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Abstract

The use of biomaterials to induce biomimetic mineralization of tooth tissue has always been a crucial issue in the treatment
of dental caries. Polyamidoamine (PAMAM) dendrimer is a novel type of polymer nanomaterial with highly branched structure,
definite shape, size, molecular weight, and excellent chemical and biological characteristics. It can be served as an organic tem-
plate in biomimetic mineralization to induce and regulate mineral nucleation and crystal growth and has become a research
hotspot in the field of biomimetic mineralization. This article provides a review of literature from 2000 to present day, aiming
to summarize the recent role played by PAMAM in promoting biomimetic mineralization in hard tooth tissues.
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Introduction

Dental caries is a bacterial infectious disease and one of the
most prevalent diseases in human beings. The World Health Or-
ganization has classified it as one of the three major prevention
and treatment diseases, along with tumors and cardiovascular
diseases [1]. Under normal circumstances, the teeth in the oral
cavity maintain a dynamic balance between demineralization
and remineralization. However, when the biofilm’s pH value
remains low for an extended period due to acid production by
bacteria in dental plaque biofilm, this equilibrium is to greater
demineralization than remineralization and resulting in caries
formation. Since the hard tooth tissue does not contain blood
vessels and nerves, it cannot self-repair, research efforts focus
on inhibiting early caries demineralization while promoting its
remineralization [2]. At present, various fluoride products are
commonly employed for remineralization treatment in clinics,
such as fluoride gel, fluoride varnish, fluoride foam, etc.

Fluoride has a significant effect on preventing demineral-
ization and facilitating remineralization, and its effectiveness
against caries has been recognized. Nevertheless, the newly
formed Hydroxyapatite (HA) usually lacks the structural and me-
chanical properties of natural enamel [3,4], and fluorine may

potentially cause fluorosis and fluoride-resistant bacteria [5,6].
Furthermore, at present, the remineralization of most remin-
eralizers does not involve spontaneous nucleation of mineral
particles or precipitation of minerals in the matrix but rather
the local growth of demineralized dentin residual nuclei in a
calciumphosphorus ion environment [7-9]. Based on the non-
classical mineralization crystallization theory, scholars hope to
address these problems from the perspective of biomimetic
mineralization. Biomimetic mineralization refers to the incorpo-
ration of biomineralization mechanisms into the material prep-
aration process. It involves simulating the microenvironment of
the organism in vitro, utilizing the matrix material as a template,
facilitating the formation of inorganic minerals on their surface
through molecular biomimetic synthesis and molecular self-as-
sembly techniques. This process allows for precise control over
the composition and formation process of minerals, resulting
in composite materials with exceptional biological and physico-
chemical properties similar to natural tooth tissue.

The main steps of biomimetic mineralization mainly involve
(1) self-assembly of organic matrix macromolecules to provide
nucleation templates for inorganic substances; (2) rapid deposi-
tion and recognition of inorganic-organic materials; (3) chemical
vector regulation of crystal growth and assembly; (4) subunit
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mineral assembly leading to minerals with a natural biological
structure [10-12]. The distinction between biomimetic mineral-
ization and traditional remineralization lies in the fact that bio-
mimetic remineralization triggers the formation of Amorphous
Calcium Phosphate (ACP) through biomimetic molecules, re-
placing both free water and unbound water molecules within
the collagen matrix to ultimately accomplish the mineralization
of hard dental tissue. This process closely resembles natural
biomimetic mineralization. Furthermore, similar to biomimetic
mineralization, this mineralization process does not rely on pre-
existing apatite crystal cores within the collagen matrix. Bio-
mimetic mineralization has great potential for repairing dental
hard tissue defects. Materials with unique microstructure and
desirable biological characteristics can be prepared by biomi-
metic mineralization. Research on biomimetic mineralization
has mainly focuses on stabilizer functional energy analogs,
template analogs such as Non-Collagenous Protein (NPCs) and
amorphous nano-precursors.

Polyamidoamine (PAMAM) dendrimer have a large number
of amide groups, similar to the links of peptide bonds in pro-
teins, and their sizes match those of biological macromolecules,
so they can be designed to resemble the structures of many
proteins with different generations and structures and mimic
the functions of proteins, and thus have been given the name
of “artificial proteins”. In the process of biomineralization, or-
ganic macromolecules (proteins, polysaccharides) can be used
as templates to nucleate and slowly grow inorganic materials
at the inorganic-organic interface, and ultimately obtain com-
posite materials with unique microstructures and biological
characteristics. PAMAM provides a way to seek new biomimetic
mineralized materials [13,14], which has become a hotspot of
research on biomimetic mineralization. In this paper, we pres-
ent a review of the research progress on the role of PAMAM in
the biomimetic mineralization of dental hard tissues.

Polyamidoamine (PAMAM)

Polyamidoamine (PAMAM) (Figure 1) [15] is a polymer that
was first synthesized by Tomalia et al [16]. Taking ammonia and
ethylenediamine as the initiator core, with the polymerization
reaction occurring gradually from the initiator core outward.
The initiating nucleus undergoes a stepwise polymerization
reaction outward, adding 1 “layer” or 1 “Generation” (G) to
the formed polymer for each cycle, resulting in the formation
of dendritic polymers with different number of generations,
which are denoted as GO, G1, G2, G10 and so on. PAMAM is
a three-dimensional structure consisting of three components:
the initiator nucleus, an inner body composed of repeating
units, and the outer surface of multiple tail functional groups
[17]. PAMAM dendrimers have a highly regular structure, and
their molecular weight, shape, and functional groups can be
precisely controlled [18-21]. As generations increase, the mo-
lecular weight of PAMAM increases precisely while the surface
group expands exponentially with each generation. Addition-
ally, its radius increases approximately linearly at a rate of about
10 A per generation. Consequently, at low generations, PAMAM
exhibits a linear structure that transitions to a spherical shape
when reaching four or more generations [20,22]. The high-gen-
eration PAMAM feature internal cavity, which can encapsulate
organic or inorganic molecules such as metal complexes and
nanoparticles [23,24], and the functional groups on the surface
can be chemically modified and functionalized [20,25,26], thus
enabling preparation of PAMAM dendrimers with diverse bio-
logical characteristics. The PAMAM dendrimer exhibits a three-

dimensional structure, highly branched architecture, internal
cavities, and surface groups that can be easily modified. Addi-
tionally, it demonstrates excellent biocompatibility, low toxicity,
and no immunogenicity, making it the most extensively inves-
tigated class of dendrimers [27,28]. PAMAM dendrimers can
affect the formation and morphology of Hydroxyapatite (HA)
crystals and can be combined on the surface of demineralized
collagen fibers as a template for crystal nucleation to induce HA
crystals with similar structure and orientation to natural enamel
dentin crystals. Therefore, PAMAM dendrimers are considered
biomimetic mineralized molecule.

Interaction between PAMAM and HA

Recently PAMAM dendrimers have been extensively stud-
ied in the crystallization process of HA. PAMAM polymers with
different generations, surface groups, and concentrations can
regulate the size and shape of HA. Naka et al reported that the
presence or absence of PAMAM can adjust the morphology of
CaCo, crystals to form spherical vararite or rhombohedral cal-
cite respectively [29]. In addition, it was found that without
any PAMAM or using a lower generation such as G1.5, it is not
possible to form composite films with CaCO,/poly (ethylenei-
mine) [30]. Zhang et al discovered that the choice of generation
and concentration of PAMAM dendrimers with carboxylic acid
groups on the outer surface has great influence on the mor-
phology and size of BaWO, crystals. As the generation number
of PAMAM dendrimers increased from G1.5 to G3.5, the diam-
eter of the crystals increased from 0.6 to 5 mm, promoting the
formation of crystals, while dendrimers with higher generation
acted as an inhibitor of crystal formation [31]. In addition, the
crystal size change of G4-PAMAM synthesized by the hydrother-
mal method with amide groups on the outer surface is depen-
dent on PAMAM generation. The shape and dimensions of the
crystals were also related to the concentration of PAMAM den-
drimers [32]. The mineralization of Crystal occurrence is initi-
ated through calcium complexation by the concerted action of
NH, and amide C=0 groups [33]. Further studies revealed that
powdery nanorod crystals with narrow particle size distribution
were prepared hydrothermally under G5-PAMAM-COOH, which
also confirmed that PAMAM dendrimers appeared to be inhibi-
tors of crystal initiation and influenced the crystal morphology
and size during the in vitro mineralization [34]. Khopade and
his colleagues utilized carboxylic acid-terminated half-genera-
tion PAMAM dendrimer as a template to prepare amorphous
spherical HA. They suggested that the PAMAM dendrimers may
act as nucleation sites due to calcium binding to the carboxylic
acid groups present on their surface [35]. Furthermore, PAMAM
dendrimers with carboxyl groups and polyhydroxy groups had
an impact on the size and shape of the HA. The internal nitro-
gen portion of the PAMAM dendrimers serves as a complex-
ation site, the core is hydrophilic and may be open to calcium
ions, especially in the case of polyhydroxy-terminated PAMAM,
so it is hypothesized that the nucleation sites of PAMAM are
located either outside or inside of PAMAM [36,37]. Xie et al in-
vestigated the effect of G2-PAMAM, synthesized using glutamic
acid (MG) as a shell on the crystallization of calcium phosphate.
In the presence of PAMAM-MG, the morphology of calcium
phosphate crystals exhibited a band-like structure with reduced
thickness and width compared to dendrimer-free crystals. This
outcome can be attributed to charge interactions between the
dendrimer and octacalcium phosphate. Additionally, PAMAM-
MG demonstrated an affinity for gelatin and potentially con-
tributed to the formation of Amorphous Calcium Phosphate
(ACP). These findings indicted that PAMAM-MG had potential
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as a modulator for controlling OCP morphology [38]. The above
results indicate that the number of generations of PAMAM, the
terminal groups, the concentration, the nucleation site, and the
relative growth rate of the crystallization surface can all affect
the morphology and size of HA. Different generations and dif-
ferent terminal groups of PAMAM have distinct binding sites
with metal ions, these ions can be either bound to the surface
of PAMAM or to the nitrogen-containing parts inside PAMAM,
which leads to the adsorption of different PAMAMs to different
growth planes and changes the relative growth rates of differ-
ent crystal planes, and thus regulates the formation of diverse
crystal morphologies. The high generation of PAMAM (3.5) has
an inhibitory effect on crystal growth due to its spherical shape
with limited space within its internal nitrogen-containing region.

Effect of PAMAM on remineralization of enamel
Biomineralization of tooth enamel

Enamel consists of phosphate crystals secreted by amelo-
blasts from the inside out. Mature enamel is a highly mineral-
ized acellular tissue. When damaged by external or endogenous
factors, there are no effective physiological mechanisms to re-
pair except for the protection and remineralization potential
provided by saliva. Enamel biomineralization is a process that in-
volves the coordination of organic substrates and inorganic crys-
tals, which are regulated by genetic programs within cells. The
formation of enamel starts from the enamel-dentin junction,
which can be divided into three stages: secretion, transition,
and maturity [39]. The main mineral secreted during the early
stages of enamel formation is ACP, the mineralization precursor,
which is regulated by enamel matrix proteins to assemble into
highly ordered and arranged HA [40]. Enamel matrix proteins
are the main regulators of biomineralization and are important
for the initiation, orientation, and nucleation growth of crystals,
and mainly include amelogenin protein and non-amelogenin
protein (e.g., ameloblastin, enamelin and tuftelin) [41]. Amelo-
genin constitutes 90% of the enamel matrix and plays a pivotal
role in enamel formation. The N-terminal region of amelogenin
interacts with calcium and phosphorus ions at the stage of
enamel formation, and the C-terminal end orchestrates HA to
be highly ordered [42-44]. The hydrophobic N-terminal and hy-
drophilic C-terminal jointly endow the protein with amphiphilic-
ity, which enable self-assembly into nanospheres, chains, and
ribbons to stabilize ACP, provide a structural template for ACP
growth, and induce and regulate the growth of enamel crystals
[43,45-47]. The electrostatic adsorption between the functional
end groupof amelogenin and the binding site of HA crystals is a
critical step in the remineralization of HAcrystals guided by am-
elogenin [48]. Therefore, the primary objective of enamel bio-
mimetic mineralization is to replicate the characteristics of HA
assembly and regulate HA crystal nucleation, orientation, for-
mation, and growth through the self-assembly of amelogenin or
their mimetics as an organic template for mineralization.

PAMAM induces biomimetic mineralization of enamel

PAMAM exhibits a strong tendency to self-assemble into
hierarchical enamel crystal structures. In an aqueous solution,
G3.5-PAMAM-COOH and G4-PAMAM-NH, formed fractal ag-
gregates by electrostatic interaction. The studies of aggregation
dynamics indicated that diffusion controlled colloidal aggrega-
tion (DLCA) dominated the electrostatic assembly of higher gen-
eration PAMAM dendrimers. Under suitable conditions, electro-
static self-assembly between PAMAM-COOH and PAMAM-NH,
can serve as an efficient synthesis method for generating high-

er-order complex architectures such as fractals [49]. PAMAM-
COOH self-assembled in aqueous solutions containing ferric
chloride of different pH values to form nanorods, nano strands,
microspheres of similar morphologies, and finally formed sta-
ble microstrip aggregates with a length of millimeters, width of
micrometers, and thickness of nearly 5 mm the change of pH
value did not affect the morphology of PAMAM aggregates. The
mechanism of microribbon formation remains is still unknown.
It was proposed that the carboxylic groups on the surface of the
PAMAM-COOH dendrimer provide the complexation sites with
the Fe** ion. When the PAMAM-COOH dendrimer was added
to ferric chloride aqueous solution, the Fe3* cations may be ad-
sorbed on the peripheral carboxylate radical anions through the
electrostatic interaction. This would rapidly form a positively
charged PAMAM and bind to the negatively charged carboxyl
groups of the remaining PAMAM in the aqueous solution. In
such a case, these Fe3* cations act as a linker between den-
drimers promoting the self-assembly process. In addition, once
occupied by Fe* cations, no free COOH groups would be pres-
ent at the surface, making these occupied parts impossible for
the association with the positively charged dendrimers. As a re-
sult, only several external groups of the PAMAM monomer had
the opportunity to be connected with each other, which may
explain the directional aggregation of PAMAM into a fiber-like
structure rather than bigger spheres in solution. PAMAM may
be an ideal building block to mimic the self-assembly of ame-
logenin [50]. Yang et al. reported a novel amphiphilic PAMAM
dendrimer, whose periphery was modified with |-aspartic acid
and an aliphatic chain at the focal point (Sa-PAMAM-Asp), in
or-der to simulate the self-assembly behavior, the function of
amelogenin, and the inter-actions between amelogenin’s C-
terminal aspartic acid residues and HA, to establish an optional
environment for the growth of HA in vitro. Sa-PAMAM-Asp was
initially self-assembled into nanospheres and subsequently
converted into linear chains through increased concentration or
additive incorporation. The linear component demonstrates a
functionality akin to that of amelogenin in guiding HA growth.
The c-axis of the HA crystals is preferentially oriented along the
amelogenin aggregates, similar to that characterized by the
lowest level of enamel-layered structures [51]. This study has
provided direct experimental evidence for protein-mediated
nucleation and growth of HA as well as reveals the mechanism
of enamel biomineralization. The phosphorylated PAMAM with
peripheral groups of triphosphate or bisphosphonate designed
by Xin et al. can serve as a mineralization template for miner-
alization to generate fishbone-like or fibrous HA nanocrystals.
The micro-scale phosphorylated PAMAM were self-assembled
into ribbons or protofibrils that could induce HA deposition and
generate mineralized networks [52]. The above studies supply
a theoretical foundation for the PAMAM self-assembly process
and support its application in dental enamel biomimetic miner-
alization. PAMAM acts as an organic template on the surface of
demineralized enamel, inducing the formation of HA, which has
the same structure, orientation, and minerals as natural enam-
el. Chen et al immersed demineralized enamel in 1000 ppm
PAMAM-COOH solution for 30 minutes and then in fluorinated
and non-fluorinated calcium phosphate solutions for 20 hours.
It was found that PAMAM-COOH could be used as a template
for mineralization to induce the formation of HA crystals with
the same structure, orientation, and mineral as intact enamel
in a relatively short period [53]. The carboxyl groups bound to
calcium ions on the surface of HA via coordination bonds, pro-
viding a firm combination for PAMAM and enamel. In this study
due to demineralization, the peripheral region of the enamel
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prism was more severely decalcified than the central region,
resulting in more c-axis surfaces of the enamel crystals being
exposed, which could adsorb more PAMAM self-assemblies,
and PAMAM-COOH preferentially adsorbed with the c-axis on
the crystal surfaces in order to increase the nucleation and
growth of new crystals around the enamel prism. In addition,
PAMAM-COOH assemblies can act as a linker between the new
crystals on the enamel surface and the new crystals in solution,
thus determining the arrangement of the regenerated crystals.
PAMAM-COOQOH attracts and stabilizes ACP in solution, and it
funcytioned as a template to to organize these nanoprecursors
and guide their crystallization along the “amorphous precursor
pathway [54].

The previous studies have used strong acids to demineral-
ize the superficial layer of enamel to create enamel caries, a
condition that creates a highly calcified zone of approximately
30 mm in the outermost enamel layer [55]. This results in the
outer enamel layer being highly resistant to acid compared to
the inner enamel layer. To better simulate the physiological
environment and acid challenge during meals in the oral cav-
ity, Fan et al. developed a subsurface demineralization model
and implemented a demineralization-remineralization cycle to
more accurately predict the actual effects of PAMAM-induced
mineralization. For the first time, they quantified the mineraliza-
tion capacity of PAMAM with different terminal groups. It was
shown that PAMAM-COOH, PAMAM-OH, and PAMAM-NH2 all
had the ability to induce enamel remineralization. The percent-
ages of remineralization for the PAMAM-NH2, PAMAM-COOH,
and PAMAM-OH groups were 76.42%3.32%, 60.07£5.92%, and
54.5217.81%, respectively [56]. The positively charged PAMAM-
NH2 binds to the negatively charged enamel surface through
electrostatic forces involving positive and negative charges
[57]. PAMAM-NH, exhibited superior performance by signifi-
cantly enhancing hardness recovery in the cross section while
minimizing damage depth and mineral loss. On the other hand,
PAMAM-COOH forms a coordination bond with calcium ion on
the HA surface via its carboxyl group [37], thereby inducing sub-
surface enamel mineralization. However, PAMAM-OH, which is
electrically neutral [58], does not effectively repair demineral-
ized enamel. Jia et al also showed favorable remineralization
ability of PAMAM-COOH and PAMAM-NH, on the enamel sur-
face. The regenerated crystals exhibited ca/p ratios of 1.663 and
1.637, which closely resembled that of HA (1.67) in the original
enamel, indicating successful induced remineralization with
consequential changes in the three-dimensional morphology of
the enamel surface. Notably, there was a significant reduction
in the height of enamel rods, resulting in a smoother sur-face
that hindered Streptococcus mutans adhesion. Although there
was no significant difference in surface roughness between
these two groups, the PAMAM-COOH group exhibited a higher
bacterial adhesion force compared to the PAMAM-NH, group
[59]. Surfaces with similar roughness may possess distinct geo-
metric details, symmetries, or hierarchical arrangements of sur-
face features [60], as well as the inhibition of positively charged
PAMAM—NH2 on bacteria [61], which can all influence bacterial
adhesion. Consequently, the enamel induced by PAMAM-COOH
and PAMAM-NH, demonstrates resistance against oral bacteria
and reduces secondary caries formation, making it a promising
material for early enamel caries treatment.

The application of PAMAM as a remineralization template
is limited by its weak binding ability with HA, and it is easily
detaching from the enamel surface in the daily complex oral
environment, inhibiting the mineralization process of mineral

crystals on specific surfaces, which is similar to the inhibition
of CaCO, formation by free dendrimer in aqueous solution [62].
Therefore, it is crucial to improve the binding capacity between
PAMAM and human hard tissue matrix, particularly HA, for
achieving in situ regeneration or remineralization. Chen et al
used PAMAM with different terminal groups as probes to inves-
tigate the charge distribution on the HA surface in rat enam-
el. They discovered that PAMAM with carboxyl, amino, and
acetylamino groups could be attached to the enamel surface
through charge adsorption or complexation mechanisms and
that the binding strength of PAMAM to the crystals depended
on the terminal groups of PAMAM, the order of the binding
strength of the two was positively charged amino group > nega-
tively charged carboxyl group > neutral acetylamino group, and
meanwhile an alternating positive and negative charge band
was found on the surface of the crystals [63]. This result com-
plements that of Kirkham et al, who showedthat the alternating
domains of surface charge consisted of broad bands approxi-
mately 30 to 50 nm wide using chemical force microscopy [64].
Furthermore, G7-PAMAM-COOH was employed as a probe for
hydroxyapatite nanorods to establish a mathematical modeling
for understanding the binding capacity between crystal surfaces
and PAMA molecules. The study indicated that the dendrimers
were separated along the crystal C-axis with a binding strength
measuring 90+20 kJ/mol [65]. These above findings suggest
that the binding strength between PAMAM and HA crystals de-
pends not only on the terminal groups of PAMAM, but also on
the charge strengths of the protein and crystal surfaces. Modu-
lating the terminal group of PAMAM can initiate or regulate the
growth of HA crystals, leading to varying degrees of binding af-
finity with the crystal surface. Wu et al designed a composite
material consisting of Alendronate sodium (ALN) anchored to
HA and PAMAM-COOH, which utilized the specific adsorption
of ALN on enamel to enable ALN-PAMAM-COOH to be firmly
bonded to the enamel and be able to resist Phosphate Buffered
Saline (PBS) rinsing to fully exert the PAMAM-COOH induced in
situ remineralization of HA, and the regenerated HA had a nano-
rod-like crystal structure similar to that of human enamel, with
the thickness of the newly generated mineralized layer reach-
ing 11.4 um, and restored the microhardness of acid-etched
enamel samples to 95.5% of the original value, with a Ca/P ratio
of 1.67, which was very close to that of the original value of
natural enamel. Animal experiments also demonstrated that
ALN-PAMAM-COOH could effectively induce the mineralization
of HA in rat oral cavities (Figure 2) [66]. However, the complex
synthesis process involved in producing ALN-PAMAM-COOH
may impede its further industrialization and potential biomedi-
cal applications. Inspired by the structure and properties of
amelogenin, Chen et al prepared PAMAM-PO_H , One reason is
that the phosphate group exhibits a higher affinity for calcium
ions compared to the carboxyl group, while another reason lies
in its strong binding ability with HA, which can simultaneously
fulfill the functions of both ALN and PAMAM-COOH parts in
ALN-PAMAM-COOH, and PAMAM-PO3H2 can simulate the natu-
ral process of amelogenin regulating biomineralization during
enamel development, inducing the production of HA crystals
that are highly ordered and predominantly oriented along the
Z-axis of the pristine enamel surface, with low cytotoxicity.

Animal experiments have also confirmed that PAMAM-PO_H,
can effectively induce significant regeneration of enamel (Figure
3) [67]. Gao et al. combined the nucleating template PAMAM-
NH2 with Amorphous Calcium Phosphate (ACP) to enhance the
enamel remineralization, and utilized the adsorption function
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of statherin on HA to improve the binding capacity of PAMAM-
NH2 on HA, to prepare a DpSpSEEKFLRRIGRFG-functionalized
PAMAM-NH, (called SN15-PAMAM), ACP releases high levels of
calciumphosphorus ions, which rapidly neutralize acid to pro-
tect the tooth, and calciumphosphorus ions in the solution sta-
bilize the structure of SN15, which leads to a stronger bonding
of PA|\/|A|\/|-NH2 to enamel and promotes remineralization. Com-
pared with the control group, the SN15-PAMAM+ACP adhesion
method achieved a 90% increase in enamel remineralization for
artificial caries [68]. Therefore, the SN15-PAMAM+ACP adhe-
sive method reduces the remineralization of enamel damage,
increases the hardness, improves the service life of the inter-
face of the restored teeth, and reduces secondary caries. Tao et
al. constructed a honokiol-loaded PAMAM dendrimer (PAMH)
by a cosolvation method to counteract early enamel caries.
PAMH induced enamel remineralization and sustained the re-
lease of antimicrobial drugs at the same time, which resulted in
long-term antimicrobial activity. The release of honokiol in the
cariogenic low pH environment is slower and more sustained
than that in a neutral environment due to electrostatic interac-
tion, where P3 beads with the same charge repel each other,
leading to the rapid expansion of the PAMAM molecules and
accelerating the release of the drug. However, protonated P1
beads have a positive charge while protonated P3 beads have
no charge at low pH; thus, electrostatic repulsive interactions
between protonated P1 beads are limited by the outermost
layer of P3 beads on the surface of the dendrimer, resulting
in slow swelling rate and drug release under acidic conditions.
Animal experiments also shown that PAMH has a long-term ef-
fect on rat dental caries and exhibited good biocompatible [69].
Therefore, PAMH has a broad application prospect in enamel
restoration.

Effect of PAMAM on remineralization of dentin
Biomineralization of tooth dentin

The formation of dentin, similar to dental enamel, is regu-
lated by odontoblasts and the extracellular matrix. Dentin
biomineralization involves the secretion of an organic matrix
and the deposition of crystals. Under physiological conditions,
odontoblasts secrete an extracellular matrix primarily com-
posed of type | collagen, accounting for 90% of its composition.
This collagen serves as a scaffold for mineral crystal deposition
[70]. Non-Collagenous Proteins (NCPs) accounted for 10%. The
structure of NCPs is rich in aspartic acid, glutamic acid, serine
and other acidic amino acid residues, with a large number of
negative charges, and has a strong calcium ion and HA binding
ability [71], which reduces the nucleation activation energy and
driving force required for apatite formation [72], and acts as the
initiating factor, stabilizing factor or inhibiting factor of miner-
alization to regulate mineral deposition. NCPs can induce the
formation of stable ACP in the presence of calcium and phos-
phorus ions. The smaller nano precursors can freely penetrate
into the demineralized dentin collagen fibre matrix and align
along the microfibers within the collagen fibres, forming nano-
microspheres with potential to transition into apatite nanocrys-
tals. Simultaneously, NCPs can also bind to specific regions of
collagen fibres (such as vacant areas), attracting a significant
number of nanocrystals into the demineralized dentin matrix
by providing a template based on matrix phosphorylated pro-
teins. This process allows for control over both size and level
of HA facilitating complete intra-fibrous mineralization of den-
tin [73,74]. The collagen framework plays a crucial role in facili-
tating dentin remineralization in a three-dimensional manner.

Recent evidence has demonstrated that collagen fibres possess
the ability to regulate the size and shape of apatite [75], while
the charged groups within collagen serve as nucleation sites for
promoting apatite formation. However, it should be noted that
the rate of nucleation is relatively slow [76]. Therefore, the col-
lagen acts as a scaffold, while the NCPs serve as a mineralization
template, working together to facilitate the orderly growth and
deposition of crystals, ultimately leading to the formation of
mineralized dentin [72].

The NCPs encompass Dentin Matrix Protein 1 (DMP 1), Den-
tin Phosphoproteins (DPP), and Dentin Salivatin (DSP) [77].
DMP 1 is a tissue-specific NCP involved in mineralization with-
in the dentin matrix, cleaving two dysfunctional fragments in
the cytoplasmic matrix. The C-terminal segment, abundant in
carboxyl groups, facilitates the phase transition of ACP to HA,
thereby inducing extrafibrillar mineralization of collagen fi-
brils. The N-terminal fragment, rich in aspartic acid residues,
aids in stabilizing amorphous calcium phosphate into nanopar-
ticles and subsequently induces intrafibrillar mineralization of
collagen fibrils [74,78]. DMP1 is capable of stabilizing calcium
and phosphorus ions in solution to form nucleating precursor
[79,80]. Through electrostatic adsorption, these nucleating pre-
cursors aggregate within dentin collagen fibres to generate ACP
nanoparticles, which subsequently undergo crystal orientation
to develop single apatite grains within the collagen molecular
gap [81]. In conclusion, under physiological conditions, DMP1
possesses the ability to bind collagen fibres and calcium ions
while inducing the formation of HA, an essential NCP involved
in regulating dentin mineralization [82]. However, in mature
dentin, the remineralization ability of NCPs diminishes, making
it challenging to extract natural NCPs. Therefore, the concept
of dentin biomimetic mineralization aims to identify NCPs ana-
logues that can stabilize mineralized precursors and serve as
nucleation templates. PAMAM dendrimers belong to a class of
monodisperse nanomaterials that exhibit similar chelating and
templating effects as NCPs. When present in solution, PAMAM
dendrimers can impede mineralization and stabilize ACP nano
precursors to prevent phase transition. Moreover, when bound
to the surface, PAMAM dendrimers can act as nucleation tem-
plates for inducing remineralization.

PAMAM induces biomimetic mineralization of dentin

The biomimetic mineralization of dentin, in contrast to
enamel, involves both intra-fiber and inter-fiber mineralization.
Inter-fiber mineralization alone, which is deposited only on the
dentin surface, cannot generate a highly mineralized collagen
matrix [83]. Optimal mineralization can only be achieved when
both inter-fiber and intra-fiber mineralization occur simultane-
ously. Therefore, the challenge in achieving biomimetic dentin
mineralization lies in the ability of ACP to penetrate collagen fi-
bers and nucleate and mineralize at specific sites. Li et al used
the monodispersity of G4-PAMAM-COOH and the size scale
topology similar to protein to simulate the function of NCPs,
which was inspired by the natural mineralization process guided
by NCPs. PAMAM-COOH combines with collagen fibrils at spe-
cific sites and remains in collagen fibers through size exclusion.
The carboxyl groups in PAMAM-COOH attract and stabilize ACP
nano precursors in solution, aggregating them into the collagen
matrix, Additionally, the internal nitrogen portion and intramo-
lecular space of PAMAM-COOH can serve as complexation sites
for nano-precursors [62]. Consequently, the dendritic polymer
can act as a template to order the nano precursors and guide
these nanocrystals to crystallize along the “amorphous precur-

scibasejournals.org

05



SciBase Dentistry and Oral Sciences

sor pathway”, thus achieving intrafibrillar mineralization along
the microfibrils in the collagen matrix (Figure 4) [84]. PAMAM-
COOH can play the dual functions of natural NCPs in this pro-
cess, that is, mineral ion sequestration and mineralization tem-
plate. As such, it can achieve intrafibrillar mineralization with a
hierarchical structure both in vitro and in vivo. Xie et al. sutured
a PAMAM-COOH-treated model of demineralized dentin onto
rat buccal mucosa to replicate the authentic environment of
the human oral cavity and the cavity. The results showed that
PAMAM-COOH effectively promoted the biomineralization of
demineralized dentin in vivo, and also exhibited a favorable per-
formance in the blockage of dentin tubules [85]. Similarly, G4-
PAMAM—PO3H2 is similar to DPP in size, topological structure,
and peripheral function, and is anchored in collagen matrix with
excellent dentin binding ability by size exclusion and electrostat-
ic interaction with cross-linked collagen [86], and plays the role
of dentin DPP analog in vivo and in vitro experiments. The den-
tin DPP analogue, PAMAM-PO_H,, effectively induced reminer-
alization of the regenerated dentin mineral layer both in vivo
and in vitro, with a thickness exceeding 10 um [87]. Another
showed that PAMAM-PO_H, at concentrations less than 100 mg
/mL were promoters for apatite nucleation growth but inhibi-
tors at concentrations greater than 500 mg /mL. PAMAM-P03H2
also mimicked biomineralization through the stabilization of
ACP and were multifunctional NCPs analog for biomimetic rem-
ineralization [88]. Liang et al. revealed that PAMAM-NH,, with
its highly ordered structure and numerous calcium coordination
sites, has the good binding ability to demineralized dentin, in-
duces needle-like crystals to precipitate on the dentin surface
and in dentin tubules, and regenerates minerals with an excel-
lent acid resistance [89]. Most notably, PAMAM-NH, is able to
facilitate the mineralization of type | collagen fibers to achieve
collagen fiber of endo mineralization. Therefore, PAMAM-NH,
may be an ideal template for inducing dentin remineralization
in completely demineralized collagen mineralized tissue. Never-
theless, compared to other types of PAMAN dendrimers, PAMA-
NH, exhibits slightly inferior biocompatibility [90]. The results of
the quantitative study on the mineralization ability of PAMAM
in dentin showed that both PAMAM—NH2 and PA-MAM-COOH
induced dentinal tubules with reduced mineral loss, shallower
damage depth, and higher blocking rate compared to PAMAM-
OH. There were no significant differences observed between
PAMAM-NH_ and PAMAM-COOH in terms of mineral loss, depth
of dentin damage, hardness, rate of dentin tubule obstruction,
as well as the percentage of calcium and phosphorus elements.
There were no significant differences between PAMAM-NH,
and PAMAM-COOH in terms of the depth of dentin damage,
dentin hardness, dentin tubule blockage rate, and the percent-
age of calcium and phosphorus. The remineralization rates for
PAMAM—NHZ, PAMAM-COOH, and PAMAM-OH were 82.18%
2.96%, 76.34+4.53%, and 56.30+8.31% respectively [91]. The
differences were attributed to the variations in charge of the
terminal group among these three different types of PAMAM
molecules as well as their differential electrostatic binding abili-
ties towards collagen fibers. Furthermore, carboxyl > amino >
OH groups exhibit varying degrees of affinity towards functional
groups and calcium ions.

PAMAM-COOH and PAMAM- PO_H, both guide collagen
protofibrils towards intrafibrillar remineralization. However,
PAMAM-COOH or PAMAM-PO_H, cannot fully recapitulate the
mechanical properties exhibited by naturally mineralized tis-
sues at the nanoscale level [66]. Qin used PAMAM-PO H  to
replicate the isolated functional motifs of the N-terminal frag-

ment of DMP1, and PAMAM-COOH to mimic the template
functional motifs of the C-terminal fragment of DMP1. The
combined application of PAMAM—P03H2 and PAMAM-COOH
successfully induced dentin intra-fiber mineralization. Nota-
bly, PAMAM-PO_H, has good binding strength to the surface
of demineralized dentin, and during the amorphous precursor
induction phase, the suitable ACP were able to penetrate into
demineralized collagen matrix with assistance from PAMAM-
COOH. Furthermore, HA nucleation and growth were effectively
induced by PAMAM-PO H.. Both dendrimers showed promising
results in mineral regeneration as they partially covered dentin
surface and tubules. However, it should be noted that control
groups treated with Sodium Tripolyphosphate (STPP) and Poly
Acrylic Acid (PAA) immersion displayed higher levels of miner-
alization within demineralized collagen fibrils and filled dentinal
tubules. The ratios of remineralization for the two methods
were 1.11 and 1.25 respectively, and the control group was
closer to healthy dentin [88]. Nevertheless, it is worth men-
tioning that control group results resembled those observed in
healthy dentin more closely than those achieved by using ei-
ther PAMAM—P03H2 or PAMAM-COOH alone. On the one hand,
although the modified dendrimer PAMAM has the ability to
bind a significant number of functional groups, it may not pos-
sess as many functional groups as the STPP and PAA groups in
the control group. Another reason could be that the induction
concentrations of 2.5% STPP and 1000 ug/mL PAA applied for
remineralization in the control group are considered optimal,
while the experimental group concentration aligns with that
of the control group; however, this concentration might not be
ideal for achieving biomimetic remineralization using PAMAM-
P03H2 and PAMAM-COOH. Therefore, further experiments are
required to investigate the optimal concentration of PAMAM-
P03H2 and PAMAM-COOH for biomimetic remineralization.
However, it is undeniable that phosphorylated PAMAM and car-
boxylated PAMAM dendrimers hold great potential in the clini-
cal treatment of dentin demineralization. On this basis, Xie et al.
explored the mineralization mechanism of PAMAM-PO H, and
PAMAM-COOH on type | collagen fibrils and constructed a two-
dimensional collagen fiber model of recombinant type | colla-
gen fibrils that is easy to observe. The mineral formed in the
PAMAM-PO_H, and STPP groups was predominantly polycrys-
talline phase minerals, whereas no crystals were detected in
either the PAA or PAMAM-COOH groups. This indicated that the
phosphate groups may play a role in promoting nucleation. The
change in fiber diameter was relatively insignificant in the STPP
+ PAA group, whereas it was highly significant in the PAMAM-
COOH and PAA groups. Therefore, it can be inferred that the
presence of carboxyl groups plays a crucial role in the process
of crystal maturation. The combination of PAMA-MCOOH and
PAMAM-PO_H, could induce natural hydroxyapatite crystals
with enhanced maturity that initiated mineralization within 24
hours, resulting in an overall faster mineralization process. High
concentrations of phosphate groups may hinder crystal matu-
ration; conversely, high concentrations of carboxyl groups can
promote it. However, the synergistic effect between these two
factors to achieve optimal remineralization is not further dis-
cussed in this studied.

PAMAM is an excellent nucleation template, which can
quickly absorb calcium and phosphorus ions to remineral-
ization. However, PAMAM itself cannot release calcium and
phosphorus ions, neutralize acid, and raise pH value to resist
demineralization. Yang et al. synthesized PAMAM-COOH/NACP
composites, which effectively transports NACP into the intrafi-
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brillar space of the protofibrils to induce mineralization within
the fibril structure, and innovatively used fluorescent labeling
technology for observation and evaluation of the remineraliza-
tion effect. PAMAM-COOH/NACP showed remarkable intrafi-
brillar mineralization of human dentin type | collagen fibers and
facilitated mineral maturation, with the PAMAM-COOH/NACP
group forming a mineral Ca/P ratio of 1.9, which closely resem-
bled that of untreated dentin [92]. Previous research on tooth
remineralization was mainly performed in saliva-like solutions,
which contain calcium and phosphorus ions and pH of 7 to sim-
ulate the remineralization function of human saliva. However,
when tested in a circulating artificial saliva/lactic acid model
that more closely matches the actual oral environment, it was
observed that the biomimetic mineralization effect of PAMAM
was significantly weaker compared to previous studies conduct-
ed at a constant pH of 7 [89]. Liang et al. investigated the effects
of PAMAM + NACP bonding agent on dentin remineralization in
a cyclic artificial saliva/acid challenge environment for the first
time. PAMAM+NACP composite offer triple advantages, includ-
ing serving as a nucleation template, neutralizing acid, and re-
leasing calcium and phosphorus ions. During the challenge of
the artificial saliva lactic acid cycle (soaking in artificial saliva at
pH 7 for 1 hour, soaking in artificial saliva with pH 4 for 1 hour
for 21 days), this resulted in a significant increase in hardness,
approaching that of healthy dentin, indicating complete rem-
ineralization of demineralized dentin. It was proved complete
remineralization of demineralized dentin. In addition, prior to
bonding, dentin was treated with PAMAM at a concentration of
10 mg/ml. The adhesive was supplemented with NACP and the
composite was bonded using a NACP Interestingly, varying the
NACP content in the adhesive from 0% to 40% had no impact
on the bond strength. Remarkably, employing PAMAM+NACP
bonding technique successfully restored the hardness of demin-
eralized dentin to that of normal dentin even when subjected to
artificial saliva lactate cycling challenge [93,94]. This novel ap-
proach holds great promise in enhancing the durability of resin
dentin bonds, preventing dental caries However, it is important
to note that although the cyclic artificial saliva/lactate protocol
simulates common oral conditions, it does not fully represent
an oral environment characterized by dry mouth and localized
low pH. Liang et al contacted PAMAM impregnated dentin sam-
ples with 40% NACP adhesive in a lactic acid solution at a pH
value of 4 for 24 hours over a period of 14 days to simulate
the most challenging oral environment of patients with severe
saliva reduction or deficiency. The results showed that PAMAM
+ NACP resulted in complete remineralization of demineralized
dentin with increased hardness close to healthy dentin at pH
4 conditions without the presence of calcium and phospho-
rus ions, and the new PAMAM + NACP method is expected to
increase the longevity of composite dental bonding, prevent
caries, mineralize lesions and protect tooth structure, even in
patients with dry mouth and acidic oral environments [95,96].
Although PAMAM+NACP demonstrated superior remineraliza-
tion, the ability of NACP to release calcium and phosphate ions
and neutralize acids decreased over time. In addition, the fluid
flow in the oral cavity washes away PAMAM and loses its role as
a nucleation template, so it is necessary to develop methods to
maintain long-term mineralization despite the existence of fluid
impact. Liang et al subjected PAMAM-coated demineralized
dentin samples to 72/77 days of PBS immersion and shock to
construct an accelerated fluid attack model to simulate 1 year of
fluid stimulation in the oral cavity. Then, the rechargeable NACP
(EBPM-NACP) was immersed in lactic acid at pH 4 for 72/77
days to completely empty calcium and phosphorus ions. The ex-

hausted EBPM-NACP was recharged with a solution of calcium
and phosphorus ions using a simulated mouthwash before be-
ing exposed to PAMAM-soaked dentin samples and challenged
with artificial saliva containing lactic acid for 35 days. Follow-
ing 72 days of fluid oscillation, a significant portion of PAMAM
remained attached to the dentin surface, retaining its function
as a nucleation template. It is worth noting that the acid neu-
tralization and ion re-release capabilities of the PAMAM+EBPM-
NACP composite did not decrease even after repeated charging
and re-release cycles, which indicated the long-term reminer-
alization energy and the mineralization of samples using this
strategy of PAM AM+EBPM-NACP almost recovered to the level
of healthy dentin (Figure 5) [97-99]. The triple benefit achieved
by submerged PAMAM + EBPM-NACP composites compared
to PAMAM + NACP is the provision of superior nucleation tem-
plates, sustained charge re-release of calcium and phosphorus
ions, and acid neutralization even under prolonged fluid tur-
bulence conditions. The novel PAMAM +EBPM-NACP compos-
ite approach is expected to provide long-term dental protec-
tion and caries prevention, particularly for individuals with dry
mouth, reduced saliva flow, and radiographic dental caries.

Dentin Hypersensitivity (DH) is the most common symptom.
The occlusion of Dentinal Tubules (DTs), both in the short-term
and long-term, plays a crucial role in treating DH. Short-term
closure quickly relieves symptoms, while long-term occlusion
is related to the intra-fibrous mineralization of DTs and can re-
sist the re-exposure of dentinal tubules caused by acids in food.
PAMAM-OH has a good binding capacity with demineralized
dentin and induces effective dentin tubule occlusion against
acid attack after 7 days [100]. Wen et al used PAMAM- P03H2 to
induce the remineralization of DTs and sealing of DTs. Although
deep remineralization was not achieved with PAMAM-POaHz, it
successfully sealed DTs through complete mineralization. More-
over PAMAM-PO_H, succeeded in inducing HA in demineralized
dentin and reconstructed type | collagen matrix, suggesting
PAMAM-PO_H  may be a future clinical biomaterial for sealing
DTs [101]. However, one limitation of this experiment is that the
existence of a large number of type | collagen matrix in DTs may
affect the nucleation and growth of crystals [102]. Gao et al.
evaluated the stability of dentin tubule occlusion by immersing
demineralized dentin samples coated with NaF and PAMAM-
NH, in artificial saliva after brushing and acid challenge respec-
tively. After 14 days of immersion in artificial saliva, the mineral-
ization induced by NaF was significantly faster than that induced
by PAMAM, because the mineralization precipitation resulting
from the inorganic reaction with NaF occurred at a higher rate
than the biomimetic mineralization induced by PAMAM. 28
days later, the mineralization rates of PAMAM were similar to
that of the NAF group, but only a few millimeters of mineraliza-
tion were deposited in the dentinal tubules of the NaF group,
while the dentinal tubules of the PAMAM group were filled with
needle-like crystals. The deposition rate of NaF was very fast,
with the surface of the dentinal tubules quickly closed, so it was
difficult for Calcium phosphate ions to enter the deeper regions,
resulting in suboptimal blocking effect [103]. PAMAM-induced
biomineralization showed excellent stable occlusion effect even
after acid challenge, highlighting great potential for use in the
treatment of dentin hypersensitivity reactions.

Dentin remineralization studies have shown that both Meso-
porous Bioactive Glass Nanoparticles (MBN) and PAMAM are
effective in the treatment of DH and have their characteristics.
BAG induces the remineralization of the dentin outer disc by re-
leasing ions to form a hydroxyl carbonate layer, to realize the
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mechanical sealing of dentin tubules [104,105]. However, the
time dependence of mineralization makes it difficult to deal with
initial DH quickly. To overcome this limitation, Bad et al coated
the surface of MBN with PAMAM to form PAMAM-MBN, which
has a sealing effect and fills the gaps between the MBN pores
in the PAMAM@MBN for better occlusion of dentin tubules as
compared to MBN alone. Importantly, the PAMAM coating does
not interfere with calcium ion release from MBN. The combined
application of PAMAM-MBN has higher PAMAM reactivity and
ion release effect of MBN, effectively sealing dentinal tubules at
an early stage and thus offering potential for improving initial
symptoms associated with dentin hypersensitivity [106]. Bacte-
rial acid production is one of the most prominent pathological
causes of caries, and therefore the treatment of caries requires
not only remineralization therapy but also concomitant antimi-
crobial therapy. PAMA-NH, is inherently antimicrobial, with a
large number of positive charges on its externally protonated
amino-terminal group, which confers a strong affinity to nega-
tively charged bacterial surfaces through electrostatic interac-
tions and is capable of attaching to and puncturing the bacte-
rium, leading to cytoplasmic component leakage and bacterial
death [61,107,108]. The growth of PAMAM-NH, firmly bound
to the dentin surface showed good inhibition of Streptococcus
mutans, Actinomyces naeslundii, and Enterococcus faecalis,
and competitive chelation of calcium and zinc particles to in-
hibit the activity of matrix metalloproteinase, which is essential
for maintaining the durability of resin dentin bonding [105]. Ge
et al combined PAMAM and Dimethylamino Dodecyl Methacry-
late (DMADDM) to prepare a new type of anticaries adhesive,
which played the dual role of natural bio natural mineralization
and antimicrobial effect. The incorporation of 1% PAMAM and
5% DMADDM can inhibit Streptococcus mutans, Streptococcus
sanguinis, and Streptococcus gordonii, showing superior anti-
bacterial and remineralization properties without compromis-
ing the bond strength of the adhesives, which has a promising
potential for clinical applications in caries prevention [109].
Zhou et al reported that triclosan-loaded PAMAM-COOH could
induce in situ remineralization on of dentin and at the same
time release triclosan for a long period for local antimicrobial
treatment [110]. Zhu et al. prepared PAMAM-COOH carry with
Apigenin (API), and dendrimers rich in APl were tightly bound
to dentin and induced dentin tubule occlusion. Additionally, the
controlled release of apigenin prevents further bacterial erosion
of dentin [111]. Dendrimers show great potential as dental car-
ies restoration materials, not only as carriers for capsule release
of antimicrobial drugs for local treatment but also as templates
for inducing in-situ remineralization. Xiao et al. developed
a bioactive multifunctional composite material called BMC,
which contains NAPC, Dimethylamino Hexadecyl Methacrylate
(DMADHM), 2-Methacryloyloxyethyl Phosphorylcholine (MPC)
and silver Nanoparticles (NAg). The additions of DMADHM,
MPC, and NAg significantly enhanced the protein-repellent and
antibacterial properties of the material, and combined with
G3-PAMAM-NH, joint application achieved maximum mineral-
ization of human root dentin in the artificial salivary lactic acid
cycle. The hardness of root dentin reached 0.55+0.04 GPa af-
ter 21 days, which close to the hardness of sound root dentin,
suggesting that PAMAM+MPC can be used in restorative treat-
ments for the treatment of caries class V cavities on the root
surface in order to mineralize and protect the tooth structure
[112]. It is worth noting that rapid deposition of minerals on the
surface of demineralized teeth may lead to hyper mineraliza-
tion, which may prevent mineral deposition into the deeper lay-
ers of dentin.

The structural integrity and stability of the collagen matrix
are a prerequisite for the effective induction of mimetic remin-
eralization. Under pathological conditions such as dental caries
and caries, repeated low pH stimulation activate caries matrix
Metalloproteinase (MMPs), leading to the breakdown of colla-
gen protofibrils. However, collagen stability is a major obstacle
affecting the clinical application of remineralization templates.
PAMAM-OH inhibits exogenous and endogenous MMP activity
and prevents the degradation of collagen fibers in the mixed
layer, which lays the foundation for the internal mineralization
of collagen fibers in the mixed layer induced by PAMAM-OH and
realized the persistence of dentin adhesion of the resins [113].
On the other hand, PAMAM-COOH combined with dentin col-
lagen through electrostatic interaction without changing the
structure and mechanical properties of dentin collagen, com-
petitively chelating zinc and calcium ions, effectively inactivates
endogenous MMPs, and delaying the degradation of collagen
by MMPs enzyme. Importantly, PA-MAM-COOH has no adverse
effect on the embedding of resin dentin but enhances the adhe-
sion durability of resin dentin. This study provides a theoreti-
cal basis for the further clinical application of PAMAM-COOH in
etch and rinse adhesive system [114]. Another study stated that
PAMAM-COOH had an excitatory effect on free MMP-2 activ-
ity, while it did not have any inhibitory effect on dentin-bound
MMPs activity. This phenomenon can be attributed to two rea-
sons: (1) the negatively charged PAMAM-COOH is unable to
bind to the catalytic site of MMP-2 containing the negatively
charged glutamic acid residue, resulting in reduced MMP-2 ac-
tivity. (2) PAMAM-COOH might play a catalytic role in enhancing
the interaction between MMP-2 and FRET peptide [115]. Zhang
et al. constructed NPCs-derived collagen cross-linking material,
PAMAM -peptide@galardin (PNG), inspired by natural collagen
cross-linking agents, by dual modification of PAMAM using an
external functional group and an internal drug. PNG was firstly
enriched around collagen by peptides, which acted as “bridges”
connecting multiple collagen molecules and promoted collagen
cross-linking. On this basis, galardin was released continuously
to continuously inhibit the activity of MMPs. Moreover, the
retained PAMAM carboxyl group attracts ACP deposition on
the collagen scaffold, enabling biomimetic remineralization of
dentin collagen. These modifications confer PAMAM with the
ability to cross-link collagen and inhibit MMPs, so as to real-
ize effectivebiomimetic remineralization of dentin in an MMPs-
containing environment. Animal experiments have also demon-
strated that PNG is effective in counteracting rat dentin caries
(Figure 6) [116].

Xiang et al synthesized a composite material PAMAM-COOH
and MMPs inhibitor Chlorhexidine Gluconate (CG), and the res-
in and demineralized dentin surface were separated by a 50 um
sheet, with both ends fixed using light curing with flowing resin
to simulate a microenvironment with a 50 um gap for micro-
leakage. Under the gap of 50 um, the microenvironment may
cause localion concentration to be higher than that formed on
the external or free surface, and exceed the dissolution product
constants of many mineral forms, such as calcium phosphate
and calcium fluoride. After soaking in artificial saliva for 14
days, corn-like crystal structures gathered around dentinal tu-
bules, and all exhibiting strong characteristic peaks associated
with phosphate compounds.

PAMAM-CG induced dentin remineralization [117]. Cai et
al. proposed a novel method to improve bond durability using
CHX-loaded PAMAM dendrimer as a pretreatment agent and
ACP nanoparticles as a bond filler. PAMAM loaded with CHX can
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rely on the size repulsion effect to remain in collagen fibers for
greater inhibition of MMP activity, and CAP nanoparticle fillers
can achieve dentin biomimetic mineralization in the absence of
calcium phosphorus particles. PAMAM acts as both a carrier for
CHX and reduces the cytotoxicity of CHX, as well as a template
for bionicmineralization that induces calcification of CAP-con-
taining adhesives, an approach that effectively improves bond
durability [118].
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Figure 1: Structural and physicochemical properties of PAMAMs. (A)
Schematic showing the chemical structure of G2 amino-terminated
PAMAM dendrimer (the core, surface amino groups and internal
cavity for drug entrapment or sequestration are highlighted). (B)
Structure of cationic, neutral and anionic surface functional groups
of PAMAM dendrimers. (C) A table summarising the molecular
weight (Daltons), measured diameter (nm), and number of surface
groups of different generations of PAMAMSs (G0-G10). Reproduced
with permission from [15].

C: Induce HA

remineralization |

Figure 2: Schematic demonstration of the specific adsorption of
ALN-PAMAM-COOH on the surface of tooth enamel and the subse-
quent in situ remineralization of HA. Reproduced with permission
from [66].
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Figure 3: (a) Schematic demonstration of the adsorption of PAMAM-
PO3H2 on the surface of tooth enamel and the subsequent in situ
remineralization of HA. (b) Animal experiments in the rat oral
cavity: acid-etched tooth enamel disks (al) and disks sutured to
the cheek of the rat (a2). SEM micrographs of acid-etched tooth
enamel disks without treatment (b group), treated with PAMAM-
COOH (c group) and treated with PAMAM-PO3H2 (d group). The
three groups are implanted in the rat oral cavity for 2 weeks (b1,
¢l and d1) and 3 weeks (b2, c2 and d2), respectively. b3, c3 and d3
are cross-sections of b2, c2 and d2, respectively. Reproduced with
permission from [67].
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Flgure 4: (a) Schematlc |||ustrat|on of the bioinspired intrafibrillar
mineralization process induced by G4-COOH as artificial proteins.
(b) Stained image of reconstituted type | collagen: (A) Branching of
the fibrils could frequently be seen (arrow); (B) Unstained collagen
fibrils immobilized with G4-COOH retrieved after being immersed
in artificial saliva for 3 days. Electrondense mineral nanoprecursors
(arrow) attached along the periphery (white dotted lines) of the
fibrils; (C) The nanoprecursors arranged in the fibrils is consistent
with the periodicity shown in (A); (D) Hig magnification of the co-
alesced nanoprecursors in (B) (arrows) showing the fluidicity that
indicated the amorphous nature of the initial intrafibrillar minerals.
(c) In vivo experiments in rat oral cavity: (A) Human dentine disks
protected with acrylic resin to form a disk; (B) Sample disk sutured
to the cheek of rat (arrow). (C,D) SEM micrographs of the EDTA-
treated tooth dentine disks without treatment (control group) and
treated with G4-COOH for 5 min (G4-COOH group), after being im-
planted in rats’ oral cavity for 14 days. (E,F) The fracture surfaces of
C and D, respectively. Reproduced with permission from [84].
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pendicular to the dentinal tubule axis after 42 days of lactic acid
immersion: Al control group, B1 PAMAM group, C1 EBPM- NACP,
and D1 PAMAM + EBPM-NACP. Representative SEM images of acid-
etched dentin cross-sections parallel to the dentinal tubule axis af-
ter 42 days of lactic acid immersion: A2 control group, B2 PAMAM
group, C2 EBPM-NACP group, and D2 PAMAM + EBPM-NACP group.
Images were taken on dentin cross-sections in a subsurface region
of 2 to 30 um beneath the surface. A1-B2 Naked collagen fibrils and
opened tubules. In C1 and C2, no exposed collagen fibrils were de-
tected, suggesting the inhibition of demineralization. In D1 and D2,
most tubules were occluded by regenerated minerals, demonstrat-
ing great remineralization Reproduced with permission from [99].

Conclusion

PAMAM plays a crucial role in the process of inducing bio-
mimetic mineralization of tooth tissue: (1) Stabilize calcium and
phosphorus ions in the solution and inhibit early spontaneous
precipitation; (2) Stabilize ACP and deliver it to the crystal sur-
face of demineralized dental tissue; (3) Provide nucleation sites
and mineralization templates for crystals growth, and control
the formation of the crystals in an orderly manner. PAMAM
has a remarkable ability to induce the mineralization of dental
tissues, and the structure, composition, morphology, and ar-
rangement of the formed mineralcrystals are close to that of
natural dental tissues, which largely simulates the mineraliza-
tion process of natural dental tissues and restores the structure
and properties of the natural dental tissues to a certain extent.
However, at present, most of the research has been carried
out in a liquid environment in vitro, fewer studies have been
conducted in the oral cavity, and there is insufficient evidence
to show that good results can be achieved in the oral cavity.

3 Galardin & MMPs ) Carboxyl terminal g ACP

s Colgen ) PAMAM b Activated carbaeyt arminal
Figure 6: (a) Schematic illustration of the preparation of PAMAM-
peptide@galardin. (b) Schematic demonstration of the mecha-
nisms of PAMAM-peptide@galardin for dual collagen stabilization
effects and remineralizing effect. (c) Schematic illustration of the
dentin repair and dual collagen protection effects by PAMAM-pep-
tide@galardin. Reproduced with permission from [116].

Moreover, achieving precise crystal alignment between large-
sized crystal blocks is currently challenging. The mechanisms
underlyingcrystal orientation and the role and evolution of the
organic matrix during mineralization remain incompletely un-
derstood. Although PAMAM-induced dental tissues are similar
to the normal structure, the study of the physical and chemi-
cal properties (microhardness, abrasion resistance, mechanical
properties, acid resistance, etc) of induced dental tissues is still
in the primary stage. Thebiomimetic mineralization of tooth tis-
sues needs to be combined with in vitro and in vitro research to
646 further shorten the mineralization time in order to improve
the mineralization degree and biological activity. In addition,
the biosafety of PAMAM is of concern, and further in vivo and
long-term clinical long-technical studies are required to dem-
onstrate the efficacy of long-term use of PAMAM and the ad-
verse effects of long-term use of PAMAM. The solution to these
problems still needs a lot of research support, but there is no
denying that PAMAM has significant potential in the biomimetic
mineralization of tooth hard tissues.
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