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Abstract 

 
Purpose: This study was designed to evaluate the effect of polyamidoamine dendrimer (PAMAM), nano-hydroxyapatite 
(nHA), and their combination (PAMAM-nHA) on the microhardness of demineralized enamel. Patients and methods: A 
total of 30 freshly extracted premolar human teeth were used in this study. Individual specimens were prepared and 
demineralized in a 37 % phosphoric acid gel (H3 PO4) for 30 s before being divided into three groups based on the 

materials used for the treatment of demineralized enamel. In the first group, PAMAM dendrimer was applied (A1). In the 
second group, nHA was applied (A2), in the third group; a combination of PAMAM dendrimer and nHA were applied 
(A3). The specimens were subdivided into three subgroups groups (T) according to assessment time. At baseline (T0), 

after 4 weeks (T1) and after 12 weeks (T2). Each treated group was placed in a separate container of artificial saliva, which 
was replenished every 24 h. All the specimens were subjected to microhardness assessment before demineralization 
(baseline), after demineralization, and 4 and 12 weeks after the application of treatment materials using a Digital Display 
Vickers Microhardness Tester. Results: At 4 and 12 weeks, the highest mean value was recorded for the PAMAM-nHA 

group followed by the nHA group, while the PAMAM group recorded the lowest mean value. Group A3 was significantly 

the highest, while there was an insignificant difference between groups A1 and A2. Conclusion: All the treatment ma- 
terials used in the study were effective in the microhardness recovery of enamel. 
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1. Introduction 

 
ecause it is the most prevalent chronic disease 

in both children and adults around the world, 
dental caries continues to be the main problem in 
dentistry [1]. Dental caries is a dynamic, non- 
communicable disease that is triggered by diet and 

biofilms that cause mineral loss from hard tooth 
tissues [2]. The current understanding of the 
development of caries is based on the recurrent 
cycles of demineralization and remineralization 
phases brought on by acid-producing bacteria in the 
oral microenvironment [3,4]. The dissolution of 
mineral ions like calcium and phosphate, which are 
responsible for generating the hydroxyapatite crys- 
tals in enamel, is brought on by the bacterial 
metabolism of fermentable carbohydrates, which 

results in acids [5]. Because of the fluid flow in the 
dentinal tubules and the development of caries 
disease, enamel demineralization can expose the 
dentine and cause dentinal hypersensitivity [6]. 
However, if the demineralized enamel prism is 
subjected to oral conditions that promote reminer- 
alization, it can revert to its embryonic state [7]. 

Moreover, early tooth decay is often treatable and 
preventable. There are two strategies to inhibit the 
demineralization of enamel and dentin: by 
employing salivary protective chemicals and by 

preventing the growth of biofilms. The primary 
objective of caries research in recent years has been 
the development of methods for the noninvasive 
management of early caries lesions through remi- 
neralization to preserve the tooth structure [8]. 
Remineralization can occur biologically as a result of 
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remineralizing substances or naturally as a result of 
saliva's buffering mechanism [9]. 

Fluoride is highly effective at preventing caries 
and remineralizing early carious lesions, but its use 
has several drawbacks [10]. Fluoride loses effec- 
tiveness when the pH of the oral cavity falls below 

4.5, and it also needs the right amounts of Ca2+ and 

PO3— to be effective. Besides, only the topmost layer 
of enamel is impacted by the remineralizing process 

during the resurfacing procedure, leaving the le- 

sion's center unaffected [11]. However, overcoming 

the safety dosages, exposure to the risk of fluorosis 
(in the case of children), and toxicity is the most 

important drawback connected with fluoride use. 
These factors have necessitated the development of 

new chemicals to get around fluoride restrictions. 
To move from enamel remineralization to enamel 
regeneration, one of the most current technologies 
is represented by biomimetic materials [12]. 

Dendrimers made of polyamidoamine (PAMAM) 
are synthetic proteins with several reactive end 
groups, internal cavities, a specific size, form, etc. 
These amelogenin-inspired dendrimers have been 

referred to as ‘artificial proteins’ because they may 

mimic the functions of organic matrices in regulating 
the biomineralization of tooth enamel. PAMAM 
dendrimers with carboxyl and phosphate termina- 
tions both show a strong propensity to self-assemble 
into hierarchical enamel crystal structures, according 
to numerous in vitro investigations. PAMAM organic 
templates produce new crystals that nearly resemble 
the original prism-shaped enamel crystals in terms of 
their structure, orientation, and mineral phase 
[13,14]. The crystal size of nano-hydroxyapatite 
(nHA) crystals ranges from 50 to 1000 nm. It was 
discovered that nHA has characteristics with bio- 

logical apatite. The nanoparticle's size significantly 
enhances the bonding surface area, giving the nHA 
its distinctive bondability. This allows calcium or 
phosphate ions that are readily available to bind to 
the surface of enamel and fill the porosities of carious 
lesions [15]. In the precipitation process, nHA crystals 
penetrate the enamel rods and serve as a template, 
supporting crystal integrity and growth [16]. 

Amphiphilic, carboxyl-terminated, and phos- 
phate-terminated PAMAM dendrimers showed a 
strong propensity to self-assemble into hierarchical 
enamel crystal structures, according to several in 
vitro tests. The new crystals created by the PAMAM 
organic templates have the same structure, orien- 
tation, and mineral phase as the enamel, and the 
hydroxyapatite (HA) nanorods are oriented parallel 
to the original prisms [13,14]. 

The crystal size of nHA crystals ranges from 50 
to 1000 nm. It was discovered that nHA has 

characteristics with biological apatite. The nano- 

particle's size significantly enhances the bonding 
surface area, giving the nHA its distinctive bond- 
ability. This allows calcium or phosphate ions that 
are readily available to bind to the surface of enamel 
and fill the porosities of carious lesions [15]. In the 
precipitation process, nHA crystals serve as a tem- 
plate, entering the enamel pores and fostering the 
integrity and growth of crystals [16]. 

Therefore, the purpose of this study was to 
investigate the effect of PAMAM, nHA, and their 

combination PAMAM + nHA on the microhardness 

of demineralized enamel. 

 

2. Patients and methods 

2.1. Trial design and sample size calculation 

 
To test the null hypothesis, which states that there 

is no difference between the effects of PAMAM 
dendrimer, nHA, and their combination on the 
microhardness and micromorphology of deminer- 
alized enamel, a power analysis was created. 
Elzankalouny, Shaimaa M., and Wegdan M. 

Abdelfattah's findings suggest [17]. Assuming an 
effect size (f) of (1.18), a power of 80 % and an alpha 

(a) level of 0.05 (5 %), the estimated sample size (n) 
was a total of 15 specimens or 5 for each group. 

 
2.2. Selection of teeth 

 
A total of 30 freshly extracted premolar human 

teeth were used in this study. Teeth were extracted 
from patients for orthodontic purposes, and the 
patients were informed about and consented to the 
use of their teeth following approval of the Ethics 
Committee of the Faculty of Oral and Dental Med- 

icine for Girls’, Al-Azhar University (approval code: 

REC-OP-019-02). Teeth were cleaned by a scalpel to 
remove attached soft tissues, and a low-speed 
handpiece with pumice paste was used to remove 
the remaining debris, and then were stored in 
distilled water for a maximum period of 1 month till 
use. The teeth used for this investigation had buccal 
enamel surfaces that had not been impacted by any 
chemical pretreatment agents, were free of white 
spot lesions or caries, and did not have hypoplastic 
enamel [18]. 

In all, 30 premolar human teeth were used to 
create specimens. The roots of the teeth were 
removed using a high-speed diamond rotary bur 
and were cut at the intersection of the enamel and 
the cementum. The specimens were inserted in the 
specially designed acrylic block with the buccal 
surface directed upward and exposed after the self- 
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cured acrylic resin was poured inside the custom- 
made plastic cylinder molds (Fig. 1), and then the 

enamel surfaces were flattened and smoothed using 
carborundum disks (1200 (Germany) and polished 

using diamond paste (15 mm diamond paste, Ger- 
many) [18]. 

 
2.3. Demineralization of enamel specimens 

 
The buccal surface of each sample was deminer- 

alized with 37 % H3PO4 gel for 30 s and then rinsed 

with sufficient deionized water [19], and then the 
specimens were divided into three groups. 

 
2.4. Sample grouping 

 
The specimens were separated into three groups 

after demineralization based on the materials used 

for treatment (A). In the first group, PAMAM was 
used to treat the demineralized enamel (A1). The 
demineralized enamel (A2) in the second group was 
treated with nHA, while the demineralized enamel 
(A2)  in  the  third  group  was  treated  with 

PAMAM + nHA (A3). According to the evaluation 
time, the  specimens were  separated  into three 
subgroups: baseline (T0), after 4 weeks (T1), and 
after 12 weeks (T2). 

 
2.5. Application of treatment agents 

 
The treatment agents in each group were applied 

to the demineralized enamel specimens one time. 
An insulin syringe (1 ml) was used to standardize 
the quantity applied on the enamel surface; the 
treatment agents were brushed using a swiping 
motion with a micro brush (Flowthru, Microbrush 
Products, Dungarvan, Ireland) for 20 s, left for 
10 min [20], and then rinsed with distilled water. In 

 

Fig. 1. Specimen embedded in the acrylic resin block. 

 
 

 
the third group, the PAMAM solution was applied 
on the exposed surfaces of the demineralized 
enamel sample for 10 min and then the tooth was 
rinsed with deionized water and the nHA slurry was 
applied to the dental surface for another 10 min, and 
then rinsed with deionized water. After treatment, 

the specimens were stored in artificial saliva. 

 
2.6. Storage of specimens 

 
Each treated group was placed in a separate 

container of artificial saliva at room temperature 
and the artificial saliva was replenished every 24 h 
[21]. 

 
2.7. Surface microhardness assessment (SMH) 

 
All the specimens were subjected to microhard- 

ness assessment before demineralization (baseline), 
after demineralization, and 4 and 12 weeks after 
application of treatment materials. Vickers A 
microhardness tester with digital display was used 
to determine the surface microhardness of the 
specimens. Equation [22] was used to calculate 

microhardness: HV = 1.854 P/d2, where P is the load 
in Kgf; d is the length of the diagonals in mm; and 
Kgf is the Vickers hardness in Kgf/mm2. 

 
2.8. Statistical analysis 

 
All the information was gathered, collated, and 

examined. The mean, standard deviation (SD), and 
confidence intervals for the data were reported. The 
KolmogoroveSmirnov test results showed that the 
data were normally distributed (parametric data); 
hence, a repetitive one-way ANOVA was used to 

compare the various stages of each group. Tukey's 
post hoc test was then used for multiple compari- 
sons. Microsoft Excel 2016 was used for statistical 
analysis, along with SPSS 20 and GraphPad Prism. 

 

3. Results 

3.1. The effect of different treatment materials on 
microhardness of demineralized enamel after 4 and 
12 weeks 

 
Table 1 represents the percentage change of mean 

values of remineralized enamel with different 
groups after 4 and 12 weeks. The results at 4 weeks 
showed that the highest mean value was recorded 
for the PAMAM-nHA group (9.12 %) followed by 
the nHA group (6.55 %), while the PAMAM group 
recorded the lowest mean value (5.80 %). Group A3 

was significantly the highest, while there was an 
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Table 1. Percentage change of mean value of remineralized enamel after 
4 and 12 weeks. 

 
 

enamel was 244.71 ± 15.32, remineralized enamel at 4 
weeks it was 260.75 ± 19.58, while at 12 weeks it was 

Treatment materials Percentage 

change of 

mean value 

after 4 weeks 

Percentage 

change of 

mean value 

after 12 weeks 

265.73 ± 12.89. Demineralization and remineralization 

after 4 weeks were significantly the lowest with 
insignificant difference between them, while the 
sound enamel and remineralization after 12 weeks 
were significantly the highest with insignificant dif- 
ference between them. 

The change of mean values of remineralized 
enamel  with  PAMAM  dendrimer  and  nano-hy- 

P: probability level which is significant at P ≤ 0.05; means with the 

same superscript letters within the same column were insignifi- 
cantly different (P > 0.05); and means with different superscript 
letters within the same column were significantly different 

(P ≤ 0.05). 

 

insignificant difference between groups A1 and A2. 
After 12 weeks, the results showed that the highest 
mean value was recorded for the PAMAM-nHA 
group (9.90 %) followed by the nHA group (8.59 %), 
while PAMAM group recorded the lowest mean 
value (6.09 %). After 12 weeks, group A1 was 

significantly the lowest, while there was an insig- 
nificant difference between groups A2 and A3. 

 
3.2. The effect of time on the microhardness of each 
group 

 
Table 2 represents the change of mean value of 

demineralized enamel at 4 and 12 weeks. The 
change of mean values of the remineralized enamel 
with PAMAM dendrimer at 4 and 12 weeks: 
microhardness  of  the  sound  enamel  was 
287.21  ±  23.59,  demineralized  enamel  was 

257.67 ± 13.14, after 4 weeks of remineralization it 

was 272.60 ± 24.19, while after 12 weeks of remi- 

neralization it was 273.35 ± 15.60. Demineralization 
was significantly the lowest, with insignificant dif- 
ferences between other intervals. 

The change of mean values of remineralized enamel 
with nHA at 4 and 12 weeks: microhardness of the 

sound enamel was 278.21 ± 4.70, demineralized 

droxyapatite combination at 4 and 12 weeks; micro- 

hardness of sound enamel was 270.55 ± 6.41, 

demineralized enamel was 240.63 ± 9.79, after 4 weeks 

of remineralization it was 262.57 ± 16.08, while after 12 

weeks of remineralization it was (264.45 ± 9.85). 
Demineralization was significantly the lowest, with 
insignificant differences between other intervals. 

Means with the same superscript letters were 

insignificantly different (P > 0.05) and means with 
different superscript letters were significantly 

different (P < 0.05). 

 

4. Discussion 

The enamel structure shields it from outside 
threats, yet it is susceptible to alterations or irrepa- 
rable harm from things like an acidic environment 
brought on by bacterial activity. Demineralization of 
the tooth occurs as a result of the acid that bacteria 
create spreading across the tooth surface and 
dissolving the mineral content of carbonated 
hydroxyapatite. However, the demineralization 
process is reversible, and dissolved apatite crystals 
can form once again if the pH returns to neutral, and 

there are sufficient concentrations of calcium and 
phosphate ions in the surrounding environment. To 
give the enamel time to remineralize and heal, 
enamel surface lesions should be detected as soon 
as feasible. Modern dentistry strives to prevent 
cavitation and maintain the integrity of healthy 
enamel by treating non-cavitated carious lesions 
without surgery [23]. 

 

Table 2. Mean and standard deviation of sound, demineralized, and remineralized enamel after 4 and 12 weeks in different treatment groups.  

A1 

(PAMAM dendrimer) 

A2 

(nano- 

hydroxyapatite): 

A3 

(PAMAM 

dendrimer + nano- 

hydroxyapatite) 
 

 SD M  SD M  SD M 

Sound enamel 287.21a 23.59  278.21a 4.70  270.55a 6.41 

Demineralized enamel 257.67 b 13.14  244.71 b 15.32  240.63 b 9.79 

Remineralized enamel after 4 weeks 272.60a 24.19  260.75 b 19.58  262.57a 16.08 

Remineralized enamel after 12 weeks 273.35a 15.60  265.73a 12.89  264.45a 9.85 

P value <0.0001*        

M, mean; SD, standard deviation. 

P: probability level which is significant at P less than or equal to 0.05. 
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 M SD  M SD 

A1 (PAMAM) 5.80a 2.68  6.09a 2.82 

A2 (nHA) 6.55a 2.39  8.59b 2.86 

A3 (PAMAM-nHA) 

P value 

9.12b 

<0.0001* 

3.01  9.90b 3.88 
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This work was conducted to investigate how nHA, 

PAMAM, and their blend impacted the microhard- 
ness of demineralized enamel. PAMAM dendrimer 
was picked due to its protein-like design. These 
exceptionally spread polymers have inside cavities 
and outside terminal gatherings, with the interior 
holes being used for medication or particle organi- 
zation and the outer terminal gatherings being used 

for specific capabilities or associations. It was found 
that in a watery arrangement, PAMAM dendrimers 
self-collect into an order of designs, beginning with 

nanospheres, advancing to nanochains, microfibers, 

and finally macroscopic aggregates. PAMAM den- 
drimers can mirror the capability of amelogenin, 
which is urgent for the crystallization of hydroxy- 
apatite because of it self-get-together way of 
behaving and primary closeness. As the most com- 
mon protein in enamel development, amelogenin 
makes up more than 90 % of the extracellular nat- 
ural network that impacts hydroxyapatite arrange- 
ment. PAMAM dendrimers are not set in stone to be 
promising helpful materials for hard tissues as they 
work as atomic layouts and have previously 
exhibited the ability to be outstanding on reminer- 
alization [13]. 

This study's decision to choose nHA depended on 

areas of strength for its affinity for proteins and 
parts of dental plaque and microorganisms. This is 

because of the nanoparticles' size, shape, and bigger 
surface region for protein restriction. As they are 
hydrophilic, the nHA particles can hydrate the 
surface. It has been guaranteed that the nHA par- 
ticles have the ability of enamel remineralization as 
when they are applied to the tooth surface, they 
make major areas of strength for a covering on the 
lacquer surface that sticks to the tooth structure. 
Moreover, in view of the minuscule molecule size of 
nHA, it goes about as a filler to fill the porosities on 
the outer layer of the enamel [24]. 

A total of 30 freshly extracted premolar human 
teeth were used in this study. Specimens prepared 
from human teeth were preferred because they allow 
for testing of the study hypothesis in a more clinically 
relevant substrate. As premolar teeth are more 
available than other teeth due to their extraction for 
orthodontic treatment, they were enrolled in this 
study [17]. Thirty enamel specimens were prepared 
and used [18]. The specimens were demineralized 
individually with 37 % H3PO4 gel for 30 s as it was 
shown to be a reliable method to produce enamel 
demineralization [19]. Each treated group was placed 

in a separate container of artificial saliva at room 

temperature and the artificial saliva was replenished 
every 24 h to simulate as possible, the conditions that 
are found in the oral cavity, and it has been reported 

 
 

 
that the artificial saliva could act as a chemical 
reservoir for calcium and phosphate ions promoting 
the remineralization process [21]. 

Surface microhardness assessment (SMH) of the 
specimens was assessed before demineralization 
(baseline), after demineralization, and 4 and 12 
weeks after the application of treatment materials. 
This assessment method provides a simple, nonde- 
structive, and rapid method for determining the 
mechanical properties of enamel. Also, it allows 
hardness determination in the same sample before 
and after the treatments, which decreases the 
experimental error [25]. The PAMAM-nHA group in 
the current study had the highest mean value, fol- 
lowed by nHA, and the PAMAM group had the 
lowest mean value, according to the results of the 
percentage change of mean values of remineralized 
enamel with different groups at 4 and 12 weeks. The 
best score was in group A3, which had a consider- 
able advantage over groups A1 and A2. 

Regarding the results of microhardness recovery of 

enamel, at 4 weeks' the enamel group treated with 
PAMAM dendrimer and nanohydroxyapatite com- 
bination showed the highest percentage of micro- 
hardness recovery followed by PAMAM dendrimer 
while the nanohydroxyapatite group recorded the 

least value. At 12 weeks’, the enamel group 

treated with the PAMAM dendrimer and nano- 
hydroxyapatite combination showed the highest 
percentage of recovery followed by nano- 
hydroxyapatite, while the PAMAM dendrimer group 
recorded the least value. Comparison between 
different groups was performed and revealed insig- 
nificant differences, while comparison between 
different intervals also revealed an insignificant dif- 
ference in all groups. 

Following are some possible explanations for why 

demineralized enamel's microhardness increased 
with PAMAM dendrimer: The PAMAM dendrimer 
has a lot of amine groups on the outside and a lot of 
amide groups in the branches. The ability of these 
reactive groups to attract phosphate ions was crucial 
to the remineralization process. Furthermore, the 
liquid nature of PAMAM dendrimer and its capacity 
to be retained on the enamel surface due to its 
monodispersed molecular weight allow it to interact 
with negatively charged sites of hydroxyapatite 
crystals. These elements work together to enable the 
positive charge of the PAMAM dendrimer forma- 

tion as a whole [26]. The PAMAM gathering's dis- 
coveries are reliable with a review that investigated 
lacquer remineralization utilizing PAMAM and glue 
sap containing calcium phosphate nanoparticles [14] 
and found that this procedure is promising for use 
after tooth depression readiness or as a covering on 
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polish with white spot injuries (WSLs) for counter- 
action, to decrease optional caries, stop caries 
movement, and protect tooth structures. 

The consequence of the PAMAM bunch likewise 
correspond with other reviews utilizing a PAMAM 
dendrimer with various terminal gatherings exam- 
ining the remineralizing impact on fake early lac- 
quer carious injury [13] and found that all PAMAM 
gatherings could prompt remineralization of polish, 
with amine-terminated PAMAM dendrimer 
(PAMAM-NH2) being the most noticeable remi- 
neralizing impact, trailed by PAMAM-COOH with 
PAMAM-Goodness having the most un-remineral- 
izing impact. 

It was found that 4.5G PAMAM-COOH goes 
about as the natural plate on the outer layer of lac- 
quer, and in the remineralization answer for control 
the site of nucleation and recently framed gems 
morphology to shape the biomimetic design of 
normal veneer, which might be a promising strategy 

for fixing harmed finish. The outcomes are addi- 
tionally steady with different investigations using 
various ages of PAMAM dendrimer to assess its 
impact on biomimetic polish remineralization [19]. 

Following are a few potential clarifications for the 
expansion in microhardness of demineralized lac- 
quer with nHA: A few scientists argued that nHA 
biomimetic capability upholds remineralization by 
making an engineered veneer layer on the tooth or 

by saving finish apatite nanoparticles in polish im- 

perfections, albeit the specific technique by which it 
does so is hazy [15]. Others, notwithstanding, it has 

been confirmed that nHA goes about as a calcium 
phosphate repository, forestalling demineralization 
and advancing remineralization while protecting a 

supersaturated condition for finish minerals [16]. 

The findings of the nHA group are consistent with 
a study that compared the ability of the nHA 
toothpaste to remineralize fake carious lesions to 

those of tricalcium phosphate and fluoride tooth- 
paste [15] and was found that nHA can act as a 
remineralization product for treating early carious 
lesions. The increase in microhardness of the dem- 
ineralized enamel with PAMAM dendrimer and 
nHA combination has not been previously investi- 

gated; however, this result was confirmed due to the 
combination of the two remineralizing materials. 

4.1. Conclusion 

 
All the treatment materials used in the study; 

PAMAM dendrimer, nHA, and their combination 
increased the microhardness of the demineralized 
enamel;  however,  the  combination  of  PAMAM 

+ nHA was the most effective after 4 and 12 weeks. 
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