells becoming embedded into 
the cementoid matrix and cementoblasts trapped into 
the thickness of newly formed cementum (cementocytes) 
(Figure 7B). The thickness of new formed cementum was 
6.2 ± 0.04 μm.

3.3.4  |  Immunofluorescence

We examined the co-expression of cementum-related 
proteins BSP with CEMP1, CAP, and ALP by double 
labeling immunofluorescence. Results showed the 
molecular composition of the newly formed cementum 
in the histologic sections. BSP showed strong staining 
in cells embedded into the collagen fiber bundles of 
connective tissue covering the dentin implant. Also, 
moderate staining in the newly deposited cementum 
was observed. CAP was strongly expressed by cells 
immersed into the fiber bundles of the connective tissue 
covering the implant and those resembling putative 
cementoblasts. Less pronounced staining was observed 
in the newly formed cementum and colocalization 
of these molecules was strongly expressed by cells 
immersed into the extracellular matrix of connective 
tissue covering the dentin implant. CEMP 1 was 
strongly expressed by cells covering the newly deposited 
cementum and cementocytes embedded into the 
mineralized matrix. BSP and CEMP1 colocalized in 
cells facing the new deposited cementum (Figure  8). 
ALP strongly colocalized with BSP in the mineralized 
matrix of newly formed cementum and in a few cells 
immersed in the collagen fiber bundles covering the 
dentin implant (Figure  8). These results demonstrated 
that CAP, CEMP1 and ALP colocalized with BSP in the 
mineralized matrix of newly formed cementum and 
cells representing putative cementoblasts. Controls 
using pre-immune mouse or rabbit serum were negative 
(Figure S1).

4   |   DISCUSSION

The objective of the present study was to evaluate the 
biological effect of a cementum attachment protein-
derived peptide (CAP-p5) on the differentiation HPLC 
toward a cementoblast-like phenotype in  vitro and 
on the formation of mineralized layer resembling 

cementum in  vivo. Our study demonstrates that CAP-
p5 induces hydroxyapatite crystal nucleation and its 
regenerative capacity is evidenced by de novo cemen-
tum formation on demineralized dentin blocks in vivo. 
CAP-p5 triggered cell proliferation by HPLC similar to 
10% FBS. The most notable effect was observed with an 
optimal concentration at 10 μg/mL, consequently, the 
C-terminal of cementum attachment protein derived 
5-amino acid long peptide (CAP-p5) is a potent regula-
tor of cell growth. Therefore, we infer that CAP-p5 acts 
as peptide signaling molecule. Our study revealed that 
CAP-p5 regulates other critical cellular functions such 
as control of cell differentiation. Human periodontal 
ligament cells treatment with CAP-p5 had profound ef-
fect on HPLC to display a mineralizing-like phenotype, 
as confirmed by insoluble calcium nodules formation by 
10.0, 3.7 and 5.2-fold at 5, 10, and 15 days when com-
pared to controls. This differentiation effect by CAP-p5 
was corroborated by ALP specific activity. ALP plays a 
role during cementum matrix mineralization formation 
and has been shown to promote the deposition of acel-
lular afibrillar cementum in  vivo,31 and highest ALP 
activity has been found in periodontal ligament areas 
related to mineralization, bordering cellular cementum 
formation.17 Furthermore, at the protein level, CAP-
p5 treatment of HPLC induces a prominent expression 
of cementum-associated molecules CEMP1 and CAP. 
These cementum proteins have been shown to be po-
tent regulators of several cell functions in  vitro, such 
as cell attachment, proliferation, and differentiation 
toward a cementoblastic-like phenotype by HPLC and 
play an influential role in development and arrange-
ment of calcium phosphate minerals.32 Their osteoin-
ductive potential to induce bone formation de novo has 
been shown in critical-size defects in rat calvaria. BSP, 
an acidic glycoprotein involved in the nucleation of hy-
droxyapatite crystals in mineralized tissues,33–36 plays a 
role during the process of cementogenesis, promoting 
cell attachment and differentiation of HPLC toward a 
cementoblastic phenotype. Our results indicate that 
BSP expression was upregulated by CAP-p5 on HPLC at 
the early at late stages of mineralization. ALP is highly 
expressed at the protein level during mineralization, 
indicating that CAP-p5 triggers ALP expression which 
correlates its function to the mineralization and deposi-
tion of cementum in vivo.

The findings of this study revealed that CAP-p5 al-
lows hydroxyapatite crystal nucleation and growth on 
demineralized dentin blocks. The EDS compositional 
analysis disclosed a 1.57 ± 0.07 Ca/P Ratio, represent-
ing a calcium-deficient hydroxyapatite which permits 
crystal solubility, greater bioactivity, and degradability, 
promoting cell proliferation, ALP activity and strong 
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expression of osteogenesis-related genes.37 Moreover, 
ultrastructural and crystallographic analysis of the 
crystals formed on dentin blocks coated with CAP-p5, 
showed that the crystals show lattices and interatomic 
distances corresponding to hydroxyapatite. Raman spec-
tra of crystals showed the most intense band at 963 cm−1 
due to the presence of hydroxyapatite. These findings 
indicate that CAP-p5 has the functional biological activ-
ity in terms of hydroxyapatite crystal nucleation as those 
showed by full-length hrCAP.23

Subcutaneous implantation of dentin blocks coated 
with CAP-p5-coated revealed that in  vivo CAP-p5 pos-
sesses therapeutic potential to induce cell differentiation 
and deposition of a mineralized layer of tissues on top of 
dentin block, which was integrated intimately with the 
underlying dentin. The characteristics of the deposited 
layer of tissue show cells embedded into the mineralized 
matrix. Notably, there is a basophilic strongly stained 

material between dentin and the newly deposited min-
eralized layer. Taken together, these features indicate 
that this deposited mineralized layer represents cellu-
lar cementum, implying that CAP-p5 has the biological 
properties to induce cell differentiation toward a cemen-
toblast phenotype. Our conclusion is supported by the 
expression of cementum-related molecules: v.gr. BSP, 
ALP and cementum proteins; CEMP1 and CAP, both in 
cells representing cementoblasts and in the mineralized 
matrix of the new cementum. Our results show good 
biocompatibility in  vivo after 4 months of surgical im-
plantation of dentin blocks coated with CAP-p5, enhanc-
ing the deposition of new cementum without adverse 
reactions from the host tissue. Previously several pep-
tides have been shown to have potential to enhance peri-
odontal regeneration, including a self-assembling P11-4 
peptide,38 amelogenin-derived peptide 5 (ADP5). The 
latter mediates periodontal ligament cell proliferation 

F I G U R E  8   Colocalization and double staining of cementum-related molecules (BSP, CAP, CEMP1, ALP) in dentin blocks coated with 
CAP-p5 and implanted subcutaneously in BALB/cAnNCrl for 16 weeks. BSP localizes on the cells representing putative cementoblasts and 
the matrix of newly formed cementum. CAP was strongly expressed by cells bordering the newly formed cementum and cementocytes. 
CEMP1 was localized to the cells and connective tissue matrix covering the underlying newly formed cementum and cementocytes. ALP 
was strongly expressed in the newly formed cementum mineralized layer and a few cells in the dense connective tissue covering the dentin 
surface. CAP and CEMP1 were not expressed in the mineralized matrix of the newly formed cementum. Masson's trichromic stain for 
anatomical orientation. CB, cementoblast; CT, cementocyte; D, dentin; NC, new cementum; TM, Masson's trichomic stain.
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and attachment on demineralized human dentin and 
induces the formation of cementum-like mineralized 
hydroxyapatite layer in a cell-free system.39 BMP-6/ACS 
peptide was also shown to be effective for the regener-
ation of periodontium. In particular, the neoformation 
of cementum with functionally oriented Sharpey fibers 
onto critical-size supra-alveolar defects enhanced peri-
odontal wound healing/regeneration, cementogenesis 
including a functionally oriented periodontal ligament 
in supra-alveolar periodontal defects in beagle dogs.40 
Synthetic cell binding peptide P-15 in combination with a 
natural anorganic bovine-derived hydroxyapatite matrix 
promotes in humans the formation of new cementum, 
PDL, and alveolar bone on a previously contaminated 
root surface.41 A synthetic anabolic peptide (AP) derived 
from Matrix extracellular phosphoglycoprotein (MEPE) 
stimulated periodontal regeneration and cementum for-
mation in non-human primate model.42

Recently a Cementum Protein 1 derived-peptide 
(CEMP1-p1) was shown to possess high affinity to hydroxy-
apatite (HA) crystals and to regulate the cementogenesis at 
the molecular level. This was demonstrated in vitro using 
dental follicular cells (DFC), by the increased expression 
of osteoprogenitor cell markers promoting their growth43 
and cementogenesis and osteogenesis with functional ori-
ented PDL fibers in rat cementum fenestration defects.44

From the results revealed by this study, we conclude 
that CAP-p5 synthetic peptide has potential to induce 
HPLC differentiation toward a mineralizing-like phe-
notype through the stimulation of the expression of ce-
mentum molecular markers, promotion of nucleation of 
crystals with the physico–chemical characteristics of hy-
droxyapatite, and deposition of mineralized tissue with 
the histological and molecular characteristics of cellu-
lar cementum on demineralized dentin slices implanted 
subcutaneously in BALB/cAnNCrl. This work demon-
strates cementum deposition on artificially demineralized 
human dentin through CAP-p5 peptide-guided reminer-
alization, ultimately forming hydroxyapatite layers con-
structing a structurally strong interface with the subjacent 
dentin in vitro and in vivo. We believe that CAP-p5 is a 
new molecular factor capable of promoting the regenera-
tion of the periodontium lost due periodontal disease and 
providing new insights for the foundation of CAP-p5 clin-
ical application.
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