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ARTICLE INFO ABSTRACT
Keywords: Peri-implantitis are a major problem causing implant failure these days. Accordingly, anti-infection during the
Peri-implantitis early stage and subsequent promotion of osseointegration are two main key factors to solve this issue. Micro-arc
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Bioactive and therapeutic

oxidation (MAO) treatment is a way to form an oxidation film on the surface of metallic materials. The method
shows good osteogenic properties but weak antibacterial effect. Therefore, we developed combined strategies to
combat severe peri-implantitis, which included the use of a novel compound, PD, comprising dendrimers poly
(amidoamine) (PAMAM) loading dimethylaminododecyl methacrylate (DMADDM) as well as MAO treatment.
Here, we explored the chemical properties of the novel compound PD, and proved that this compound was
successfully synthesized, with the loading efficiency and encapsulation efficiency of 23.91% and 31.42%,
respectively. We further report the two-stage double benefits capability of PD + MAO: (1) in the first stage, PD +
MAO could decrease the adherence and development of biofilms by releasing DMADDM in the highly infected
first stage after implant surgery both in vitro and in vivo; (2) in the second stage, PD + MAO indicated mighty anti-
infection and osteoconductive characteristics in a rat model of peri-implantitis in vivo. This study first reports the
two-staged, double benefits of PD + MAO, and demonstrates its potential in clinical applications for inhibiting
peri-implantitis, especially in patients with severe infection risk.
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1. Introduction

Millions of implants are used each year in medical care, and most of
these are colonized by bacteria and fungi, which have become the focus
of peri-implantitis [1]. Study shows that the occurrence of
peri-implantitis is about 15.3% of patients as well as 9.2% of implants
[2]. Each infectious implant should cost more than 332.87 euros
(€332.87) each year compared to the healthy ones [3]. Moreover, with
the implants are widely used, the number of infectious cases continues to
increase [4]. Microbial adhesion to the surface of implant and following
biofilm development at the implantation site is one of the major path-
ogenesis of peri-implantitis [5,6]. Both Staphylococcus aureus and
Candida albicans are detected in mixed species implant infections [7,8]
and usually cause severe infections [9]. Traditional antibiotic treatments
use intravenous antibiotics and local antibiotic application, both of
which have limited efficacy [10], whereas antibiotic resistance in
microorganism continues to grow because of overusing antibiotics [11].
Highly virulent bacteria and fungi such as S. aureus and C. albicans,
respectively, will adhere to the implant surface and development bio-
films, especially in cases where the immune system is compromised [12,
13]. Accordingly, prevention of infection is important in such situations
[14].

Microbial adhesion usually initiated in the early stage of treatment,
which is defined as the first four weeks after implant surgery [15-17].
Aggressive inflammation and long-term infection lead to osteolysis
around dental implants, and therefore, weaken osseointegration in the
implantation site, which is another major factor causing implant failure
[11,18]. Decreasing the initial microbial adhesion to the site of implant
is important to prevent against early infection in the first stage [18].
After the antibacterial stage, the second stage post-operation warrants a
strong osseointegration capability and a sustained antibacterial activity
[19].

There are two main strategies to solve the problem of peri-
implantitis: implant material surface modification and local drug
treatment [11,17]. Development of anti-infective biomaterials is a major
preventive method these days [20-22]. Ideal strategies should have
advantages such as favorable biocompatibility, anti-biofilm properties,
and osseointegration promotion. During recent years, novel dental
implant materials have been developed to control peri-implantitis [19,
23]. However, seldom dental implants were designed to investigate all
the three problems mentioned above, for implant surfaces which support
osteointegration may also favor colonization of bacterial cell, or the
antibacterial implants may also impair the cell proliferation and
osteointegration [11,25]. In our previous studies, we reported novel
implant materials, which had antibacterial and osteogenic properties,
via micro-arc oxidation (MAO) treatment [26,27]. However, for
immunocompromised individuals and those with highly virulent
microorganism infections, local drug treatment is needed in the
high-risk stage. Dimethylaminododecyl methacrylate (DMADDM) is a
kind of quaternary ammonium methacrylate (QAM) [28]. DMADDM has
previously been proved to be a strong antibacterial agent against a broad
spectrum of microbial species [29-31]. However, cytotoxicity is a major
concern when using DMADDM monomer. Dendrimer poly(amidoamine)
(PAMAM) is a type of polymer which can simulate the acid non-collagen
proteins (NCPs). The NCPs can help to induce or adjust the crystalliza-
tion and nucleation of hydroxyapatite, which forms hard tissues [32].
Moreover, the cavity of dendrimer shows function of a good drug car-
rier, usually used to synthesis dual function compounds of hard tissue
regeneration as well as anti-microbial effects [33]. PAMAM has been
reported to increase cell adhesion, causing enhanced cellular spreading
and actin organization [34]. Therefore, DMADDM-loading PAMAM
(PAMAM-DMADDM, PD) may combine the advantages of both mole-
cules to have the antibacterial effects and decrease the toxicity of
DMADDM through the slow release during the first stage as well as
biomimetic mineralization promotion. After the effective control of
infection in the first stage, MAO implants can provide a sustained
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anti-bacterial effect and continue to promote osseointegration. There-
fore, the combined strategies of MAO and PD appeared to be suitable for
combating peri-implantitis.

The present study reports a novel biomaterial PD and its combination
with MAO to combat peri-implantitis at two stages. PD and MAO both
have antibacterial and osseointegration-promoting effects. In this study,
a highly infected rat model, which provides a foundation for clinical
application, was used to test the multifunction of PD and MAO. The
study indicated that local treatment with PD provides a strong anti-
bacterial activity at the high-risk first stage of initial four weeks espe-
cially for individuals with severe infections or immunocompromised
individuals. In the second stage, MAO implants will mainly have an
antibacterial effect and promote osseointegration. Antimicrobial char-
acteristics, anti-infection abilities, and osteogenesis characteristics of PD
and MAO treatment in vitro and in vivo have been evaluated in the study.

2. Materials and Methods
2.1. Preparation of titanium samples

Titanium discs were prepared in the size of 6 mm in diameter and 1
mm in thickness, and titanium rods were prepared in the size of 1.5 mm
in diameter and 20 mm in length. The novel MAO implant was made by
an anodizing device. The samples were immersed into a 1 M HySO4
solution. Subsequently, a 70 V DC voltage for 1 min was applied as
previously reported [27,35]. Sandblasting and acid etching (SLA) and
plasma spraying with hydroxyapatite (HA) are dental implant treat-
ments for commercial use. In brief, the SLA was first processed by
sandblasting treatment by Al,Os3 particles, and etched in acid solution
(sulfuric acid, hydrochloric acid: H = O = 1:1:2); the HA was first
sandblasted and then plasma sprayed with about 30 pm of hydroxyap-
atite; the machined technique was mechanically polished in sequence
with grit SiC paper (#180, #400, #800, #1200). In this experiment, HA,
SLA, and machined titanium act as controls. All discs and rods were
sterilized in an ethylene oxide sterilizer (AnproleneAN 74i; Andersen,
Haw River, NC, USA).

2.2. PD synthesis

The same weight (1 g) of PAMAM and DMADDM were mixed in
ethanol and stirred at room temperature for 1 h then 55 °C for 3 h. The
mixed solution was added to a 1000D dialysis bag, and rotate dialysis for
2 days. Following this, the mixed solution was freeze dried. Then col-
lecting the solid powder and storing at —20 °C for later use. Subse-
quently, 'H NMR spectroscopy, particle size testing, Zeta potential
testing, loading efficiency evaluation, and release experiment in vitro, as
well as biocompatibility testing in vivo and in vitro were performed.

The detailed methods of testing the 'H NMR spectroscopy, particle
size, and Zeta potential were showed in the Supplementary materials. To
calculate the loading efficiency of PD, the known concentration of
DMADDM was diluted in a gradient, and ultraviolet absorbance mea-
surement (Shimadzu, Japan) at a wavelength of 220 nm was used to
determine the standard curve. Then the dialyzed fluid was collected,
diluted 160 times, and the concentration of non-carried DMADDM was
detected via ultraviolet absorbance measurement (Shimadzu, Japan) at
a wavelength of 220 nm. The loading efficiency and encapsulation ef-
ficiency of PD was calculated using the following formula:

Loading efficiency = Mp/(Mp + Mp) [36]
Encapsulation efficiency = Mp/Mtp [37]

Mp, is the quantity of DMADDM that was loaded within PAMAM. Mp
is the quality of PAMAM. Mrp, is the quality of DMADDM added in the
beginning. Ultraviolet absorbance measurement was used to determine
the concentration of DMADDM within PD.

For the releasing experiment, 780 mg PD was added to dialysis
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tubing and the release experiment was conducted in 100 mL ethanol.
Then, 1 mL of the solution was collected for later detection and replaced
with fresh ethanol at 1, 2, 3, 4, 5, 6, 12, 24, 36, 48, 72, 96, 168 (1 week),
336 (2 weeks), and 504 h (3 weeks), respectively. The concentrations of
the DMADDM were tested by the method mentioned above.

2.3. Invitro experiment

Antibacterial experiment: Titanium was added to a 24-well plate,
then added 1 mL RPMI1640 medium (GlutaMAX™ Supplement, Thermo
Fisher Scientific, USA) to each well. PD solution at a mass fraction of
0.25 mg/mL and 0.5 mg/mL, or PBS as a control, was subsequently
added to the wells. S. aureus and C. albicans were diluted to 1 x 10° CFU/
mL in the medium [38]. After 24 h of anerobic incubation, MTT (3-(4,
5-dimethyl-thiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay which
was used to determine the metabolic activity of biofilm, crystal violet
assay that was to detect biofilm accumulation, SEM, live and dead
staining, and CFU assay were performed. The methods of multi-species
biofilm formation, MTT assay, crystal violet assay, SEM, live and dead
staining and CFU assay could be seen in the Supplementary materials.

The effect of PD on preosteoblasts: MC3T3-E1 mouse preosteoblastic
cells (Sigma, USA) were inoculated in the a-MEM medium containing
10% fetal bovine serum (primary medium; PM). The cells were seeded at
a density of 1 x 10° cells/mL. All groups were incubated in an incubator
at a constant temperature of 37 °C under 5% CO5 for 24 h. Then the
medium was refreshed with several kinds of medium: osteoinductive
medium (OM), PM, OM + 0.25 mg/mL PD, OM + 0.5 mg/mL PD and
OM + 0.5 mg/mL PAMAM. After incubating for 24 h, all the groups
except for the PM group were refreshed with OM, while the medium in
PM group was refreshed with PM. The medium was changed the next
day and the cells were incubated for 4, 7, 14, and 21 days [19]. MTT,
ALP, and qPCR were performed, which could be seen in Supplementary
materials.

2.4. In vivo experiment

All the animal experiments were followed by the ARRIVE guidelines
2.0, the details of checklist could be seen in the Supplementary materials
Table S2 [39]. A femur implant rat model was used to assess the
biosafety of MAO + PD, which was approved by West China Hospital of
Stomatology Ethics Committee (WCHSIRB-D-2020-433). Twenty-five
Sprague-Dawley (female, 12 weeks old) rats were randomly divided
into five groups, which was followed by the previous study [19], control
group, 0.25 mg/mL PD group, 0.5 mg/mL PD group, 0.5 mg/mL
PAMAM group, and 0.5 mg/mL DMADDM group. Before implant sur-
gery, the sterile MAO implants were immersed in PBS, 0.25 mg/mL PD,
0.5 mg/mL PD, 0.5 mg/mL PAMAM, and 0.5 mg/mL DMADDM
respectively for 40min, and then dried in a sterile environment. After
general anesthesia, the Ti rods were implanted into the left femurs as
showed before [40]. The body weight of rats was recorded every week.
For the assessment of the inflammation, the tail venous blood of the rats
was collected at 3 and 6 weeks after implant surgery, and the neutrophils
and hemoglobin were detected (n = 5). To evaluate the level of bone
destruction, the rats were sacrificed at 6 weeks, and the micro-CT was
used to scan the femurs. Three-dimensional images were collected and
Tb.Th and BV/TV were analyzed (n = 5). Then, the histopathological
assessment was carried out for the femurs without implants. The
detailed information of micro-CT and histopathological assessment
could be seen in Supplementary materials.

The anti-infection and osteointegration effect of MAO + PD were
assessed by a highly infected rat model. Fourty-five Sprague-Dawley
(female, 12 weeks old) rats were divided into three groups, MAO +
S. aureus-C. albicans + 0.5 mg/mL PD, MAO + S. aureus-C. albicans +
0.25 mg/mL PD, and MAO + S. aureus-C. albicans + PBS, which were
abbreviated as 0.5 mg/mL PD, 0.25 mg/mL PD, and PBS groups. Briefly,
three kinds of solution were prepared at first, the C. albicans + S. aureus
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+ PBS, C. albicans + S. aureus + 0.25 mg/mL PD, and C. albicans +
S. aureus + 0.5 mg/mL PD, and both the C. albicans and S. aureus were at
a concentration of 10%: 10° CFU/mL. Then, MAO Ti rods were immersed
in the solutions for 40min, dried in a sterile environment. Subsequently,
after the rats were anesthetized, the Ti rods were implanted into the left
femurs. For assessment of the cortical bone destruction of femurs, X-ray
imaging was used after 1 day and 3 weeks of the implantation (n = 5).
And the radiographic scores were evaluated according to the X-ray im-
aging (n = 5), the details of scoring were showed in previous study and
the group names could not be seen when scoring [40]. For the gross
pathology scoring and the counting of bacteria in the bone tissue, sac-
rifice the rats and collect the femurs in sterile conditions at 3 weeks (n =
5), the details of scoring was showed in previous study and the group
names could not be seen when scoring [19,41]. To evaluate the level of
bone destruction, five rats were sacrificed in each group, and the
micro-CT was used to scan the femurs at 3 weeks and 6 weeks respec-
tively (n = 5). Three-dimensional images were collected and Tb.Th and
BV/TV were analyzed. Then, the histopathological assessment was
carried out for the femurs without implants (n = 5). The details of
Micro-CT and the histopathological assessment were showed in Sup-
plementary materials. All the animal experiment were done in a sterile
environment. Besides, the cages were kept in a SPF-grade laboratory
animal room, and the water, food and bedding were changed every other
day.

2.5. Statistical analyses

SPSS, version 22.0 (SPSS Inc., Chicago, IL, USA) was used to perform
the statistical analysis. One-way analyses of variance (ANOVA) were
performed to detect the significant effects of the variables at a p-value of
0.05.

3. Results and discussion

A very large percentage of implant-related infections are caused by
staphylococci (approximately two-third), and most of them are by the
highly virulent pathogen S. aureus, which accounts for approximately
35.5% infections [42-44]. C. albicans is a major fungal species in
implant-related infections [38]. S. aureus and C. albicans are also often
detected together in peri-implantitis [45]. The two species usually cause
severe infections given their enhanced resistance to antimicrobials,
strong surface colonization ability, and critical biological differences
[9]. Biofilms derived by C. albicans and S. aureus are a relatively mature
model for studying peri-implantitis; in this study, we evaluated the effect
of MAO using this severe infection model [38,46,47].

The antibacterial effect of MAO implant material was observed via
scanning electron microscopy (SEM), MTT assay, and colony-forming
unit (CFU) assay. SEM showed that the amount of C. albicans was
obviously reduced on MAO, but the amount of S. aureus did not change
compared with the other three kinds of titanium discs (Supplementary
Fig. 1ABC&D). Moreover, MTT analysis indicated that the metabolism of
the biofilm on MAO surface decreased significantly (p < 0.05, Supple-
mentary Fig. 1E). Furthermore, the CFU counts showed that MAO
inhibited the adhesion of C. albicans significantly (p <0.05, Supple-
mentary Fig. 1F), but the adhesion of S. aureus did not change (Sup-
plementary Fig. 1G).

MAO titanium has been reported to have good osteogenic charac-
teristics [26], resistance to saliva biofilm bio-aging [48], and antibac-
terial characteristics because of its uniform surface compared with
clinical commercial titanium implants such as sandblasting and acid
etching (SLA) and plasma-sprayed hydroxyapatite (HA)implants [27]. It
is a promising dental material, but when it comes to highly virulent
complex biofilms such as those formed by S. aureus and C. albicans, the
results have shown that the antibacterial effect of MAO is not strong
enough to combat severe peri-implantitis. However, MAO titanium
showed some antibacterial ability for inhibiting C. albicans
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(Supplementary Fig. 1F), which could maintain antibacterial ability
after the high-risk first stage. Therefore, we developed a novel local drug
PAMAM-DMADDM (PD) combined with MAO to combat
peri-implantitis.

3.1. Characteristics of PD

3.1.1. Material characterization

The structures of DMADDM, PAMAM, and PD were tested by 'H
NMR, which is shown in Fig. 1A. The assignable groups and chemical
shifts are showed below: for DMADDM, § (ppm): 3.46 (6H, s, CH3N),
5.52, 6.03 (4H, s, CH2CCH3C), 4.6 (2H, s, CH2CH2N), and 4.13 (2H, s,
CH3CH20), which was similar to the results reported before [49]. And
for PAMAM, 6 (ppm): 3.25-3.30 (-NH-CHy-CH,-N-, 12), 2.60-2.62
(-NH-CH;-CH>-N-, 12), 2.80-2.82 (-N-CH»-CH,-CO-, 28), 2.37-2.45
(-N-CH3-CH,-CO-, 28), 3.22-3.27 (-CHy-CH3-NHy, 16), and 2.72-2.77
(—-CH-CH,-NH,, 16), which was similar to the results showed before
[36]. The peaks of PAMAM and DMADDM in the structure of PD were
changed, indicating an interaction between the substances and that the
complex PD was synthesized.

Zeta potential is an important parameter to describe the electrostatic
interaction between particles in a dispersed system and the dispersed
system under the influence of this electrical phenomenon; furthermore,
it is very significant to study the physical stability of the drug dispersed
system [50]. The results of Zeta potential evaluation are shown in
Table 1. PAMAM had almost no surface charge, and that of DMADDM
was 35.67 + 1.23 mV, which is consistent with our previous findings
[51]. The Zeta potential of PD was found to be 25.50 + 0.92 mV. A
Positive charge is one of the antibacterial mechanisms of DMADDM for
the reason that a positively charged quaternary amine N+ has the ability
to interact with the bacteria and damage the functioning of the mem-
brane [49,52]. The results indicated that PD has antibacterial potential
and the system of the complex is stable.

Particle size is also an important index for evaluating the biological
performance of carrier systems [53]. The particle sizes are shown in
Table 2. For PAMAM, the mean size was 201.90 + 20.09 nm. The mean
size of DMADDM was 2.36 & 0.18 nm, whereas that of PD was 94.70 &
3.02 nm. Compared to PAMAM, the mean size of PD decreased, the
possible reason was the electrostatic attraction between PAMAM and
DMADDM for their zeta potential (Table 1), and there should be
hydrogen bonding, Van der Waals’ force effect too [54,55]. Thus, the
results showed that the average particle size of PAMAM changed after it
was combined with DMADDM. Besides, PD was in the nanoscale range,
which may be beneficial for its antibacterial effect. Accordingly, based
on these results and the 'H NMR results, the compound PD was suc-
cessfully synthesized.

Dendrimers are a kind of macromolecules which are three-
dimensional spheres with branches emanating from the center [56].
The core of PAMAM forms a cavity [57]. Depending on the cavity and
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Table 1
Zeta potential in aqueous solution.

Agents Concentration (mg/mL) Zeta potential (mV)
PAMAM 1 —0.06 + 0.03
DMADDM 1 35.67 £1.23
PD 1 25.50 + 0.92
Table 2
The particle size of DMADDM, PAMAM, and PD.
Agents Concentration (mg/mL) Size (nm)
PAMAM 1 201.90 + 20.09
DMADDM 1 2.36 £ 0.18
PD 1 94.70 + 3.02

the branch architecture, plenty of drugs have been encapsulated within
these cavities to delivered to the target area [36,58,59]. The amount of
DMADDM encapsulated in PD was tested by ultraviolet absorbance.
Fig. 1B showed a standard curve of DMADDM, and the concentration of
unloaded DMADDM solution was 0.057 mg/mL, as the whole volume of
the solution collected was 75 mL, and the solution was diluted 160 times
before testing the concentration, so the loading efficiency and encap-
sulation efficiency of PD were measured to be 23.91% and 31.42%,
respectively, indicating that DMADDM was loaded successfully
(Fig. 1B). In a previous study, for testing the loaded drug of PAMAM,
there were two methods. One was testing the weight of drugs released
from the compound [36], and another way was testing the weight of
unloaded drugs [58,59], and the loading efficiency of PAMAM was
approximately between 0.5% and 20.59% and the encapsulation effi-
ciency was between 7% and 92.5% [36,58-62]. The drug loading ca-
pacity of PD was high in our study. The release profiles of PD with the
concentration of 7.8 mg/mL are shown in Fig. 1C. As per the results,
during the first 80 h, there was a rapid release of DMADDM, and
approximately 15% DMADDM was released from PAMAM. Subse-
quently, the rate of drug release gradually decreased. After three weeks,
the DMADDM released from PAMAM was approximately 22%. In pre-
vious studies, for the release test of PAMAM, organic solvent was usually
used to dissolve the compound, such as ethanol [36], methanol [58],
and etc. The results above all showed that PD was a sustained-release
compound, lasting for more than three weeks.

3.1.2. Biosafety testing in vitro

Hemolysis is the release of hemoglobin through the rupture of red
blood cells or through partially damaged membranes. In vitro hemolysis
test is one of the most basic methods to detect blood compatibility and is
also one of the important indices to detect the safety of biomaterials [63,
64]. The detailed method could be seen in Supplementary materials, and
the result of hemolysis test is shown in Supplementary Fig. 2. The Triton

005 o1
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Mass Fraction of DMADDM (mg/mL)

(B)

02 s 80 160 240 320

Time/h
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Fig. 1. The structure and physical and chemical properties of the novel compound PD. (A) 'H-NMR; (B) Loading rate of DMADDM; (C) Release rate of DMADDM.
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group acted as the positive control and showed complete hemolysis,
whereas the phosphate buffered saline (PBS) group was the negative
control and showed no hemolysis. According to the ISO 10993-4, when
the drug is not applied through the vascular system, the hemolysis
concentration below 9% (compared to Triton group, which showed
100% hemolysis) presents safe [65]. Therefore, PD at a concentration of
2 mg/mL or below will not cause detectable hemolysis and has good
blood compatibility (Supplementary Fig. 2).

MC3T3-E1 is a pre-osteoblastic cell line, which has several biological
characteristics such as alkaline phosphatase activity, type I collagen
synthesis, and matrix calcification in vitro, and is often used as a cell
model for bone metabolism research [66]. Proliferation of MC3T3-E1
cells is shown in Fig. 2. The results at 4 days showed that compared
with the number of cells in the primary medium (PM, see the Materials
and Methods section) group, the number of cells in the osteoinductive
medium (OM) group increased (p < 0.01), whereas the cells in 0.5
mg/mL PAMAM group were significantly inhibited (p < 0.001). There
was no significant difference between the 0.25 mg/mL PD group and 0.5
mg/mL PD group in this regard (p > 0.05). The results at 7 and 14 days
showed that the proliferation of cells was partially inhibited in the 0.5
mg/mL PAMAM group (p < 0.05), whereas no statistically significant
difference was observed in 0.25 mg/mL PD and 0.5 mg/mL PD groups
(p > 0.05). The results at 21 days showed that the PM group was not
significantly different from the other groups in terms of cellular prolif-
eration (p > 0.05). The results indicated that 0.5 mg/mL PAMAM
showed a partial inhibitory effect on the proliferation of MC3T3-E1 cells,
whereas 0.25 mg/mL and 0.5 mg/mL PD showed no inhibitory effect.

3.1.3. Biosafety testing in vivo

The femur model is usually used for evaluating the dental implant
materials, for the enclosed space facilitates the control of variable
[67-69]. There were no exclusions cause no animal died in the study.
The body weight of rats kept gradually increasing in all groups during
the six-week, and no significant difference was observed between groups
(p > 0.05, Fig. 3A). The result of neutrophil count and hemoglobin level
showed no statistically different at three weeks and six weeks (p > 0.05,
Fig. 3B and C). Hence, the inflammation of rats didn’t show any dif-
ference. Furthermore, qualitative and quantitative of the bone around
the Ti rod were showed in Fig. 3D. The result showed that BV/TV and
Tb.Th were not significantly different between groups (p > 0.05). These
results indicate that the novel compound PD significantly improved the
biocompatibility of DMADDM, indicating that PD administration is safe
in vivo.

Hematoxylin and eosin (HE) staining (Supplementary Fig. 3), and
van Gieson’s staining (Supplementary Fig. 4) were used to evaluate the
morphological changes. HE staining showed no obvious difference be-
tween groups. As per the results on van Gieson’s staining, no new bone
formation seemed to be observed in the 0.5 mg/mL DMADDM group,
and there was little new bone formation in the PBS group, whereas
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comparatively higher bone formation was observed in the PAMAM and
PD groups. This indicated that PAMAM and PD did not impair new bone
formation and even had the potential to promote osseointegration.

3.2. Anti-bacterial effect of PD + MAO in vitro

The traditional treatment of peri-implantitis includes repeated
complete debridement, replacement of dental implants, and intravenous
antibiotic administration, the efficacies of which are often limited [10].
Local antibiotic application is also a way to treat the infection; whereas,
because of the overuse of antibiotics, antibiotic resistance increases the
risk of a secondary infection in drug-resistant cases [11]. The antibac-
terial effect of PD results from DMADDM, which is less likely to cause
microbial resistance compared with traditional agents such as chlor-
hexidine and antibiotics [29,70]. In some cases, although infection is not
the initial problem, the presence of microorganism could initiate or
accelerate the failure pathway [11]. Thus, antibacterial effects in the
early stages of implantation are particular important [71].

Once the biocompatibility of the PD was proved, we further inves-
tigated its antibacterial characteristics in vitro. As shown in Fig. 4A-C,
with an increase in the mass fraction of PD, S. aureus as well as
C. albicans concentrations decreased. As shown in Fig. 4D and E, the
metabolism and biofilm accumulation in the 0.25 mg/mL group and 0.5
mg/mL group were significantly reduced (p<0.05) compared with
those in the PBS group; however, no significant difference was observed
between the 0.25 mg/mL and 0.5 mg/mL groups (p > 0.05). This might
be because the biofilm accumulation was too less to be calculated. The
live/dead bacteria staining are showed in Fig. 4F-H. There were more
dead cells in PD groups. Although the three groups showed no signifi-
cant difference in biofilm thickness (Fig. 4J) (p > 0.05), the 0.5 mg/mL
PD group had the largest dead/live ratio (Fig. 4I) (p < 0.05), and the
ratio in the 0.25 mg/mL group was higher than that in the PBS group
(Fig. 41) (p < 0.05).

3.3. Anti-bacterial effect of PD + MAO in vivo

To evaluate the infection prevention effects of PD + MAO, a rat peri-
implantitis model using implants inoculated with S. aureus and
C. albicans was used. After three weeks of implant insertion, the rats
were sacrificed and the Ti rod and bone tissue were collected to perform
the CFU assay. The bacteria around the Ti rod were tested for the ad-
hesive biofilm while the bacteria in the bone tissue demonstrated the
planktonic microorganism. With an increase in the mass fraction of PD,
total microorganism levels decreased (p < 0.05). The total microor-
ganism level around the Ti rod in the 0.25 mg/mL group and the 0.5 mg/
mL group was reduced by 2-log and almost 5-log compared with that in
the PBS group, respectively (Fig. 5).

The results indicated that PD + MAO could inhibit biofilms on the
surface as well as decrease the planktonic microorganism in the bone
tissue. By this way, the use of additional systemic antibiotic applications
could be reduced. Based on the abovementioned results, PD + MAO
have the ability to prevent infection during the very high-risk first stage.

3.4. Effect of PD + MAO on osteogenic differentiation in vitro

Osseointegration plays an important role in implants stabilization.
We first investigated the osseointegration properties of PD in vitro. The
ALP activity test is shown in Fig. 6A. The results at 14 days showed that
the ALP activity in the 0.5 mg/mL PAMAM group decreased compared
with that in the PM group (p < 0.01), whereas the ALP activity in the
0.25 and 0.5 mg/mL PD groups were higher (p < 0.01) than that in the
PM group. At 21 days, the ALP activities in the OM group and the 0.5
mg/mL PAMAM group were higher than those in the PM group (p <
0.01); furthermore, the 0.25 mg/mL and 0.5 mg/mL PD groups showed
significantly increase ALP activity at 21 days (p < 0.001), indicating a
certain concentration dependence.
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The relative expression of the alp gene is shown in Fig. 6C. At 14
days, the gene expression levels in 0.25 mg/mL PAMAM (p < 0.001),
0.5 mg/mL PAMAM (p < 0.001), 0.25 mg/mL PD (p < 0.05), and 0.5
mg/mL PD groups (p < 0.001) were significantly increased compared
with the level in the OM group. At 21 days, the gene expression level in
the 0.25 mg/mL PAMAM, 0.5 mg/mL PAMAM and 0.25 mg/mL PD
groups was increased (p < 0.05). The result was consistent with the ALP
activity test results (Fig. 6A). OPN gene expression levels are shown in
Fig. 6D. At 4 days, the gene expression was significantly increased in the
0.25 mg/mL PD group and 0.5 mg/mL PD group compared with that in
the PM group (p < 0.001). At 7 days, the gene expression levels in the
0.25 mg/mL PAMAM group and 0.5 mg/mL PAMAM group were
increased (p < 0.05). Expression levels of dmp1 in different groups are
shown in Fig. 6B. At 4 days, compared with OM group, the expression
levels were significantly increased in the 0.25 mg/mL PAMAM, 0.25
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mg/mL PD, and 0.5 mg/mL PD groups (p < 0.001). At 7 days, the gene
expression levels were significantly increased in the 0.25 mg/mL
PAMAM, 0.5 mg/mL PAMAM (p < 0.001), and 0.5 mg/mL PD groups (p
< 0.01) compared with OM group. Furthermore, at 14 days, the gene
expression levels in the 0.25 mg/mL PAMAM (p < 0.001) and 0.5 mg/
mL PAMAM group (p < 0.05) were significantly increased, whereas
those in the PD groups did not significantly increase.

ALP, which is associated with the formation of hydroxyapatite
crystals in osteoblasts, is a representative protein product of the osteo-
blast activity and is a good indicator of osteoblast differentiation. ALP
activity is the most widely recognized biochemical marker for detecting
osteoblastic activity [72,73]. Osteopontin (OPN) is one of the most
abundant non-collagen proteins in bone matrix [74]. In vitro studies
have found that OPN mRNA levels in osteoblasts increase when the bone
matrix starts to mineralize; accordingly, OPN is also an
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osteogenesis-related gene [75]. Dentin matrix protein 1 (dmp1) was found
in 1993, and was thought to be a dentin-specific protein at first [76].
However, later studies showed that the mineralization occurs earlier and
the mineralized nodules are larger in MC3T3-E1 cells when the gene
dmp]l is overexpressed [77]. According to the abovementioned results,
PAMAM increased the expression level of dmp1 gene in the early stage
(at 4 days and 7 days) and increased the expression level of dmp1 and alp
gene in the middle stage (at 14 days). PD increased the expression levels
of dmp1 and OPN in the early stage and increased the levels of alp in the
middle stage. This demonstrates that PD has the potential to promote
osteogenic differentiation of MC3T3-E1 cells.

3.5. Effect of PD + MAO on osteogenic differentiation in vivo

X-ray evaluation was showed in Fig. 7A. The result demonstrated
that the rats in the PBS group represented periosteal reactions and
osteolysis, and in the PD groups, there were less bone infection. On the
day of implantation, radiographic score evaluation indicated that there
was no differences between groups, whereas significant differences were
showed among these groups after 3 weeks (p < 0.05, Fig. 7A).

Furthermore, severe pus formation was observed in the PBS group.
Whereas, in the PD groups, the presence of less pus formation indicated
that the clinical signs of pyogenic infections were greatly reduced. With
an increase in the mass fraction of PD, the gross score significantly
decreased (p < 0.05, Fig. 7B).

We conducted qualitative and quantitative analysis of the bone tissue
around the Ti rod subsequently. The analyses conducted at 3 weeks and
6 weeks post-surgery are showed in Fig. 7C. In the PD groups, there was
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newly formed bone around the implant. The PBS group showed massive
destruction of bone tissue. The results were consistent with the radio-
graphic results shown in Fig. 6A. In addition, the BV/TV and Tb.Th in
the PD groups were significantly higher than PBS group (p < 0.05),
showing that bone loss was less in the PD groups.

The morphological changes were observed by HE (Supplementary
Fig. 5), and van Gieson’s staining (Supplementary Fig. 6). There were
apparent medullary sequestrum formation, bone loss and fibrosis
observed in the PBS group. By comparison, the implants in the 0.25 mg/
mL PD and 0.5 mg/mL PD groups indicated no evident bone loss. As
shown by van Gieson’s staining, the hard tissue stained in red; very little
new bone was observed around the implant in the PBS group in 6 weeks,
whereas more bone was observed around the implant in the 0.25 mg/mL
PD group; furthermore, the 0.5 mg/mL PD group showed more bone
formation compared with the 0.25 mg/mL PD group, which indicated
that PD could promote bone formation.

After three weeks, the rats in the PD groups showed less inflamma-
tion and bone destruction. Furthermore, compared with the rats in the
PBS group, the rats in the PD groups showed reduced pus formation,
lower radiographic and gross pathology scores. According to the data
above, the use of MAO + PD is a successfully application for treating
peri-implantitis. In the high-risk early stage, PD showed strong anti-
bacterial and antifungal effects as well as low drug resistance, which was
largely because of DMADDM. Besides, the cytotoxicity of PD was
decreased because of the loading and slow releasing of PAMAM, there-
fore, allowing the new bone formation and osseointegration to happen.
Moreover, in this study, PAMAM itself had the potential to promote
osseointegration, which may be because of its ability to act as a scaffold
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for hard tissue regeneration. In the second stage, MAO has the potential
to promote osteogenesis while maintaining a certain antibacterial effect;
this was confirmed in the in vivo study. Hence, this is a double benefits
material with great promise to prevent peri-implantitis during the two
stages of implantation. Nonetheless, the fabrication process of PD still
needs to be optimized. Because the PD was applied like a local drug,
coating the PD on titanium are beneficial to the osteointegration due to
the PAMAM retained on the implant surface after the DMADDM
released. What’s more, the two-staged double benefits dental implant
need to be tested in larger animals.

4. Conclusion

This study demonstrated a PD + MAO dental implant with two-stage
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double benefits. In the high-risk first stage, PD enables to decrease the
adherence and development of microorganisms by releasing DMADDM.
Then, PD as well as MAO can promote osteogenesis and osseointegra-
tion. Furthermore, the PD + MAO strategy was proved to have great
anti-infection and osteoconductive characteristics in a peri-implantitis
rat model in vivo. Hence, PD + MAO is a kind of two-stage double
benefits strategy of infection prevention and osteogenesis promotion.
The modified dental implant may have a potential application in future
clinical practice.
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