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tional phosphorylated PAMAM
dendrimers for dentin biomimetic remineralization
and dentinal tubule occlusion

Tianda Wang,a Sheng Yang,ab Lei Wanga and Hailan Feng*a

The disequilibrium between demineralization and remineralization of teeth, especially of dentin, may lead to

serious consequences like dental caries that are considered to affect people's quality of life. The

employment of biomimetic analogs of proteins to duplicate biomineralization, which is a well-regulated

process mediated by extracellular matrix proteins, may provide new insights to solve these problems.

Here we report the use of a modified multifunctional dendrimer, synthesized by the introduction of

phosphate groups via a Mannich-type reaction onto poly(amidoamine) (PAMAM) dendrimers, to

biomimetically remineralize dentin. The phosphorylated PAMAM dendrimers were demonstrated to act,

along with an amorphous calcium phosphate stabilizing agent, polyacrylic acid (PAA), as biomimetic

analogs of noncollagenous proteins to induce the remineralization of demineralized dentin.

Phosphorylated PAMAM dendrimers treated demineralized dentin discs were immersed in a

remineralizing solution containing PAA for up to 7 days. The success of this remineralization was

examined using attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR), X-ray

diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS) and electron microscopy. These results

showed that demineralized dentinal collagen fibrils were successfully phosphorylated by the treatment

of phosphorylated PAMAM dendrimers and embedded with calcium-deficient hydroxyapatite after

remineralization. The surfaces of demineralized dentin discs were covered with newly induced crystals

and the patent dentinal tubules were occluded. A good biocompatibility was also determined. Thus,

phosphorylated PAMAM dendrimers could be applied as a minimally invasive method of management of

dentin caries, employed to improve the resin–dentin bonding stability and also be used in the treatment

of dentin hypersensitivity.
1. Introduction

Teeth are always mentioned as the most heavily mineralized
tissues in human body. Composed of both organic phase and
inorganic phase, dentin, as one of the main components of
teeth and a hard tissue with excellent rigidity and strength, is of
great importance in oral functions. During the entire life of an
individual, demineralization and remineralization of teeth,
especially of dentin, coexist. The disequilibrium between these
two aspects may lead to serious consequences like dental caries,
which are considered to affect people's quality of life.1 Dental
caries is caused by bacterial metabolism. Although uoride-
releasing restorative materials are used to deal with this
condition by remineralizing affected enamel, remineralization
of dentin is more difficult to be achieved and still needs the
development of innovative method.2 Resin–dentin bonding is
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another major reason for dentin demineralization. Short
bonding durability may arise from the degradation of resin
inltrated collagen matrix caused by enzymes like matrix met-
alloproteinases (MMP) at the bonding interfaces.3 As the
collagen brils are exposed by etching with acids or acidic resin
monomers derived from self-etching primers/adhesives, remi-
neralization of demineralized collagen brils is thus worth of
application in improving dentin bonding stability.

To date, two main strategies have been carried out to remi-
neralize demineralized dentin. One depends on the heteroge-
neous nucleation which was induced by seed crystallites arising
from partially demineralization. Although employed in many
aspects including the remineralization of carious dentin, such a
traditional ion-based strategy cannot be used in locations where
seed crystallites are absent.4–6 The second remineralizing
strategy based on the bottom-up mechanism imitating the
biomineralization of human bone and dentin.7 Dentin is a
highly complex composite consisting of 50 weight percent
(wt%) inorganic mineral, 40 wt% extracellular matrix (ECM)
and 10 wt% aqueous uids.8 Besides type I collagen (90 wt%)
which provides the three-dimensional structural framework for
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (A) Mechanism of G3.0 PAMAM dendrimer phosphorylation via
Mannich-type reaction, (B) the ATR-FTIR spectra of G3.0 PAMAM
dendrimers and phosphorylated G3.0 PAMAM dendrimers and (C) the
1H-NMR spectrum of phosphorylated G3.0 PAMAM dendrimers.
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dentin biomineralization, ECM is composed of acidic non-
collagenous proteins (NCPs), which are rich in acidic amino
acids such as glutamic acid and aspartic acid.9–11 By existing in
ECM and attaching to collagen brils, NCPs can regulate the
biomineralization of dentin by inducing the nucleation and
growth of hydroxyapatite (HAP), the main component of dentin.
The employment of bottom-up strategy is thus aimed at
mimicking the functions of NCPs and achieving the biomimetic
remineralization of dentin, using NCPs analogs like poly-
aspartic acid and polyacrylic acid. Dendrimers are also expected
to have the ability to duplicate the functions of NCPs and induce
the remineralization of dentin through a bottom-up process.

Dendrimers are a class of monodisperse, highly ordered
polymeric macromolecules that are composed of multiple
branches radiating from one core molecule to terminal
groups.12,13 The special structural constituents make it possible
to control the molecular weight and size of dendrimers during
the synthetic process. Due to their easily functionalized
terminal groups and biomimetic properties, these molecules,
including poly(amidoamine) (PAMAM) dendrimers, are now
widely investigated as articial proteins in many elds, espe-
cially in biomimetic mineralization.14 In previous studies of our
group, an amphiphilic PAMAM dendron with aspartic acids on
the periphery and an aliphatic chain at the focal point was
successfully synthesized and employed to regulate the crystal-
lization process of HAP.15 Also, PAMAM dendrimers with their
terminal groups modied with glutamic acid were demon-
strated to have the potential to regulate the growth of calcium
phosphate in a double diffusion system.16 Here, we describe the
creation of functionalized, phosphorylated PAMAM dendrimers
that act as biomimetic analogs of the NCPs to induce the
remineralization of demineralized dentin. The terminal groups
of the third generation (G3.0) PAMAM dendrimers were func-
tionalized by converting the amine groups to phosphate groups,
which were essential to the biomineralization process, via a
Mannich-type reaction.17 The ability of these phosphorylated
PAMAM dendrimers in remineralizing demineralized dentin
was thus tested.

2. Materials and methods
2.1 Synthesis of phosphorylated PAMAM dendrimers

The phosphorylated PAMAM (P-PAMAM) dendrimers were
synthesized following the method developed by Punyachar-
oennon et al.17 Briey, 1 mL of a 500 mg mL�1 G3.0 PAMAM
dendrimer aqueous solution (2.316 mmol amine groups)
and 500 mg of phosphorous acid (6.097 mmol) were dis-
solved in 5.8 mL of distilled water in a 100 mL round-bottom
ask. Aer 2.5 mL of concentrated hydrochloric acid was
added, the mixture was heated to 40 �C and kept at this
temperature for 30 min. Then, 710 mL of a 40% (w/v) form-
aldehyde solution was added dropwise with slow stirring
and the reaction was kept at 40 �C for an additional 2 h. Aer
neutralized with 25% (w/v) ammonium hydroxide, the
reaction mixture was dialyzed using dialysis tubing (molec-
ular weight cut-off: 1000 Da) for 48 h and lyophilized using a
freeze dryer (FreeZone 4.5, Labconco Corporation, MO, USA)
This journal is © The Royal Society of Chemistry 2015
for 24 h. The mechanism of this reaction is shown in
Fig. (1A). The amino groups on the dendrimer are converted
into phosphate groups via a Mannich-type reaction. The
yield of P-PAMAM dendrimers was 225.5 mg. Attenuated
total reection Fourier-transform infrared spectroscopy
(ATR-FTIR) was used to determine whether the terminal
groups of the G3.0 PAMAM dendrimers had been success-
fully functionalized. Spectra were obtained using a 6700 FT-
IR spectrophotometer with a diamond attenuated total
reection set-up (Thermo Fisher Scientic Inc., Waltham,
MA, USA). The product was also analysed by nuclear
magnetic resonance spectroscopy (1H NMR) using a Brucker
300 MHz spectrometer. The percentage of graing was
obtained through the NMR result.
RSC Adv., 2015, 5, 11136–11144 | 11137
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2.2 Phosphorylation and remineralization of demineralized
dentin discs

2.2.1 Ethics statement. The protocol was approved by the
Ethics Committee of Peking University School and Hospital of
Stomatology focusing on the use of human body material in
medical research (approval number: PKUSSIRB-2012019).

2.2.2 Preparation of dentin discs. Extracted caries-free
human third molars were collected, aer written informed
consent was obtained. The teeth were cleaned thoroughly and
stored in 0.5% thymol at 4 �C for no longer than one month
prior to their use.18

Dentin discs, each with a thickness of approximately 1.0
mm, were prepared by making two parallel cuts perpendicular
to the long axis of each tooth, above the cement-enamel junc-
tion (CEJ), using a low-speed water cooled diamond saw (Iso-
met, Buehler Ltd., Lake Bluff, IL, USA). Each disc was carefully
prepared and inspected to ensure that they were free of coronal
enamel or pulpal exposures. Then the coronal surfaces of the
dentin discs were polished with 400, 800 and 1200 grit carbide
polishing papers under running water. The smear layer was
removed by means of ultrasonication using an ultrasonic
cleaner (FS20, Fisher Scientic Co., Pittsburgh, PA, USA) in
distilled water for 30 s. Aer the backs of the dentin discs were
coated with an acid-resistant varnish, these discs were demin-
eralized with 0.5 M neutral ethylene diamine tetraacetic acid
(EDTA) solution at room temperature for 72 h under shaking
and rinsed with distilled water. ATR-FTIR was carried out to
qualitatively characterize the demineralization degree of these
dentin discs, which were dehydrated in an ascending ethanol
series (70–100%).

2.2.3 Phosphorylation of demineralized dentin discs.
Phosphorylation treatment was carried out by immersing the
demineralized dentin discs into 5 mg mL�1 P-PAMAM den-
drimer solution at 37 �C for 24 h under shaking. ATR-FTIR was
used aer these dentin discs were to conrm whether the
demineralized dentin discs were successfully phosphorylated
using P-PAMAM dendrimers.

2.2.4 Biomimetic remineralization. A remineralizing solu-
tion composed of 1.50 mM calcium, as CaCl2, and 0.90 mM
phosphate, as KH2PO4 with the pH adjusted to 9.5, was used in
the subsequent experiments.19 0.28 mM low molecular weight
polyacrylic acid (PAA; Sigma-Aldrich; MW ¼ 1800) was added as
an amorphous calcium phosphate (ACP) stabilizing agent.20,21

Sixteen phosphorylated demineralized dentin discs were used
in the remineralization experiments, which were performed by
immersing each disc into 50mL of remineralizing solution at 37
�C for 7 days. The remineralizing solution was changed every
two days. Aer remineralization, the dentin discs were washed
three times with deionized water, dehydrated using an
ascending ethanol series (70–100%), and then, as the nal
chemical dehydration step, immersed in hexamethyldisilazane,
which was allowed to evaporate slowly.20 To characterize the
remineralization effects, these dentin discs were rstly checked
by ATR-FTIR and X-ray diffraction (XRD) and were then char-
acterized by eld emission scanning electron microscopy (FE-
SEM) and energy-dispersive X-ray spectroscopy (EDS). XRD
11138 | RSC Adv., 2015, 5, 11136–11144
measurements were carried out with an X-ray diffractometer (D/
MAX 2400, Rigaku, Japan). The data were collected in the 2q
range from 15–50 degrees at a scan rate of 2 degrees per min.
Aer the dentin discs were dehydrated, the surface topography
of the dentin discs was observed by SEM (JSM-6301F, JEOL,
Japan) with a beam voltage of 15 kV. SEM images obtained were
compared to those of positive control samples consisting of
unphosphorylated discs that were immersed in the same
remineralizing solution and negative control samples consist-
ing of unphosphorylated discs that were immersed in remi-
neralizing solution without PAA, both for 7 days. The pH of the
solutions used was adjusted to 9.5 to favor the formation of ACP
and prevent the formation of octacalcium phosphate (OCP).22

2.3 The stabilizing abilities of P-PAMAM on ACP

The effects of different concentrations (10, 20, 50, 100 and 500
mg mL�1) of P-PAMAM in the stability of ACP were examined.
Solutions of 4.5 mM CaCl2$2H2O, 2.1 mM K2HPO4, 0.02% (w/v)
sodium azide and P-PAMAM dendrimers in Tris buffer saline
(TBS) were prepared in 20 mL amounts.23 The solutions were
placed in an incubator at 37 �C for a seven-day period, and
optical density measurements at a xed wavelength of 650 nm
were taken at 24, 48, 72, 96, 120, 144 and 168 hours using a UV-
1800, UV-vis spectrophotometer (Shimadzu, Columbia, MD,
USA). Calcium phosphate solution without P-PAMAM den-
drimers served as the negative control and deionized water was
used as the baseline.

Transmission electron microscopy (TEM) was used to
examine the characteristics of the calcium phosphate precipi-
tates formed in solutions mentioned above with different
concentrations of P-MAMAM. According to our preliminary
experiments, twenty millilitre aliquots of solutions with P-
PAMAM at concentrations of 10 and 500 mg mL�1 were
centrifuged and each lot of precipitate was re-suspended in 50
mL of deionized water. Two millilitre of each suspension were
transferred to carbon-formavar-coated copper grids, air-dried,
and examined using a Hitachi H9000 (Hitachi, Japan) at 80 keV.

2.4 Cytotoxicity assay

The quantitative cytotoxic assay with the tetrazolium salt MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was
carried out to determine the cytotoxicity of P-PAMAM den-
drimers. Human dental pulp stem cells (HDPSC) were seeded
(5000 cells per well) in 96-well cell culture plates (Corning, Inc.,
Corning, NY, USA) and were grown in Dulbecco's Modied
Eagle's Medium (DMEM) supplemented with 20% fetal bovine
serum (FBS), 2% penicillin/streptomycin and 1% glutamine in a
37 �C humidied incubator and 5% CO2 atmosphere. Aer the
cells were attached, the culture medium was replaced with fresh
culture medium containing different concentrations of
P-PAMAM dendrimers or unmodied dendrimers. The culture
medium was replaced with MTT solution aer the cells were
cultured with dendrimers for 24 hours. Formazan formed in live
cells cultured with MTT for an hour was dissolved with the
addition of dimethyl sulfoxide (DMSO). Cytotoxicity was deter-
mined by measuring the absorbance of the solutions at 562 nm
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/C4RA14744H


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
n 

25
/0

5/
20

15
 0

2:
01

:2
6.

 
View Article Online
using a Synergy H1 microplate reader (BioTek Instruments Inc.,
Burlington, VT, USA) and the half maximal inhibitory concen-
tration (IC50) values of phosphorylated and unmodied PAMAM
dendrimers on HDPSC were obtained.

3. Results
3.1 Synthesis of phosphorylated PAMAM dendrimers

A Mannich-type reaction consists of an amino alkylation of an
acidic proton placed next to a carbonyl functional group, using
formaldehyde and ammonia or any primary or secondary
amine. This reaction was carried out at low pH to introduce
phosphate groups onto the terminal amine groups of the
PAMAM dendrimers, as shown in Fig. (1A).17

Fig. (1B) shows the FTIR spectra of unmodied and phos-
phorylated PAMAM dendrimers. The spectrum of the phos-
phorylated PAMAM dendrimers exhibited new peaks assigned
as phosphate groups around 1000 cm�1 (1087, 1068 and
980 cm�1), revealing the successful phosphorylation.

Fig. (1C) show the 1H NMR spectra of phosphorylated
PAMAM dendrimers. 1H NMR (300 MHz, RT, D2O): d ¼ 3.429
(2H, –NHCH2CH2NH2); d ¼ 3.239–3.249 (4H, –NHCH2CH2-
CO–); d ¼ 3.063 (7H, –NHCH2CH2N–); d ¼ 2.780–2.810 (1H,
–NHCH2CH2NH2); d ¼ 2.652 (6H, –NHCH2CH2N–); d ¼ 2.581
(3H, –NHCH2CH2CO–); d ¼ 2.365–2.434 (8H, –NCH2P–). The
percentage of graing was 32.04%, which was determined
through calculation.

3.2 Phosphorylation and remineralization of demineralized
dentin discs

3.2.1 Phosphorylation of demineralized dentin discs. ATR-
FTIR spectra of the demineralized dentin discs before and aer
phosphorylated with P-PAMAM are shown in Fig. (2). The
resonances around 1000 cm�1, which were assigned as phos-
phate groups were visible prior to the demineralization of
dentin discs. Aer dentin discs were treated with neutral EDTA
solution for 72 h, the resonances at 1646 and 1545 cm�1,
assigned as the amide I and amide II bands of type I collagen
Fig. 2 The ATR-FTIR spectra of sound dentin (A), EDTA demineralized
dentin (B) and demineralized dentin treated with P-PAMAM (C).

This journal is © The Royal Society of Chemistry 2015
became more intense, while the phosphate group peaks are
markedly weakened, indicating that the dentin discs were
completely demineralized. Aer demineralized dentin discs
were treated with P-PAMAM dendrimers, phosphate group
peaks re-appeared, indicating that these functional groups were
introduced to collagen molecules.

3.2.2 Biomimetic remineralization of demineralized
dentin discs. The surface morphologies of the demineralized
dentin discs before and aer biomimetic remineralization
using P-PAMAM are shown in Fig. (3) and (4). As shown in
Fig. (3A and B), aer the dentin discs were demineralized in
neutral EDTA solution for 72 h, the smear layer formed during
the cutting process was removed, the dentinal tubules were
opened and the collagen brils were completely exposed.
Fig. (3C and D) show that no signicant mineral crystals had
formed on unphosphorylated demineralized dentin discs aer
they were immersed in remineralizing solution without PAA at
37 �C for 7 days. When demineralized dentin discs were not
phosphorylated with P-PAMAM, similar gures were obtained,
except the formation of globular mineral on the surface of
dentin discs and within dentinal tubules, aer these dentin
discs were immersed in remineralizing solution containing PAA
(Fig. (3E and F)). Images markedly different from the ones
mentioned above were gathered aer EDTA treated dentin discs
were phosphorylated with P-PAMAM dendrimers and immersed
in PAA remineralizing solution for 7 days. Demineralized
collagen brils were mineralized, revealed by the appearance of
the collagen brils exhibiting a “corn-on-the-cob” morphology,
Fig. 3 SEM images of the surfaces of EDTA demineralized dentin (A
and B), demineralized dentin discs immersed in remineralizing solution
(no PAA) at 37 �C for 7 days without treatment with phosphorylated
PAMAM dendrimers (C and D) and demineralized dentin discs
immersed in PAA containing remineralizing solution at 37 �C for 7 days
without treatment with phosphorylated PAMAM dendrimers (E and F).

RSC Adv., 2015, 5, 11136–11144 | 11139
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Fig. 4 SEM images of demineralized dentin treated with P-PAMAM
and immersed in PAA containing remineralizing solution at 37 �C for 7
days (A and B). Parts of the remineralized surfaces were covered with
newly formed crystals (C) and dentinal tubules were effectively
occluded (D).

Fig. 5 (A) The EDS result of the newly formed mineral crystals which
covered the remineralized dentin discs. (B) The XRD spectra of sound
dentin, EDTA demineralized dentin and P-PAMAM treated deminer-
alized dentin remineralized for 7 days.
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as shown in Fig. (4A and B). Furthermore, parts of the surfaces
of the dentin discs were covered with rod-like mineral crystals
(Fig. (4C)). Dentinal tubules were almost completely occluded
and their outlines were only indistinctly apparent. As shown in
Fig. (4D), dentinal tubules were occluded from the dentin
surface to a depth of approximately 5 mm.

Energy-dispersive X-ray spectroscopy (EDS) showed that the
Ca/P molar ratio of the mineral crystals was 1.53 (Fig. (5A)),
indicating that these mineral crystals were calcium-decient
HAP, as the Ca/P ratio of HAP is 1.67. Fig. (5B) shows the XRD
results of the dentin discs surfaces before and aer remineral-
ization. The broader and shorter peaks between 30� and 35�

indicate that the inorganic phase on the surface of demineral-
ized dentin discs lacked a crystal lattice aer dentin discs were
completely demineralized. The broader peak at 20� indicates
the presence of collagen. The XRD pattern of biomimetically
remineralized dentin discs shows the characteristic diffraction
peaks of HAP, with a peak corresponding to the (0 0 2) plane and
overlapping peaks corresponding to the (2 1 1), (1 1 2) and (3 0 0)
planes. This is very similar to the XRD pattern of sound dentin.
Fig. 6 The concentration-dependent changes in optical density of the
P-PAMAM dendrimers containing calcium phosphate solutions (A) and
TEM images of mineral formed in P-PAMAM dendrimers containing
calcium phosphate solutions (B and C).
3.3 The stabilizing abilities of P-PAMAM on ACP

The concentration-dependent changes in optical density of the
P-PAMAM dendrimers containing calcium phosphate solutions
are shown in Fig. (6A). The overall turbidity of the calcium
phosphate solutions containing 10 to 100 mg mL�1 of P-
PAMAM dendrimers was higher than that of the control con-
taining no P-PAMAM dendrimer, in the order 10 > 20 > 50 > 100
mg mL�1. Conversely, turbidity measurement of calcium
phosphate solution containing 500 mg mL�1 P-PAMAM den-
drimers was lower than the control. These results suggest that
P-PAMAM dendrimer is a promoter of apatite nucleation/
growth at concentrations less that 100 mg mL�1 but an inhib-
itor at concentrations greater than 500 mg mL�1.
11140 | RSC Adv., 2015, 5, 11136–11144 This journal is © The Royal Society of Chemistry 2015
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As shown in Fig. (6B), apatite crystallite with the dimensions
of 75–100 nm was formed along the c-axis in calcium phosphate
solution when 10 mg mL�1 P-PAMAM dendrimer was added.
Only amorphous calcium phosphate nanospheres with diam-
eter smaller than 50 nm were observed as the concentration of
P-PAMAM additive was 500 mg mL�1 (Fig. (6C)).
3.4 Cytotoxicity assay

The cytotoxicity of phosphorylated and unmodied PAMAM
dendrimers was evaluated by MTT assay using human dental
pulp stem cells (HDPSC). As is shown in Fig. (7), although the
cytotoxicity of both the unmodied and phosphorylated
PAMAM dendrimers on HDPSC is concentration dependent, the
overall relative viability of HDPSC treated with P-PAMAM den-
drimers was higher than the cells treated with unmodied
PAMAM-dendrimers of the same concentrations. In addition,
the IC50 values were determined to compare the cytotoxicity of
different PAMAM dendrimers. IC50 of P-PAMAM dendrimers
(6824.2 mg mL�1) was much larger than that of unmodied G3.0
PAMAM dendrimers (3492.0 mg mL�1). These results suggest
that phosphorylated PAMAM dendrimers were of much less
cytotoxicity than their unmodied counterparts.
4. Discussion

Phosphorylation of proteins is a ubiquitous reaction in the
nature world. With the reversible phosphorylation of regulator
biomacromolecules, numerous biological functions, especially
the ones involved in biomineralization, would be activated. As
one of the most widely existing post-translational protein
modications, phosphorylation of extracellular matrix non-
collagenous proteins (NCPs), especially members of SIBLING
(small integrin-binding ligand N-linked glycoprotein) family, is
considered to play vital roles in biomineralization of calcied
tissues like bone or dentin, which is made from calcium
phosphate in the form of hydroxyapatite (HAP) and other
calcium phosphate phases like amorphous calcium phosphate
(ACP) and octacalcium phosphate (OCP). The abilities of
Fig. 7 The relative viability of human dental pulp stem cells (HDPSC)
treated with phosphorylated or unmodified PAMAM dendrimers.

This journal is © The Royal Society of Chemistry 2015
proteins contributing to biomineralization in inducing mineral
formation have been demonstrated to be destructed by acid
phosphatase dephosphorylation before or aer these proteins
were immobilized on matrix.24 Meanwhile, bone or dentin
mineralization could be impaired in the presence of casein
kinase inhibitors, which could interrupt the phosphorylation of
proteins. In in vivo studies, targeted disruptions of
biomineralization-associated genes could lead to totally reverse
protein functions.25

Biological mineralization was demonstrated to be regulated
with phosphorylated proteins (also known as phosphoproteins)
either by their stabilizing effect on ACP, or by the promotion of
controlled mineral nucleation when these proteins were
immobilized specically on a self-assembled collagen
template.25 Phosphorylated residues (particularly serine and
threonine) endow phosphoproteins with a heavily negatively
charged property, giving rise to their high affinity of calcium
ions. Anionic charged phosphate residues have the potential to
facilitate long-range collagen-binding electrostatic interactions.
When phosphoproteins such as dentin phosphophoryn (DPP)
in solution, at low concentration, interact in vitro with brillar
collagen, they are considered to localize near the e-band in the
gap zone of the collagen.26 When controlling inorganic nucle-
ation, the central role of phosphorylated NCPs bound to
collagen is to lower the activation energy by reducing the
interfacial energy. Amorphous precursors, which have a high
solubility and exist in a liquid-like state, are considered to
diffuse into the collagen through capillary forces or charge
interactions. This is of great importance during bio-
mineralization and induced initially by phosphorylated
proteins like dentin matrix protein-1 (DMP-1) via the formation
of protein–mineral complex, on account of the highly calcium
ions binding effect. Even the inhibition of HAP formation could
be achieved by some of these phosphorylated proteins. In vitro
experiments have demonstrated that osteopontin (OPN) is a
potent inhibitor of de novo HAP formation.27,28 Phosphorylation
of OPN is considered to be important for its ability to inhibit
mineral growth.29–31 When OPN was dephosphorylated, this
inhibiting ability would be decreased.25 Notably, the inhibitory
effect of OPN on HAP formation could be attributed to the
stabilization of ACP, which was induced by the phosphorylated
sites of OPN.32 Phosphoproteins could perform totally different
effects coming from their phosphorylation in inhibiting or
promoting mineral formation. DMP1 or DPP in solution can act
as an inhibitor of crystal nucleation and growth or can act as a
template for crystal nucleation when it becomes adsorbed on a
solid surface.25 Furthermore, the conformational change
induced by the phosphorylated residues of phosphoproteins is
another aspect involved in the regulation of biomineralization.
In the case of DPP, the calcium-mediated self-assembly forms a
periodic polyelectrolyte template presenting well-spaced array
of phosphate groups, with potential epitaxial match to the
apatite surface, thereby facilitating apatite crystallization on the
self-assembled collagen brils. Such a template driven apatite
nucleation will be impaired in the absence of phosphorylated
residues.25
RSC Adv., 2015, 5, 11136–11144 | 11141
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Although naturally occurring phosphorylated proteins have
the potential to be involved in remineralization of demineral-
ized calcied tissues through all of the aspects mentioned above
to participate in the treatment of some pathological conditions,
the higher cost and hard purication process of them might
limit their applications. Also, the structure changes, which
might be related to ionic strength of solutions employed, will
further increase the difficulty in applications. Therefore,
numerous of analogs like phosphorylated chitosan have been
employed to induce biomimetic mineralization.33 Direct phos-
phorylation of amino acids within collagen brils was also
carried out using sodium trimetaphosphate and successful
biomimetic mineralization was observed.34,35

PAMAM dendrimers are regarded as articial proteins on
account of their well-dened structure and functional groups.
The synthesis of PAMAM dendrimers is a highly branching
process which initiates from an ethylenediamine (EDA) core
and then forms a tree-like architecture distinguished by expo-
nential numbers of discrete dendritic branches radiating out
from the EDA core and leaves well-dened numbers of tertiary
amino and primary amino groups in the interior and on the
surface of the dendrimer molecule, respectively.36,37 In the
present study, these amino groups were converted to phosphate
groups via a Mannich-type reaction. By using these
phosphorylated PAMAM dendrimers combined with polyacrylic
acid (PAA), the remineralization of totally demineralized
dentinal collagen brils was successfully accomplished in a
remineralizing solution. The proposed steps that could have
occurred during this remineralization process are illustrated in
Fig. (8). In the amorphous precursors induction step, meta-
stable ACP, which was small enough to penetrate a demineral-
ized collagen matrix, was produced with the addition of PAA to
the remineralizing solution. This step was demonstrated to
occur irrespective of the present of NCPs analogs that were
considered to mimic the functions of immobilized phosphory-
lated proteins in inducing mineral nucleation. However, with
the absence of these NCPs analogs, there was very limited
attraction of these amorphous precursors into the demineral-
ized matrix. Here, P-PAMAM dendrimers are considered to
perform the dual functions of mineral nucleation induction and
collagen binding by having phosphate groups to perform these
Fig. 8 Schematic demonstration of the effective biomimetic remi-
neralization of demineralized dentinal collagen fibrils using P-PAMAM
dendrimers and PAA.

11142 | RSC Adv., 2015, 5, 11136–11144
functions. Like other NCPs analogs simulating the immobilized
proteins, P-PAMAM with a molecular weight less than 40 kDa
was considered to inltrate the collagen matrix and attach to
collagen brils in the gap zones by electrostatic interaction
(Fig. (8A)).38 The inclusion of P-PAMAM dendrimers could result
in the immobilization of these polyelectrolyte anions along the
collagen microbrils as well as on the surface of the collagen
brils. By the recruitment of previously induced ACP and the
reduction of the activation energy necessary for the conversion
of ACP to crystal (Fig. (8B)), apatite nanocrystals were directed to
orientate along the microbrils and the surface of the collagen
brils. In the subsequent step, these apatite nanocrystals
induced by P-PAMAM dendrimers would grow to larger crystal
via heterogeneous nucleation by recruiting and combining with
ACP existing in remineralizing solution. As is shown in Fig. (4),
with this crystal growth step, the exposed collagen brils were
totally embedded in HAP and the demineralized dentin surfaces
would be covered with mineralized layer.

P-PAMAM dendrimers are considered to be multifunctional
NCPs analogs in biomimetic remineralization of calcied
tissues. Besides the collagen binding and crystal inducing
abilities when immobilized on collagen matrix, P-PAMAM
dendrimers were also demonstrated to have the potential to
induce the formation of amorphous precursors as PAA did in
remineralizing solution employed in this study. Although the
amorphous precursors induction ability of P-PAMAM den-
drimers seemed to be lower than PAA, an improvement could be
expected due to the numerous generations and the considerable
prociency for modication of PAMAM dendrimers.

Besides the potential employments in treating dental caries
and improving resin–dentin bonding stability, the occlusion of
dentinal tubules is another aspect of the applications of P-
PAMAM induced biomimetic remineralization. Occlusion of
patent dentinal tubules is one of the main strategies in treating
dentin hypersensitivity.39–42 Although a large number of in-office
and over-the-counter (OTC) products have been shown to
occlude dentinal tubules in vitro and in vivo, up to date, an ideal
material that can completely treat dentin hypersensitivity and
full the requirements proposed by Grossman in 1935 has yet to
be discovered.43 Therefore, novel materials and methods are
still needed to overcome the problems such as poor effective-
ness and short durability encountered during the treatment of
dentin hypersensitivity. Occlusion achieved by minerals that are
induced within dentinal tubules is thus a feasible solution
towards such problems. The ability of phosphorylated PAMAM
dendrimers synthetized here in promoting mineral nucleation
makes it possible for them to induce the in situ mineralization
within dentinal tubules.

Although the excellent biocompatibility and lower cytotox-
icity of PAMAM dendrimers make it possible for them to be
employed in human body,44,45 there is a trend that cationic
PAMAM dendrimers are haemolytic on account of the interac-
tion of their positively charged groups with negatively charged
cell surfaces and the modication of the cationic dendrimers
with negatively charged molecules is likely to decrease or shield
the positive charge on the dendrimer surface and lead to a
decrease in cytotoxicity.46,47 In the present study, the positively
This journal is © The Royal Society of Chemistry 2015
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charged amine groups on the surface of whole generation
PAMAM dendrimers were partially modied with phosphate
groups and thus increased the biocompatibility of these den-
drimers and made them more suitable than unmodied
PAMAM dendrimers to be employed in human body. The
partially modication also makes it possible for P-PAMAM
dendrimers to be improved with other kinds of functional
groups and play related roles in future applications.

5. Conclusions

Within the limits of this study, it may be concluded that
phosphorylated PAMAM dendrimer, which was synthesized
through a Mannich-type reaction, could act as a biomimetic
analogs of noncollagenous proteins and be employed in the
remineralization of totally demineralized dentinal collagen. The
amorphous calcium phosphate stabilizing ability was another
aspect of it in mimicking biomineralization. Phosphorylated
PAMAM dendrimers may have great potential in clinic treat-
ment of dentistry.
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