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1. Introduction

Regenerative dentistry hopes to restore oral health by replacing diseased or damaged
tissues with biologically functional, integrated counterparts. This differs critically from past
approaches that rely on bonded and inert synthetic materials. The oral cavity contains a
complex array of tissues frequently affected by disease, including the periodontal ligament,
the dental pulp, the alveolar bone, and the mineralized tooth itself. The regeneration of
each of these components presents significant scientific and clinical hurdles. Addressing
these challenges is crucial for achieving oral health and improving patients” quality of life.

In this evolving landscape, biomaterials that stimulate and support tissue regeneration
are slowly becoming indispensable tools in everyday dental practice. These materials’
potential is derived from their ability to be tailored to individual patients, their compatibility
with living tissues, and their capacity to modulate immune responses—qualities that
position regenerative biomaterials as the cornerstone of future dental therapies. Here,
we highlight work from a Special Issue showcasing cutting-edge research on functional
biomaterials for regenerative dentistry.

2. Special Issue Highlights

Medication-related osteonecrosis of the jaw (MRON]) is a destructive bone condition
caused by certain drugs, such as antiresorptive and antiangiogenic drugs, in the absence of
radiation treatment. Minimal definitive treatment options exist. Advanced platelet-rich
fibrin (A-PRF) is a platelet-rich blood preparation with high concentrations of growth
factors that has been suggested as a possible treatment option for MRON]J. Adamska
et al. [1] retrospectively studied clinical data from 28 patients presenting with osteomyelitis
due to MRON]J. The authors determined that less advanced lesions, in the absence of risk
factors, had a better prognosis than advanced lesions and that A-PRF showed no significant
effect on MRON] resolution.

A-PRF has been evaluated in a variety of ever-expanding oral maxillofacial surgery
applications. As a result, Chmielewski et al. [2] performed a meta-analysis focused on
the question, “Does A-PRF provide better clinical outcomes than other materials used in
exact oral and maxillo-facial procedures?” The results generally showed some benefit in a
variety of clinical procedures, such as bone healing and postoperative pain reduction, albeit
with limited evidence. Further analysis by Chmielewski et al. [3] focused on advanced
platelet-rich fibrin + (A-PRF+). In comparison to A-PRE, A-PRF+ is produced with a
different centrifugation protocol and is supposed to have a higher concentration of growth
factors and a different fibrin network structure. The authors’ systematic review showed
that the performance of A-PRF+ was not significantly improved compared to other blood
preparations, such as A-PRF, but there were slight trends toward improvement.

J. Funct. Biomater. 2025, 16, 298 https://doi.org/10.3390/jfb16080298
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Decades of research have intensively investigated bone grafting materials. Dentin
has been suggested as an alternative material given it may be autologous and is composi-
tionally similar to bone. However, many dentin processing and preparation parameters
remain poorly optimized. Mazzucchi et al. [4] examined the influence of tooth age on the
dentinal release of growth factors important to bone growth. The authors showed that age
did not affect growth factor release, albeit under the specific preparation parameters the
authors used.

Clinicians frequently chose materials based on personal preferences and experiences.
Friedmann et al. [5] compared three dental restorative centers that used either cross-
linked high-molecular-weight hyaluronic acid (xHyA) with a xenograft, or enamel matrix
derivative (EMD) with an allograft, or xHyA with a resorbable membrane for restoration of
intrabody defects. The authors showed that, depending on the outcome variables, results
were similar between groups, lending support to the use of xHyA compared to the classic
EMD approach. Similarly, Panda et al. [6] compared plasma rich in growth factors (PRGFs)
versus xenogenic bone graft (BXG) in patients for the regeneration of intrabony defects and
showed similar results. The authors wisely noted “treatment decisions [should be] guided
by patient-specific factors and clinical goals.”

Park et al. [7] explored the idea of an oral probiotic, Weissella cibaria, for potentially pro-
tecting against tooth-supporting bone destruction from periodontal diseases. Periodontal
diseases are common and marked, as they advance, by osteoclast-mediated bone destruc-
tion. The authors showed in vitro that Weissella cibaria suppressed osteoclast differentiation
and activity. Further research on delivery methods may enable further deployment of
probiotics in regenerative dentistry.

Dental caries are one of the most widespread infectious diseases in the world. Con-
sistent evidence for decades has supported the widespread implementation of fluoride.
Continual refinement of fluoride-containing dental materials has been motivated by pa-
tient preferences. Iwawaki et al. [8] evaluated a high-concentration fluoride varnish in
comparison to a typical fluoride mouthwash in an early enamel caries in vitro model and
showed the high-concentration fluoride varnish did not increase remineralization of the
subsurface demineralized layer, but the varnish did improve the acid resistance of the
model carious lesion.

The rising popularity of ceramic veneers as indirect esthetic restorations has fueled
intense interest in the development of longer-lasting restorative materials. In particular, the
wear resistance of dental materials in the highly biologically and mechanically active oral
cavity has been historically evaluated to ensure long-term, esthetic results. Oshika et al. [9]
showed the wear resistance of light-curable resin luting cements was similar to dual-cure
cements and flowable resin-based composites.

Dentistry has been at the forefront of nanotechnology with the advances in filler
technologies for dental resin composites. Nanoparticles have been explored for a vari-
ety of applications, especially those nanoparticles composed of gold. Jongrungsomran
et al. [10] reviewed the use of gold nanoparticles in dentistry and concluded there was
substantial promise for their use, particularly for “enhancing biological, mechanical and
optical properties.”

3. Concluding Remarks

By bringing together innovations in material science, biology, and clinical practice,
regenerative dentistry is poised to redefine the standard of dental, oral, and craniofacial
care. The contributions in this Special Issue advance the scientific understanding of func-
tional biomaterials and accelerate their translation into routine dental procedures. As the
boundary between restoration and regeneration continues to blur, the future of dentistry
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will be shaped by therapies that are not only reparative but truly regenerative—restoring
both form and function in a patient-centered manner.

Funding: This manuscript received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The regenerative capacity of well-preserved blood clots may be enhanced by biologics like
enamel matrix derivative (EMD). This retrospective analysis compares outcomes reported by three
centers using different heterografts. Center 1 (C1) treated intrabony defects combining cross-linked
high-molecular-weight hyaluronic acid (xHyA) with a xenograft; center 2 (C2) used EMD with an
allograft combination to graft a residual pocket. Center 3 (C3) combined xHyA with the placement
of a resorbable polymer membrane for defect cover. Clinical parameters, BoP reduction, and radio-
graphically observed defect fill at 12-month examination are reported. The 12-month evaluation
yielded significant improvements in PPD and CAL at each center (p < 0.001, respectively). Analy-
ses of Covariance revealed significant improvements in all parameters, and a significantly greater
CAL gain was revealed for C2 vs. C1 (p = 0.006). Radiographic defect fill presented significantly
higher scores for C2 and C3 vs. C1 (p = 0.003 and = 0.014; C2 vs. C3 p = 1.00). Gingival recession
increased in C1 and C3 (p = 1.00), while C2 reported no GR after 12 months (C2:C1 p = 0.002; C2:C3
p = 0.005). BoP tendency and pocket closure rate shared similar rates. Within the limitations of the
study, a data comparison indicated that xHyA showed a similar capacity to enhance the regenera-
tive response, as known for EMD. Radiographic follow-up underlined xHyA’s unique role in new

attachment formation.

Keywords: heterografts; EMD; xHyA; synthetic polymer barrier; bovine xenograft with
hydroxyapatite; allograft

1. Introduction

Periodontitis is a chronic inflammatory disease caused by dysbiotic plaque biofilms
that result in irreversible host-mediated damage to the tooth-supporting apparatus [1].
Depending on the rate of disease progression, periodontal bone loss may present itself
as vertically configured, so-called intrabony, defects [2]. Regenerative surgery is the
preferred method for addressing residual intrabony periodontal defects after non-surgical
periodontal therapy, as recommended by the guidelines for treating periodontitis stages 1 to
3 [3]. In a systematic review and meta-analysis, regenerative strategies using enamel matrix
derivative (EMD) or guided tissue regeneration (GTR) were found to be more effective
than open-flap debridement (OFD) in terms of clinical attachment level (CAL) gain and
reduction in probing depth (PD). These strategies showed a significant improvement in

J. Funct. Biomater. 2024, 15, 39. https:/ /doi.org/10.3390/jfb15020039 4 https:/ /www.mdpi.com/journal/jfb
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CAL gain and PD reduction once implemented [4]. The overall superiority was expressed
by a 1.27 mm greater CAL gain achieved with EMD and 1.43 mm achieved with GTR.
Furthermore, this systematic review recommended the use of bone substitutes for intrabony
defects with severely reduced bone walls to stabilize soft tissue and prevent collapse [2].
Moreover, space maintenance is crucial for both blood clot and tissue formation, according
to established GTR principles [5,6]

A meta-analysis calculated the effect named “pocket closure” on behalf of 12 published
randomized controlled trials (RCTs) addressing the efficacy of either GTR or EMD over
OFD. The results revealed a 61.4% rate of closure looking at sites with <3 mm residual
probing depth (PD), whereas a 92.1% closure rate was apparent once considering sites with
a residual PD < 4 mm after a 12-month post-op period [7].

In recent years, a new agent has proved sufficient in periodontal regeneration after
its beneficial role in soft tissue healing had been demonstrated before. Studies conducted
in vitro, pre-clinically, and as clinical case series documented the sufficient contribution of
adjunctively applied hyaluronic acid to cell and tissue reactions. In particular, cross-linked
high-molecular-weight hyaluronic acid (xHyA) showed a sufficient enhancement in soft
tissue healing in donor sites for the retrieval of free gingival grafts from the palate [8]. The
same formulation effectively supported soft tissue flap stabilization in recession coverage
procedures carried out in an animal model as well as in patients [9,10]. The periodontal
healing of surgically created intrabony defects was superior regarding a newly formed
periodontal ligament and new cementum according to histomorphometric evaluation in
a pre-clinical study by Shirakata et al. This group repeated the experiment by creating
acute furcation grade 3 defects using the same dog model and confirmed the results
from the previous study for the xHyA-treated defects [10,11]. A randomized clinical trial
investigating three-wall intrabony defects further demonstrated the non-inferiority of
xHyA-treated sites compared to EMD use for surgical regenerative treatment regarding
CAL gain and PD reduction outcome after 24 months of follow-up [12]. Moreover, Bozic
et al. achieved a >90% pocket closure rate by surgically applying xHyA with a porcine
particulate xenograft after 12 months of healing [13].

Apart from clinical studies, the interaction between xHyA and fibroblasts derived from
the periodontal ligament was elucidated by an in vitro experiment performed on dentin
discs [14]. Another experimental study reported that the presence of xHyA on collagen
substrates enhanced the gene transcription rate for bone-related proteins by osteoblast-like
cells in vitro [15]. An in vitro study showing xHyA'’s impact on the transcription rate
of the specific mRNAs encoding for cementoblast differentiation and on their enhanced
proliferation was just released [16].

However, while the positive effects of the abovementioned biologics were evident,
clinical studies comparing the effects contributed by EMD or xHyA to the regenerative
surgical treatment of intrabony periodontal defects still need to be conducted. In this
retrospective study, we investigated the outcomes of these two bioactive materials in
combination with different adjunctive biomaterials for the surgical regenerative treatment
of deep intrabony defects over 12 months.

2. Materials and Methods

The patients recruited were routinely treated periodontitis patients presenting with
a diagnosis of stage 3 or 4 periodontitis regardless of their grading [17]. In all three
centers, patients underwent a course of systematic subgingival instrumentation according
to recommendations from the guidelines of the EFP concerning steps 1 and 2 before surgery
scheduling [3]. The regenerative approach was favored once the re-evaluation values
justified a step-3 surgical therapy of residual pockets, i.e., with a PPD exceeding 6 mm with
or without BoP.

Principal investigators represented by A.B. for center 1 (C1), M.E. for center 2 (C2),
and A.F. for center 3 (C3) were calibrated regarding the surgical technique applied, data
evaluation, and inclusion criteria for approaching the residual pockets. All principal
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investigators were professionally trained periodontists with similar experience (three-year
postgraduate degree, at least 10 years of practicing periodontics), and they performed all the
surgeries. The concordant intention was to enhance tissue response to bone substitutes or
membranes applied by combining them with bioactive formulations, either enamel matrix
derivative (EMD) or high-molecular-weight crosslinked hyaluronic acid (xHyA), aiming
at their biofunctionalization. The combination of grafting or membrane material with the
bioactive molecules was addressed as a heterograft in each subgroup. Systemically healthy
patients were included in this retrospective analysis by each center only. The modified
papilla preservation incision design [18], full-flap elevation, and releasing incision for
coronal flap advancement, as well as meticulous instrumentation of the root surface and
thorough degranulation, were uniformly agreed for the surgical protocol. The protocol
standardized neither the type of suture nor the suture technique. There were no restrictions
regarding the route and type of instrumentation of the defects; i.e., ultrasonic or piezo
devices were used as well as hand instruments. After completing thorough instrumentation,
the defects received biomaterials considered supportive for regenerative healing. Each
group was free to choose the biomaterial combination for regenerative surgery according
to its own preference. The Ethics Committee of Witten/Herdecke University approved
the retrospective analysis of the data set from the three centers (5-203/2021, amendment
from 2023).

Each operator assessed clinical parameters (PPD, CAL, BoP, and GR for recession) by
means of a manual periodontal probe on a regular basis during supportive periodontal
therapy (SPT) visits. Clinically assessed values, as well as data regarding defect intrabony
defect depth, defect angle, and defect wall number at baseline (prior to surgery) and
after a period of 12 months, were reported. The radiographical findings were assessed
on periapical 2D radiographs obtained digitally via the parallel technique using a sensor
holder (Sidexis, Sirona, Bensheim, Germany) at baseline and 12 months post-op at each
center. The calculation of tissue alterations revealed by comparison of both radiographs
was reported by each center itself.

Center 1 used a combination of xHyA (HyaDent BG, Regedent AG, Ziirich, Switzer-
land) and a collagen enhanced by hydroxyapatite particles (Collapat II, Symatese, Chaponost,
France). Center 2 applied a combination of EMD (Emdogain, Straumann Group, Basel,
Switzerland) and an allograft containing 50% cancellous and 50% cortical allograft bone
(LifeNet Health, Virginia Beach, VA, USA). Both centers applied the materials to the intra-
bony pocket closing the site by coronally repositioning the soft tissue flap; neither center
used a membrane. For the EMD application, the site was pre-conditioned by using 24%
EDTA gel (Pref Gel, Straumann Group), taking care of the bloodless condition of the defect
area prior to EMD gel application thereafter, according to recommendations from the
manufacturer. The xHyA application also followed the manufacturer’s recommendation;
however, any pre-conditioning of the site was redundant and therefore omitted. The re-
hydration of either bone substitute was carried out on a tray before grafting the defect
with a particulate heterograft. The rehydration afforded as much bioactive material as
necessary to completely cover the total volume of the graft. The amount of EMD used per
site amounted in total to one dose of 0.7 mL, while one ampule of xHyA contained 1.2 mL
of the hyaluronic gel. An overview of the applied heterografts is shown in Table 1.

Center 3 used xHyA alone for filling the intrabony defect component, placing a poly-
lactic poly-lactid polymer membrane (Guidor matrix barrier, Sunstar, Schonau, Germany)
at the crest of the alveolar ridge before closing the site with a soft tissue flap in a similar way
to both other centers. The membrane was rehydrated by xHyA similarly to the rehydration
of the bone substitute in the other two centers.

The post-op regimen included pain medication, irrigation with CHX for a duration
of 2 weeks, and local topical use of CHX gel for several weeks following suture removal.
Each center was responsible for the choice of systemically administrated antibiotics for
every case.
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Table 1. Heterografts used in the study.

HyaDent BG, Regedent, Ziirich,

xHyA BDDE-crosslinked hyaluronic acid Switzerland
C1 : : .

Collapat IT Bovine collagen + dispersed hydroxyapatite Collapat II, Symatese, France

granules

EMD Enamel matrix derivative, Propylenglycolalginate Emdogain, Straumann Group, USA
C2 (PGA), water

OraGraft Cortical/cancellous mineralized particulate 50/50 LifeNet Health, USA

xHyA BDDE-crosslinked hyaluronic acid HygDent BG, Regedent, Ziirich,
C3 Switzerland

Guidor matrix barrier ~ Polylactic polymer Sunstar, Germany

For metrical variables, e.g., PPD, CAL, and recession, descriptive statistics including
mean, standard deviation, median, range, and percentages were applied to summarize the
sample data. Differences between groups were calculated using Analysis of Covariance
(ANCOVA) or a chi-square test in the case of nominal data with intraosseous depth, defect
angle, and wall number as covariates. For pairwise group comparisons, the Bonferroni post
hoc test was used. A two-tailed significance level of a = 5% was applied for all analyses.

3. Results

All three centers recorded and reported uncomplicated healing. All patients were
compliant with the SPT program and appeared at individual intervals for re-evaluation
and cleaning visits. At one-year re-evaluation, all patients from three centers demonstrated
significantly improved clinical parameters and positive alterations in crestal bone height
when followed up radiographically.

C1 enrolled 18 patients with 19 treated defects, C2 accounted for 21 patients with an
equal number of treated teeth, and C3 enrolled 15 patients with 15 teeth and sites to treat,
respectively. The homogeneity in patient age and defect morphology included in the three
centers was confirmed by non-significant differences in the defect angle, intrabony depth
component, number of defect walls, initial probing depth (PD), and clinical attachment
loss (CAL) loss. Furthermore, age, gender, and smoking habits were similarly distributed
among the patients from each center (Table 2). The correlation between the outcome and
the radiographic defect diminution (RDD/Adefect fill) outcome was statistically significant
only for the baseline value and the intraosseous defect component (p < 0.001); the initial
number of bony walls (p = 0.174) and the defect angle (p = 0.843) were non-significant.
Moreover, all groups exhibited a similar distribution of morphologic defect characteristics
(Table 2).

While the PD reduction was similarly effective in all three centers (Tables 2 and 3), the
inner group comparison revealed statistically significant differences in attachment-level
gain reported by C1, C2, and C3 (p < 0.001, respectively) (Table 2; Figure 1).
Figures 2—4 depict and illustrate one representative case per center including clinical
images and periapical X-ray at baseline and 12 months post-op.

The ACAL comparison between centers favored center 2 vs. center 1 with a p = 0.006;
the difference between C2 and C3 was statistically non-significant (p = 0.718). The ra-
diographic bone fill was significantly greater in patients from centers 2 and 3 vs. center
1 (p = 0.003 and = 0.014, respectively) (Table 4). The difference in radiographically doc-
umented defect fill between C2 and C3 was statistically non-significant (p = 1.0). As
corroborated by the 12-month results, both the significant clinical attachment gain and
radiographic alveolar bone improvement remained constantly unaltered during the obser-
vation period (Table 2, Figures 1-3). The recession increased from baseline to the 12-month
visit by 1.2-1.3 mm on average for center 1 and 3, while center 2 recorded a minimal
recession increase of less than 0.5 mm.
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Table 2. Patient demographics, pooled defect characteristics, and allocation per center (C1-C3).

C1 C2 C3 Total Val
(n =19) (n =21) (n = 16) (n = 56) p-value
Age (years)
Mean + SD 58.5+9.2 46.6 £ 9.3 53.1 +£13.9 525+ 11.7
Median 57 46 54 55 0.004
Min 36 32 20 20
Max 75 65 75 75
Gender
Male 10 (52.6%) 4 (19.0%) 6 (18.75%) 17 (30.4%) 0.085
Female 9 (47.4%) 17 (81.0%) 10 (62.5%) 36 (64.3%)
Smoker
Yes 3 (15.8%) 4 (19.0%) 0 (0.0%) 7 (12.5%) 0.192
No 16 (84.2%) 17 (81.0%) 16 (100.0%) 49 (87.5%)
Localization
Mandible 13 (68.4%) 11 (52.4%) 11 (68.8%) 35 (62.5%) 0.480
Maxilla 6 (9.47%) 10 (9.02%) 5 (9.22%) 21 (37.5%)
Walls (n=)
1 4(21.1%) 1 (4.8%) 6 (37.5%) 11 (19.6%) 0137
2 11 (57.8%) 17 (81.0%) 8 (50.0%) 36 (64.3%) :
3 4(21.1%) 3 (14.3%) 2 (12.5%) 9 (16.1%)
Intraosseous depth (mm)
Mean + SD 5.96 + 1.68 5.70 + 3.50 7.23 +2.44 6.22 +2.73
Median 5.9 5.1 7.8 6.0 0.210
Min 3.3 1.9 24 1.9
Max 10.6 15.3 11.0 15.3
Defect angle (°)
Mean + SD 28.54 4+ 9.80 31.32 +9.66 32.88 4+ 14.22 30.82 = 11.12
Median 29.6 324 31.35 31.7 0.508
Min 14.0 14.6 16.5 14.0
Max 50.5 442 64.5 64.5
Defect width (mm)
Mean 4+ SD 2.81 + 099 2.55 + 0.86 N/A 2.62 +0.92
Median 2.7 2.4 2.55 0.375
Min 1.5 1.1 1.1
Max 4.8 4.5 4.8
Antibiotics
Duration (n) 7 days (19) -- 10 days (16)
Type (mg) Amoxicillin (2000) -- Doxycycline (200)
Analgesics
Duration (n) If required If required If required
Type (mg) Paraczfsriréllsgﬁ%e++1 000) Ibuprofen (400) Ibuprofen (600)
A B *k ns ns C ok dkokskok  dkokokok
[l [P — ) L Bl Bassine
T a- =1 12 months
£ 10- £ £ 104
E S 2 E
a ]
& 5- § % 5
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Figure 1. Intragroup comparisons between preoperative and post-operative clinical parameters
(A) probing depth, (B) Recession and (C) clinical attachment loss. ** p < 0.01; **** p < 0.0001;
ns—non-significant.
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Table 3. Center-allocated change between baseline and 12-month exam for clinical parameters.

C1 C2 C3
Baseline 12-mo Baseline 12-mo Baseline 12-mo

PPD (mm)
Mean + SD 8.74 +1.82 3.74 +1.05 9.29 +£2.13 3.38 +0.92 9.50 + 1.86 3.19 4+ 0.66
Median 8.00 4.00 9.00 3.00 9.50 3.00
Minimum 7 2 7 2 6 2
Maximum 13 6 12 6 12 4
p-value <0.001 <0.001 <0.001

CAL (mm)
Mean + SD 10.68 £+ 2.31 7.00 £ 2.29 9.62 £+ 2.38 410+ 1.76 11.25 £ 2.46 5.69 = 1.45
Median 10.00 7.00 9.00 4.00 11.00 6.00
Minimum 7 4 7 2 7 3
Maximum 16 15 16 9 15 8
p-value <0.001 <0.001 <0.001

REC (mm)
Mean + SD 195 +1.27 3.26 £ 2.13 0.33 £ 0.58 0.71 £1.10 1.62 +1.31 2.50 +1.41
Median 2.00 3.00 0.00 0.00 1.00 3.00
Minimum 0 0 0 0 0 0
Maximum 5 10 2 3 4 5
p-value 0.003 0.008 0.029

Figure 2. Center 1 showcase: (a,b) radiographically observed change in bone level around tooth
31 before surgery and 12 months post-op; (c,d) defect extension and defect grafting at surgery;
(e,f) the result of grafting.

The rate for pocket closure was estimated at >90% in all treated sites regardless of the

type of biomaterial. In detail, looking at the residual PD < 4 mm without BoP, C1 showed
89.5%, C2 showed 95.3%, and C3 showed 93.4% pocket closure rates at the level of an
residual probing depth of <4 mm without bleeding on probing. BoP appeared sufficiently
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reduced in all treated defects at an overall rate of 93%, without a great difference between
three centers.

Figure 3. Center 2 showcase: (a-c) defect extension, defect grafting at surgery, and suture;
(d,e) clinical outcome at 12-month exam. (f-h) radiographically observed change in bone level
around tooth 25 before surgery and 12 months post-op.
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Figure 4. Center 3 showcase: (a,b) PPD and defect extension; (c,d) defect grafting at surgery
as result of barrier placement and xHya application, and clinical outcome at 12-month exam.
(e,f) radiographically observed change in bone level around tooth 21 before surgery and 12 months
post-op.
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Table 4. Comparison of A-values between centers and covariate analyses.

C1 C2 C3 p-Value Significant
(n=19) (n=21) (n=16) Overall Clvs.C2 (C2vs.C3 C(Clvs.C3 Covariates

Intraosseous
APPD 495+ 1.71 5.81 +1.78 6.25 + 1.88 0.192 0.287 1.00 0.476 depth (p < 0.001)

Intraosseous
ACAL 3.68 £+ 1.67 5.86 4+ 2.37 5.53 +1.92 0.007 0.006 0.718 0.158 depth (p < 0.001)

REC 1.32 £1.67 0.04+ 0.01 133 £1.11 0.015 0.031 0.038 1.00 -

Adefect fill 333 +176 495+243 597 +2.49 0.002 0.003 1.00 0.014 Intraosseous

depth (p < 0.001)

Among the covariates, the intraosseous defect depth tested significant for the outcome
in APPD, ACAL and Adefect fill (p < 0.001). Other covariates, such as defect angle, number
of defect walls, localization, or defect width (if reported), were not significantly associated
with the clinical outcome (Table 4).

4. Discussion

This retrospective data analysis displayed a significant improvement for the patients
treated by any of the three centers. Each center achieved a significant reduction in PPD at
a clinically relevant level, with pocket closure rates ranging from 90 to 94%. This change
was accompanied by significant attachment-level gains in each group. The results are in
line with a recent systematic review published by Nibali et al., who reported an adjunctive
benefit of regenerative procedures compared with open-flap debridement alone [4]. The
authors also emphasized that the addition of deproteinized bovine bone mineral may
further improve the outcome of GTR. However, in this retrospective analysis, the clinical
attachment gain of C3 was equal to or even superior to the groups that used particulate
bone substitutes. This may be rooted in the application of hyaluronic acid, which provides
extended blood clot stability and a significant increase in osteogenesis [19,20].

To date, various in vitro studies have validated the beneficial mode of action pro-
vided by hyaluronic acid in periodontal tissue regeneration. Via binding to its canonical
receptors CD44 and RHAMM, it has been shown to increase proliferation, migration, and
cell metabolism in periodontal ligament fibroblasts (PDLs), mesenchymal stromal cells
(MSCs), and cementoblasts. In osteoblasts and cementoblasts, xHyA may also stimulate
the expression of bone-specific genes, while it shifts macrophage polarization towards an
anti-inflammatory M2 phenotype (Figure 5) [14,16,21-24]. In a recent histomorphometric
study in dogs, the combination of a resorbable matrix and xHyA was also shown to be
superior, underlining the regenerative capacity of this biomaterial [25]. Moreover, other
clinical studies reported that the adjunctive application of hyaluronic acid may improve
CAL gain by a significant margin [26].

The regenerative potential of EMD in the formation of new attachment has been
confirmed by a plethora of RCTs and human histological as well as in vitro studies
(Figure 5) [27-33]. Quite expectedly, the results of C2 are, therefore, in the range of the latest
clinical trials investigating EMD heterografts [34,35]. However, a comparison of our study
results with the literature should be made with reasonable caution since the presented
study was neither randomized nor controlled.

Nevertheless, the effectiveness of the chosen material composition proved to result
in statistically significant differences from the baseline outcomes each center reported.
Looking at the baseline number of bony walls, which were almost alike in all three centers
(p = 0.137), the results from center 3 reported for the first time a significant CAL and bone
gain accompanying xHyA use without a bone substitute in defects presenting a diminished
number of bone walls (i.e., 1.5 on average). Stabilizing the defect via a polymer-derived
membrane, the pocket closure effect at the level of a residual 3 mm probing depth was
constantly observed after 12 months (93%).

11



J. Funct. Biomater. 2024, 15, 39

Metabolism IGF
PDL Proliferation I POL TGF-beta
IL-8 Proliferation

ALP

RUNX2

OCN
COL1A1
Proliferation

COL1A1
OB OCN
Mineralization

Proliferation
MSC FGF
BMP2

COL1A1 t
IBSP
0sX ‘t
OCN t
cx43

ALP ROS 1

IL1B 1 NLRP3

Me

Ve TNFA t CD206 t

MsC

oB

IL10 CD163

CD163 Proliferation
Migration CEMP-1
Mineralization

CEM CEMP-1

OCN

ALP

CEM

Figure 5. Schematic illustration of the mechanism of action reported for xHya (left) and EMD
(right). PDL = periodontal ligament fibroblast; MSC = mesenchymal stromal cell; OB = osteoblast;
MO = macrophage; CEM = cementoblast. Red arrows indicate downregulation, green arrows
indicate upregulation.

The EFP guidelines recommend that in the case of a minimized number of bony walls,
combined use with a particulate bone graft prevents the risk of tissue collapse into the
defect. Thus, centers 1 and 2 combined the use of biologics (xHyA, EMD) with either a
xenograft (C1) or an allograft (C2) according to the recommendations for treating defects
characterized by a diminished number of walls [36,37]. Since C3 yielded significantly
higher CAL gain values, the inconsistency with C1 may have rather been rooted in the
choice of the substitute material. The bone substitute was a fleece with 98.9% porosity
that has been proposed for tissue engineering [38]. The xenograft was recommended as
a hemostatic device for enclosed defects [39]. Used in this series as a graft in an open
periodontal pocket environment, even in combination with xHyA, the material may have
undergone more rapid degradation compared with the allograft used by C2. The high
proportion of collagen in this biomaterial may have been responsible for a rapid resorption
accompanied by a partial collapse of the flap into the intraosseous defect. This healing
pattern was then associated with an increasing post-operative recession and reduced the
potential for the regeneration of the intraosseous component. Previous studies have pointed
out that the type of collagen may be crucial for supporting the bone regeneration process
and fast collagen degradation may be associated with limited outcomes [40].

Center 3, on the other hand, did not use any particulate material to avoid an artificial
radio-opacity in the defect area and applied a polymer barrier membrane instead. This
polymer membrane was shown to significantly improve clinical attachment levels in a
variety of clinical studies [41]. In a 6-year observational study, Stavropoulos and Karring
showed an attachment-level gain with a PPD improvement of 3.8 + 1.1 mm and a mean
CAL gain of 3.8 = 1.4 mm observed after 1 year. Within this frame of reference, it appears

12
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reasonable to suggest that the inconsistency between C1 and C3 was indeed rooted in the
choice of substitute material and the fact that xHya was demonstrated to be an efficient
addition to the GTR technique applied by center 3 [42].

From this standpoint, it is rational to suggest that more research should focus on the
substitute material within a functionalized heterograft, as EMD and xHya already exhibit
sufficient evidence. Unfortunately, the membrane material used by C3 in combination
with xHyA has been withdrawn from the market by the manufacturer due to recent legacy
MDR regulations for European countries. Thus, making a warranted reproduction in
a prospective study design impossible for the moment. Nevertheless, further studies
comparing heterografts and guided tissue regeneration with the same biological agent
would be meaningful.

All patients treated in this retrospective series were systemically healthy to exclude
potential confounders. Nevertheless, the centers were not calibrated in terms of post-
operative pain medication or antibiotics. As indicated by Table 2, different analgesic
medications were applied throughout the healing period if required. Non-steroidal anti-
inflammatory drugs (NSAIDs) have been proposed as an adjunct to periodontal treatment
repeatedly, for obvious reasons [43]. Being cyclooxygenase inhibitors, they have been
shown to reduce periodontal inflammation substantially [44,45]. However, adjunctive
effects of reasonable dosing schemes on periodontal therapy were not confirmed by clinical
studies [46]. Bearing in mind that the actual usage of NSAIDs was even less prominent in
this study, it appears quite unlikely that the analgesic medication may pose a source of bias
in this analysis.

Regarding antibiotics, a recent systematic review and meta-analysis evaluated the
possible adjunctive effects of antimicrobial drugs on periodontal regenerative surgery.
From a total of 105 randomized clinical trials, the authors were unable to detect any
additional benefits to the treatments in terms of CAL gain, indicating that the varying
antibiotics prescribed in this study had no significant impact on the clinical or radiographic
outcomes [47].

Taken together, all heterografts yielded significant improvements in a range that is
expected from the clinical literature. However, owing to the retrospective nature, this study
has some limitations. Since no randomization was applied and no controls were included,
intergroup comparisons should be regarded with caution. However, one must bear in
mind that extensive trials comparing both EMD and xHya in a randomized setting are not
available. Moreover, the clinical literature provides sufficient evidence for the regenerative
efficacy of both biomaterials, rendering resource-intensive clinical studies for the purpose
of identifying a superior biologic at least questionable. Also, measurable differences would
possibly just be found regarding the handling of the materials in a heterograft and not the
clinical outcome, since EMD usually requires defect surfaces free of blood. This, however,
remains a matter of speculation.

In all three centers, as well as in the relevant literature, the CAL gain and defect fill
were subject to quite high standard deviations. While this is a natural occurrence in clinical
studies that can be dealt with by an adequately powered study design, it remains intriguing
to understand whether patients exhibited interindividual differences in susceptibility for a
specific biomaterial. For instance, the HA-binding receptor CD44 naturally expresses differ-
ing transcript variants, one of which lacks HA-binding ability [27,48]. An overexpression
of this specific variant in the periodontal tissues may thus lead to a diminished efficacy of
xHya-functionalized grafts. Identifying individual markers for biomaterial susceptibility
may provide clinicians with an evidence-based toolkit for targeted regenerative therapies
in the future.

5. Conclusions

In summary, this retrospective analysis of biofunctionalized heterografts across three
centers demonstrated significant improvements in pocket-probing depth reduction and
attachment-level gains. Center 3 showcased noteworthy clinical attachment-level improve-
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ments without using particulate bone substitutes, emphasizing the potential benefits of
hyaluronic acid application in GTR. While the study’s limitations are acknowledged, the
findings highlight the effectiveness of biologics like EMD and hyaluronic acid in periodon-
tal regenerative surgery, prompting the need for future randomized controlled trials to
optimize treatment combinations for enhanced patient outcomes.
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Abstract: Excessive osteoclast activity can promote periodontitis-associated bone destruction. The
inhibitory mechanisms of Weissella cibaria strains CMU and CMS1 against periodontitis have not yet
been fully elucidated. In this study, we aimed to investigate whether heat-killed (HK) W. cibaria CMU
and CMS1 or their respective cell-free supernatants (CFSs) inhibit osteoclast differentiation and bone
resorption in response to receptor activator of nuclear factor kappa-B ligand (RANKL)-treated RAW
264.7 cells. TRAP (tartrate-resistant acid phosphatase) staining and bone resorption assays revealed
that both HK bacteria and CFSs significantly suppressed the number of TRAP-positive cells, TRAP
activity, and bone pit formation compared to the RANKL-treated control (p < 0.05). HK bacteria
dose-dependently inhibited osteoclastogenesis while selectively regulating certain genes in CFSs
(p < 0.05). We found that disrupting the direct interaction between HK bacteria and RAW 264.7 cells
abolished the inhibitory effect of HK bacteria on the expression of osteoclastogenesis-associated
proteins (c-Fos, nuclear factor of activated T cells c1 (NFATc1), and cathepsin K). These results suggest
that dead bacteria suppress osteoclast differentiation more effectively than the metabolites and may
serve as beneficial agents in preventing periodontitis by inhibiting osteoclast differentiation via direct
interaction with cells.

Keywords: Weissella cibaria; RAW 264.7 cells; osteoclast; bone resorption; periodontitis

1. Introduction

Periodontal disease is a prevalent and widespread chronic inflammatory disease that
affects approximately 20-50% of the global population and encompasses gingivitis and
periodontitis [1,2]. Moreover, periodontitis is a major cause of tooth loss. Upon infection
with periodontal bacteria, pro-inflammatory cytokines increase, and inflammation occurs
around the gums. The inflammatory response activates osteoclasts and destroys the
alveolar bone near the gums, thereby compromising the capacity of the bone to support
teeth, leading to tooth loss [3].

Osteoclasts regulate bone metabolism together with osteoblasts, another type of bone
cell [4-6]. Osteoclasts and osteoblasts participate in bone matrix formation, and when peri-
odontitis occurs, osteoclasts can be activated to resorb and decompose the bone. Receptor
activator of nuclear factor (NF)-«B ligand (RANKL) is a cell signaling protein found in
osteoblasts [7]. RANKL binds to RANK present in osteoclast precursors, activating the
mitogen-activated protein kinase (MAPK) and NF-«B signaling pathways and sequentially
activating nuclear factor of activated T cells c¢1 (NFATc1), which is essential for osteoclast
differentiation [8,9]. Furthermore, it is known to promote osteoclast differentiation and
bone resorption by inducing the expression of several genes [9-13]. Therefore, inflam-
matory periodontal disease associated with osteoclasts can be alleviated by suppressing
osteoclast differentiation [14].

Effective treatments for managing periodontal disease are limited, and researchers
are continually developing treatments to prevent periodontitis alongside oral hygiene

J. Funct. Biomater. 2024, 15, 65. https:/ /doi.org/10.3390/jfb15030065 17 https:/ /www.mdpi.com/journal/jfb



J. Funct. Biomater. 2024, 15, 65

management. Recently, as the importance of disease prevention has been emphasized
worldwide, probiotics have been proposed as an alternative for periodontal disease pre-
vention [15-18]. Given the crucial role of the oral microbiota in regulating alveolar bone
remodeling [15], oral probiotics have been explored as a potential therapeutic intervention
to maintain alveolar bone homeostasis and prevent periodontitis. Representative studies
have been conducted employing various probiotics, including Bifidobacterium, Lactobacillus,
and Weissella [17-28].

Weissella cibaria strains CMU and CMS1 were isolated from the saliva of children with
good oral health and Gram-positive lactic acid bacteria with a short rod-shaped morphol-
ogy [19]. Both animal and clinical studies, including in vitro evaluations, indicate that these
strains can inhibit the progression of periodontitis by regulating the inflammatory response
of host cells [18-22]. Kim et al. [18] demonstrated that bone loss in periodontitis-induced
mice was prevented by treatment with the oral probiotic W. cibaria CMU, highlighting its ca-
pacity to reduce inflammatory cytokines in gum tissue. In addition, it has been proven that
W. cibaria CMU inhibits the formation of pro-inflammatory cytokines in human gingival
fibroblasts caused by periodontal disease-causing bacteria such as Fusobacterium nucleatum,
Prevotella intermedia, and Porphyromonas gingivalis [22]. However, the effects of W. cibaria
CMU and CMS1 on RANKL-induced osteoclast differentiation remain unexplored.

The murine macrophage cell line RAW 264.7 stands out as the primary host cell line
for studying osteoclast differentiation owing to its pronounced expression of RANK in
response to RANKL [29,30]. Several studies have reported that various probiotic bacterial
strains inhibit RANK-induced osteoclastogenesis in RAW 264.7 cells [23-25]. Therefore,
in this study, we evaluated the effects of oral probiotics W. cibaria CMU and CMS1 on
RANKTL-stimulated osteoclast differentiation in RAW 264.7 cells in vitro by elucidating the
molecular mechanisms underlying osteogenesis inhibition.

2. Materials and Methods
2.1. Cell Culture and Osteoclast Differentiation In Vitro

The RAW 264.7 cell line (murine macrophage) was purchased from the Korean Cell
Line Bank (KCLB, Seoul, Republic of Korea). Cells were grown in Dulbecco’s Modi-
fied Eagle Medium (DMEM,; Gibco, Thermo Fisher Scientific, Gaithersburg, MD, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and 1% antibiotic—
antimycotic solution (GenDepot, Katy, TX, USA) at 37 °C in a 5% CO, humidified atmo-
sphere. Experiments were conducted on cell passages 2 to 10. The cells were subcultured
and plated at 80% confluency. For osteoclast differentiation, alpha-minimal essential
medium (o-MEM; Welgene Inc., Daegu, Republic of Korea) containing 10% FBS was treated
with RANKL (100 ng/mL; Peprotech, Cranbury, NJ, USA). The medium was changed every
alternate day throughout the culture period.

2.2. Preparation of Heat-Killed Bacteria and Cell-Free Supernatants

W. cibaria CMU (oraCMU) and CMS1 (oraCMS1) were grown aerobically in DeMan,
Rogosa, and Sharpe (MRS) broth (Difco, Detroit, MI, USA) at 37 °C for 16 h. To prepare
the heat-killed (HK) bacteria, the cultures were centrifuged (5000x g, 10 min, 4 °C), the
resulting pellets were washed twice with phosphate-buffered saline (PBS), resuspended
in DMEM, and the concentration was adjusted to an optical density (OD) of 0.5 at 600 nm
(approximately 5 x 108 CFU/mL). The bacteria were then exposed to heat (110 °C) for
10 min. Cell-free supernatants (CFSs) were prepared by centrifuging the culture for 24 h,
followed by filtration (0.22 pum; JET BIOFIL, Guangzhou, China) to remove cells. The CFSs
were lyophilized, resuspended in DMEM, and filtered again (0.45 um; JET BIOFIL).

2.3. Cell Viability Assay

A viability assay kit (Cellrix, MediFab, Seoul, Republic of Korea) was used to mea-
sure cell viability after treatment with test substances (HK-oraCMU and HK-oraCMS1
or CFS-oraCMU and CFS-oraCMS1). RAW 264.7 cells were seeded on 96-well plates
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(1 x 10* cells/well) and incubated at 37 °C for 16 h. The culture medium used to induce
the differentiation of RAW 264.7 cells into osteoclasts were replaced with a-MEM supple-
mented with 10% FBS and incubated with RANKL at various concentrations of HK bacteria
(multiplicity of infection (MOI) = 1, 10, 100, or 1000) or CFSs (0.25, 0.5, 1, or 2 mg/mL) for
2 d. Subsequently, the culture was removed and carefully replaced with fresh medium
containing a water-soluble tetrazolium-8 (WST-8) salt solution and incubated for 4 h at
37 °C under 5% CO,. Cell viability was measured at 450 nm using a microplate reader
(VersaMax, Molecular Devices, San Jose, CA, USA) and expressed as a percentage relative
to the untreated negative control.

2.4. Tartrate-Resistant Acid Phosphatase (TRAP) Staining and Activity

RAW 264.7 cells were seeded on a 96-well plate (1 x 10* cells/well) for 16 h and
incubated for an additional 5 days in an induction medium containing RANKL and various
concentrations of the test substances. The induction medium was replaced every other
day. TRAP staining and activity assays were performed according to the manufacturer’s
instructions (Cosmo Bio, Tokyo, Japan) to detect osteoclasts. Briefly, the culture medium
was removed, and the cells were washed with PBS, and fixed with 10% formalin neutral
buffer for 5 min at 25 °C. Each well was washed three times with distilled water (DW), and
chromogenic substrate in tartrate-containing buffer was added to each well and incubated
for 60 min at 37 °C. The wells were washed again three times with DW and dried at 25 °C
for 2 h. Stained cells were observed under an inverted microscope (OLYMPUS CKX53,
Olympus, Tokyo, Japan), and multinucleated cells containing three or more nuclei were
identified as osteoclasts. To evaluate TRAP activity, 30 pL of the collected culture medium
described above was transferred to a new well, mixed with 170 puL of chromogenic substrate
in tartrate-containing buffer (Cosmo Bio), and incubated at 37 °C for 3 h. TRAP activity
was assessed at 540 nm, and the results were expressed as a percentage of the control
(RANKL-treated only).

2.5. Bone Resorption Assay

The effect of the test substances on osteoclast-mediated bone resorption was deter-
mined using dentin discs (Immunodiagnostic Systems, Boldon, UK). RAW 264.7 cells were
seeded on a 96-well plate (5 x 10% cells/well) for 16 h and incubated for an additional
5 days in the induction medium containing RANKL and various concentrations of the test
substances. The induction medium was replaced every alternate day. The medium was
removed, treated with 5% sodium hypochlorite for 5 min, and washed three times with
DW. Toluidine blue solution (0.1%; Sigma-Aldrich, St. Louis, MO, USA) was added to each
well for 3 min, washed again with DW three times, dried at 25 °C for 2 h, and observed
under an inverted microscope at 400 x magnification. Image ] software Ver. 1.54 (National
Institutes of Health, Washington, DC, USA) was used to measure the total pit area. The pit
area was expressed as a value relative to that of the control (RANKL-treated only).

2.6. Reverse Transcription (RT)-Quantitative Polymerase Chain Reaction (qPCR)

RT-qPCR was performed to investigate the effect of the test substances on the expres-
sion of osteoclast differentiation-mediated genes. RAW 264.7 cells were seeded on a 6-well
plate (1 x 10 cells/well), and the following day, the cells were replaced with induction
medium containing RANKL and various concentrations of the test substances and subse-
quently cultured for an additional 2 days. Total RNA was extracted, and RT-qPCR was per-
formed on a Rotor Gene Q system (Qiagen, Hilden, Germany) using the PrimeScript RT kit
(Takara Bio, Shiga, Japan) and the PowerUp SYBR Green PCR Master Mix (Applied Biosys-
tems, Thermo Fisher Scientific) as previously described [22]. The primer sequences were as
follows: mouse cathepsin K forward (F), 5-GAAGAAGACTCACCAGAAGCAG-3' and re-
verse (R), 5'-TCCAGG TTATGGGCAGAGATT-3'; mouse c-Fos F, 5-CGGGTTTCAACGCCG
ACTA-3" and R, 5-TGGCACTAGAGACGGACAGAT-3'; mouse NFATc1 F, 5'-GGTGCTGTC
TGG CCATAACT-3' and R, 5'-GCGGAAAGGTGGTATCTCAA-3’; mouse TRAP F, 5'-
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GACAAGAGGTTCCAGGAGACC-3'; and R, 5'-GGGCTGGGGAAGTTCCAG-3'; mouse 0s-
teoclast associated Ig-like receptor (OSCAR) F, 5'-CTGCTGGTAACGGATCAGCT CCCCAGA-
3’ and R, 5'-CCAAGG AGCCAGAACCTTCGAAACT-3'; mouse dendritic cell specific trans-
membrane protein (DC-STAMP) F, 5-CCAAGGAGTCGTCCATGATT-3' and R, 5'-GGCTGCT
TTGATCGTTTCTC-3'; mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) F, 5'-AGGT
CGGTGTGAACGGATTTG-3 and R, 5-TGTAGACCATGTAGTTGAGGTCA-3'. Relative
mRNA expression values were obtained by the 22T method, and relative gene expres-
sion was normalized to GAPDH expression.

2.7. Western Blotting Analyses

RAW 264.7 cells were seeded on a 6-well plate (1 x 10° cells/well), and the following
day, the cells were replaced with induction medium containing RANKL and various
concentrations of the test substances and subsequently cultured for an additional 2 days.
After cell seeding, a cell culture insert (pore size: 0.4 um; SPL Life Sciences, Pocheon,
Republic of Korea) was placed onto the relevant well, and HK W. cibaria was added onto
the filter membrane. After incubation, cells were washed once with ice-cold Dulbecco’s PBS
(GenDepot), and proteins were extracted using an EzRIPA Lysis kit (ATTO, Tokyo, Japan),
according to the manufacturer’s protocol. Proteins (25 ug) were resolved by SDS-PAGE on
10% acrylamide gels and transferred onto polyvinylidene fluoride membranes (0.45 pm;
Amersham, Cytiva, Marlborough, MA, USA). Membranes were blocked with 5% skim
milk in Tris-buffered saline with 0.1% Tween 20 (GenDepot) for 1 h at 25 °C and incubated
overnight at 4 °C with the following primary antibodies: c-Fos, NFATc1, cathepsin K,
phospho-p44/42 MAPK (p-ERK), ERK, p-IkBe, IkBe, p-p38, p38, p-SAPK/JNK (p-JNK),
JNK, and B-actin. Membranes were washed and incubated with horseradish peroxidase-
conjugated secondary antibodies at 25 °C for 1 h. c-Fos and NFATcl were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA) and BD Biosciences (San Jose, CA, USA),
respectively. All other antibodies were purchased from Cell Signaling Technology (Danvers,
MA, USA).

Each protein band was visualized using a West-Q Chemiluminescent Substrate Kit
Plus (GenDepot) and imaged using a Chemiluminescence Imaging System (WSE-6200
LuminoGraph II, ATTO). Protein expression was quantified using CSAnalyzer4 version
2.4.5 (ATTO), and the relative expression was normalized to 3-actin expression.

2.8. Statistical Analysis

The data were expressed as the mean =+ SD of three independent experiments. SPSS
Statistics version 21.0 for Windows (IBM, Armonk, NY, USA) was used for statistical analy-
sis. To assess differences between group means, one-way analysis of variance (ANOVA) or
Welch’s ANOVA calculations with the Duncan multiple test or Games-Howell post-hoc
test were performed. The statistical significance level of p < 0.05 was adopted.

3. Results
3.1. Cytotoxicity of W. cibaria CMU and CMS1 in RAW 264.7 Cells

During the differentiation process into RANKL-treated osteoclasts, high concentrations
of HK W. cibaria CMU (HK-oraCMU) and CMS1 (HK-oraCMS1) (MOI = 1000) did not
reduce cell viability, and the CFSs of W. cibaria CMU (CFS-oraCMU) and CMS1 (CFS-
oraCMS1) did not reduce cell viability even at high concentrations (2 mg/mL) (Figure 1).

3.2. Effects of W. cibaria CMU and CMS1 on RANKL-Induced Osteoclastogenesis

3.2.1. HK W. cibaria Inhibited Osteoclastogenesis and TRAP Activity in RAW 264.7 Cells
TRAP-positive, stained multinucleated cells were identified as osteoclasts (Figure 2). It

was observed that RANKL induced RAW 264.7 cells to differentiate into mature multinucle-

ated osteoclasts; however, the treatment with HK-oraCMU and HK-oraCMS1 significantly

reduced osteoclast formation in a dose-dependent manner (p < 0.05) (Figure 2I). High
concentrations of HK-oraCMU and HK-oraCMS1 (MOI = 1000) reduced osteoclast dif-
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ferentiation by 96.1% and 95.7%, respectively. TRAP activity was significantly increased
by RANKL, and conversely, it was significantly decreased in the HK-oraCMU and HK-
oraCMS1 treatment groups dose-dependently (p < 0.05) (Figure 2J). High concentrations of
HK-oraCMU and HK-oraCMS1 (MOI = 1000) reduced TRAP activity by 46.0% and 50.9%,
respectively.
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Figure 1. Effects of heat-killed W. cibaria CMU (HK-oraCMU), CMS1 (HK-oraCMS1), or the cell-free
supernatants (CFSs) of W. cibaria CMU (CFS-oraCMU) and CMS1 (CFS-oraCMS1) on the viability of
RAW 264.7 cells. All groups showed no statistically significant differences between groups (p > 0.05).
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Figure 2. Dose-dependent inhibition of osteoclast differentiation by HK-oraCMU and HK-oraCMSI.
RAW 264.7 cells were cultured in the presence of RANKL (100 ng/mL) and various concentrations
of HK W. cibaria for 5 days. TRAP staining was observed using a microscope (scale bars = 100 um;
magnification: x200). (A-H) Representative images of TRAP staining. (A) Untreated negative control;

21



J. Funct. Biomater. 2024, 15, 65

(B) RANKL-treated control; (C-E) RANKL + HK-oraCMU (MOI = 10, 100, or 1000); (F-H) RANKL
+ HK-oraCMS1 (MOI = 10, 100, or 1000); (I) giant multinucleated cells containing > 3 nuclei that
stained positive for TRAP were identified as osteoclasts. Osteoclast differentiation was expressed
as a percentage of the control (RANKL-treated only); (J) TRAP activity was determined at 540 nm.
TRAP activity was expressed as a percentage of the control (RANKL-treated only). HK-oraCMU,
heat-killed W. cibaria CMU; HK-oraCMS], heat-killed W. cibaria CMS1. Different alphabet letters (a—e)
indicate statistical differences as determined by ANOVA (p < 0.05).

3.2.2. CFSs of W. cibaria Inhibited Osteoclastogenesis and TRAP Activity in RAW 264.7 Cells

The effects of the CFS-oraCMU and CFS-oraCMS1 treatments on osteoclast differentia-
tion are presented in Figure 3. Compared to the RANKL alone group, treatment with both
CFS-oraCMU and CFS-oraCMSI significantly inhibited differentiation into TRAP-positive
multinucleated osteoclasts (p < 0.05) (Figure 3I). High concentrations of CFS-oraCMU and
CFS-oraCMS1 (2 mg/mL) reduced osteoclast differentiation by 51.2% and 31.9%, respec-
tively. Moreover, TRAP activity significantly decreased only in the high-concentration
CFS-oraCMU treatment group (2 mg/mL), while all CFS-oraCMS1-treated groups ex-
hibited decreased TRAP activity (Figure 3]). High concentrations of CFS-oraCMU and
CFS-oraCMSI1 reduced TRAP activity by 24.0% and 36.9%, respectively.
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Figure 3. Inhibitory effects of the CFS-oraCMU and CFS-oraCMS1 on osteoclast differentiation. RAW
264.7 cells were incubated with RANKL (100 ng/mL) and various concentrations of CFS-oraCMU
or CFS-oraCMSI for 5 days. TRAP staining was observed using a microscope (scale bars = 100 um;
magnification: x200). (A-H) Representative images of TRAP staining. (A) Untreated negative
control; (B) RANKL-treated control; (C—E) RANKL + CFS-oraCMU (0.5, 1, or 2 mg/mL); (F-H)
RANKL + CFS-oraCMS1 (0.5, 1, or 2 mg/mL); (I) giant multinucleated cells containing > 3 nuclei
that stained positive for TRAP were identified as osteoclasts. Osteoclast differentiation was expressed
as a percentage of the control (RANKL-treated only); (J) TRAP activity was determined at 540 nm.
TRAP activity was expressed as a percentage of the control (RANKL-treated only). CFS-oraCMU,
cell-free supernatants of W. cibaria CMU; CFS-oraCSM1, cell-free supernatants of W. cibaria CMS1.
Different alphabet letters (a—e) indicate statistical differences as determined by ANOVA (p < 0.05).
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3.3. Effects of W. cibaria CMU and CMS1 on Bone Resorption

To determine whether bone resorption was inhibited by HK W. cibaria, pit formation
was evaluated microscopically on dentin discs. The dentin section surface of the untreated
negative control group appeared clean, whereas the group treated with RANKL alone
exhibited large bone resorption pits (Figure 4B). Both HK-oraCMU and HK-oraCMS1 signif-
icantly inhibited pit formation by 99.0%, regardless of the concentration used (Figure 40).
Additionally, as shown in Figure 4I-N, pit formation was inhibited in both CFS-oraCMU
and oraCMS1 groups compared to the RANKL-only group, and quantitative analysis
confirmed that the pit formation was significantly suppressed (67.3-97.0%) in these groups
compared to the RANKL-only control group (p < 0.05) (Figure 40).
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Figure 4. Inhibitory effects of W. cibaria CMU and CMS1 on bone resorption. (A-N) Representative
images of the bone resorption pit. RAW 264.7 cells were incubated with RANKL (100 ng/mL) and
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various concentrations of the test substances for 5 days. Bone resorption was observed using
a microscope (scale bars = 50 pm; magnification: x400). When the bone was resorbed, a pit
was formed, which appeared black. (A) Untreated negative control; (B) RANKL-treated control;
(C-E) RANKL + HK-oraCMU (MOI = 10, 100, or 1000); (F-H) RANKL + HK-oraCMS1 (MOI = 10,
100, or 1000); (I-K) RANKL + CFS-oraCMU (0.5, 1, or 2 mg/mL); (L-N) RANKL + CFS-oraCMS1 (0.5,
1, or 2 mg/mL); (O) quantitative analysis of bone resorption pit area. The pit area was expressed as a
value relative to the RANKL-treated control. HK-oraCMU, heat-killed W. cibaria CMU; HK-oraCMS1,
heat-killed W. cibaria CMS1; CFS-oraCMU, cell-free supernatants of W. cibaria CMU; CFS-oraCSM1,
cell-free supernatants of W. cibaria CMSI1. Different alphabet letters (a—f) indicate statistical differences
as determined by ANOVA (p < 0.05).

3.4. Effects of W. cibaria CMU and CMS1 on Osteoclastogenesis-Associated Gene Expression
3.4.1. HK W. cibaria Suppressed Osteoclastogenesis-Associated Gene Expression

We measured the mRNA expression of osteoclastogenesis-associated genes in RANKL-
induced RAW 264.7 cells that were treated with various concentrations of HK W. cibaria.
RANKL-induced in RAW 264.7 cells increased the mRNA expression of osteoclastogenesis-
associated genes compared to that in the untreated negative control (p < 0.05) (Figure 5).
Both HK-oraCMU and HK-oraCMS1 significantly inhibited the mRNA expression of c-
Fos, NFATc1, OSCAR, DC-STAMP, cathepsin K, and TRAP in a dose-dependent manner
compared to the RANKL-treated control (Figure 5A,B). In the HK-oraCMU group, the
mRNA expression of c-Fos, NFATcl, OSCAR, DC-STAMP, cathepsin K, and TRAP was
suppressed by 85.3%, 92.0%, 89.2%, 89.4%, 89.6%, and 96.8%, respectively. Additionally,
HK-oraCMS]1 suppressed the mRNA expression of c-Fos, NFATc1, OSCAR, DC-STAMP,
cathepsin K, and TRAP by 88.7%, 85.3%, 97.5%, 80.9%, 90.3%, and 95.5%, respectively.
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Figure 5. Inhibitory effects of HK-oraCMU (A) and HK-oraCMS1 (B) on the expression levels of
osteoclast differentiation-associated genes in RANKL-stimulated RAW 264.7 cells. RAW 264.7 cells
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were incubated with RANKL (100 ng/mL) and various concentrations of the test substances for
2 days. HK-oraCMU, heat-killed W. cibaria CMU; HK-oraCMS], heat-killed W. cibaria CMS1. Relative
gene expression was normalized to that of GAPDH. Different alphabet letters (a—d) indicate statistical
differences as determined by ANOVA (p < 0.05).

3.4.2. CFSs of W. cibaria Selectively Suppressed the Expression of
Osteoclastogenesis-Associated Genes

The effects of CFS-oraCMU and CFS-oraCMS1 on the mRNA expression of osteoclas
togenesis-associated genes are shown in Figure 6. CFS-oraCMU significantly suppressed
the mRNA expression of NFATcl, OSCAR, DC-STAMP, and cathepsin K (Figure 6A).
CFS-oraCMU inhibited the mRNA expression of NFATc1, OSCAR, DC-STAMP, and cathep-
sin K by 40.8%, 34.6%, 49.4%, and 57.5%, respectively. Similarly, CFS-oraCMS1 signifi-
cantly downregulated the mRNA expression of c-Fos, NFATc1, OSCAR, and cathepsin K
(Figure 6B). CFS-oraCMS1 suppressed the mRNA expression of c-Fos, NFATc1, OSCAR,
and cathepsin K by 30.4%, 38.3%, 61.3%, and 63.5%, respectively.
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Figure 6. Inhibitory effects of CFS-oraCMU (A) and CFS-oraCMSI1 (B) on the expression levels of
osteoclast differentiation-associated genes in RNAKL-induced RAW 264.7 cells. RAW 264.7 cells
were incubated with RANKL (100 ng/mL) and various concentrations of the test substances for
2 days. CFS-oraCMU, cell-free supernatants of W. cibaria CMU; CFS-oraCMS1, cell-free supernatants
of W. cibaria CMS1. Relative gene expression was normalized to that of GAPDH. Different alphabet
letters (a—d) indicate statistical differences as determined by ANOVA (p < 0.05).

3.5. Effects of W. cibaria CMU and CMS1 on Osteoclastogenesis-Associated Protein Expression
3.5.1. HK W. cibaria Suppressed Osteoclastogenesis-Associated Protein Expression

We subsequently examined the capacity of HK-oraCMU or HK-oraCMS1 to suppress
the expression of osteoclastogenesis-associated proteins through Western blot analysis, with
the results presented in Figure 7. RANKL (100 ng/mL) stimulation increased c-Fos, NFATc1,
and cathepsin K protein expression in RAW264.7 cells, which was dose-dependently
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inhibited by treatment with HK-oraCMU or HK-oraCMS]. In contrast, protein expression
was not decreased when RAW264.7 cells were cultured without direct contact with HK
bacteria using a cell culture insert. When a high concentration of HK-oraCMU or HK-
oraCMS1 (MOI = 100) was added onto the filter membrane of the cell culture insert, the
expression levels of c-Fos, NFATc1, and cathepsin K were not significantly different from
those of the positive control group treated with RANKL alone (Figure 7B). HK-oraCMU
inhibited c-Fos, NFATcl, and Cathepsin K protein expression by 84.1%, 94.5%, and 69.5%,
respectively, and HK-oraCMSI inhibited the expression of these proteins by 77.5%, 91.9%,
and 76.9%, respectively.
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Figure 7. Inhibitory effects of HK-oraCMU and HK-oraCMS1 on the expression of osteoclast
differentiation-associated proteins in RANKL-induced RAW 264.7 cells. RAW 264.7 cells were
incubated for 2 days with RANKL (100 ng/mL) and various concentrations of the test substances.
The protein expression levels were measured by Western blotting (A) and quantified (B). The quan-
tification of the relative protein expression was normalized to the expression of 3-actin. CI—cell
culture inserts in the Transwell system. Different alphabet letters (a—d) indicate statistical differences
as determined by ANOVA (p < 0.05).

3.5.2. CFSs of W. cibaria Suppressed Osteoclastogenesis-Associated Protein Expression

We further investigated the effect of CFS-oraCMU or CFS-oraCMU on the expression
of osteoclastogenesis-associated proteins in RAW264.7 cells. Treatment with various con-
centrations of CFS decreased c-Fos, NFATc1, and cathepsin K protein expression (Figure 8).
Moreover, it was confirmed that the protein expression level in the group treated with the
highest concentration of CFS-oraCMS1 (2 mg/mL) was significantly lower than that in
the positive control group treated with RANKL alone (Figure 8B). CFS-oraCMU inhibited
c-Fos, NFATc1, and cathepsin K protein expression by 49.8%, 47.6%, and 33.1%, respec-
tively, and CFS-oraCMS1 inhibited the expression of these proteins by 61.3%, 57.2%, and
46.8%, respectively.

3.6. Effects of W. cibaria CMU and CMS1 on Cell Signaling Pathways

Western blot analysis was performed to investigate whether HK W. cibaria or CFSs
inhibits the activation of the NF-xB and MAPK pathways. RANKL (100 ng/mL) stimulation
increased the phosphorylation of NF-kB and MAPK. Treatment with HK-oraCMU and
HK-oraCMS1 for 5 min attenuated IkBx phosphorylation in both strains, and treatment for
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15 min dose-dependently attenuated the phosphorylation of JNK and p38, but not ERK
(Figure 9A). Following treatment with CFS-oraCMU and CFS-oraCMSI for 5 min, IkBa
phosphorylation was slightly weakened by both strains, and following 15 min of treatment,
the phosphorylation of JNK and p38 was reduced in a dose-dependent manner. In addition,
treatment with 2 mg/mL CFS-oraCMS1 attenuated ERK phosphorylation (Figure 9B).
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Figure 8. Inhibitory effects of CFS-oraCMU and CFS-oraCMS] on the expression levels of osteoclast
differentiation-associated proteins in RANKL-stimulated RAW 264.7 cells. RAW 264.7 cells were
incubated with RANKL (100 ng/mL) and various concentrations of the test substances for 2 days.
The protein expression levels were measured by Western blotting (A) and quantified (B). The protein
expression was quantified and normalized to the expression of 3-actin. Different alphabet letters
(a—c) indicate statistical differences as determined by ANOVA (p < 0.05).
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and CMS1 on the expression levels of the NF-«B and MAPK signaling pathways in RANKL-stimulated
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RAW 264.7 cells. RAW 264.7 cells were incubated with RANKL (100 ng/mL) and various concen-
trations of the test substances. Western blot analysis was used to measure the levels of proteins
associated with NF-kB and MAPK activation, including IkBe, p38, JNK, and ERK, at 5 or 15 min.
HK-oraCMU, heat-killed W. cibaria CMU; HK-oraCMS1, heat-killed W. cibaria CMS1; CFS-oraCMU,
cell-free supernatants of W. cibaria CMU; CFS-oraCMS1, cell-free supernatants of W. cibaria CMS1.
The relative protein expression was quantified and normalized to the expression of 3-actin.

4. Discussion

Excessive osteoclast activity due to inflammation can lead to bone damage and loss,
which can promote tissue damage and periodontal loss associated with periodontitis [3].
Therefore, if oral probiotics can inhibit the generation of osteoclasts, they are anticipated to
suppress the occurrence and progression of periodontitis. Accordingly, several studies have
evaluated probiotic therapeutic interventions as potential treatments to prevent alveolar
bone loss.

These studies reported that probiotics inhibit bone loss in local inflammatory responses in
conditions such as periodontitis, mostly using experimental animal models [16-18,26-28,31,32].
Lactobacillus gasseri and Lactobacillus rhamnosus were reported to reduce alveolar bone loss
and inflammation scores in a periodontitis model induced by periodontal pathogens, in-
cluding P. gingivalis [26,27]. In a ligation-induced rat periodontitis model, Bifidobacterium
animalis lactis, Bacillus subtilis, and Saccharomyces cerevisiae were reported to reduce alveolar
bone loss, reduce proinflammatory cytokines, lower osteoclast numbers, and alter the
anaerobic—aerobic oral microbiota composition [31,32]. Additionally, Lactobacillus brevis and
W. cibaria were reported to reduce alveolar bone loss, reduce proinflammatory cytokines,
and reduce oral bacterial counts in a ligation-induced mouse periodontitis model [16,18].

Probiotics are defined as “live microorganisms that confer health benefits to the host
when administered in adequate amounts” [33]. Although probiotics are being actively
commercialized for their health benefits, technical limitations, such as viability control,
place restrictions on production processes in various product development endeavors.
Additionally, the safety profile of live strains when used in immunocompromised patients
and pediatric populations has remained controversial [34,35].

Therefore, advancing research on functional foods in recent decades has given rise to a
new conceptual term for microorganisms that have positive effects on their host. It has been
reported that even non-viable microorganisms or the by-products of bacterial metabolism
can exert biological activity in the host, leading to the emergence of new terms such as
paraprobiotics and postbiotics [36]. Paraprobiotics are defined as “inactivated microbial
cells that provide health benefits to the host” and include intact cell wall components with
the cell structure intact. Postbiotics are defined as “probiotic metabolites that provide
benefits to the host” and include CFSs containing proteins and organic acids secreted from
viable cells [37].

CFSs from the postbiotics Lactobacillus salivarius and Lactobacillus reuteri have consider-
able potential as functional oral health ingredients to inhibit alveolar bone loss associated
with periodontitis [25,38]. Meanwhile, the W. cibaria CMU (oraCMU) and CMS1 (oraCMS1)
strains have been commercialized as oral probiotics, and there has been ongoing research
on their beneficial effects on oral health [18-22]. In particular, oraCMU was confirmed to
suppress alveolar bone loss in a periodontitis-induced animal model; however, research on
other associated inhibitory mechanisms in addition to its anti-inflammatory mechanism
has not yet been conducted [18]. Since there is a known correlation between osteoclasts
and periodontitis, we sought to determine their inhibitory ability on osteoclastogenesis
using HK bacteria as paraprobiotics as well as CFS-containing metabolites as postbiotics to
gain a better understanding of the effect of oraCMU and oraCMS1 on osteoclastogenesis
in vitro, in this study.

Osteoclasts are large, multinucleated cells that originate from hematopoietic stem
cells [4-6]. Osteoclast differentiation is essentially regulated by RANKL [7,9]. RAW
264.7 cells are primarily used as osteoclast precursors because they differentiate into
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osteoclasts through RANKL stimulation [29,30]. RANK is present on the cell surface, and
its expression is increased by RANKL, and differentiation into osteoclasts is promoted
through the binding of RANK and RANKL. TRAP is abundantly distributed in the lyso-
somes of osteoclasts, and TRAP activity serves as a cytochemical marker that identifies
multinucleated cells in bone tissue [39]. Therefore, in this study, TRAP staining was used
to find out whether multinucleated osteoclasts were generated, and TRAP activity was
measured as an indicator of the degree of osteoclast differentiation to investigate the effects
of HK bacteria or metabolites.

We demonstrated that in the control group treated with RANKL alone, the formation
of multinucleated osteoclasts was observed in RAW 264.7 cells, and treatment with both
HK bacteria strains resulted in a significant dose-dependent reduction of both osteoclast
formation and TRAP activity (Figure 2). Similarly, the CFSs also significantly reduced
osteoclast formation and TRAP activity; however, even at a high concentration of 2 mg/mL,
which did not exhibit cytotoxicity, its capacity to inhibit osteoclast formation was lower
than that of HK bacteria (Figure 3). Therefore, it was confirmed that oraCMU and oraCMS1
suppress osteoclast differentiation by reducing TRAP activity, increased by RANKL, in
both paraprobiotics and postbiotics.

Bone resorption activity is a typical characteristic of mature osteoclasts. Kyoi et al. [6]
employed scanning electron microscopy to observe whether osteoclasts were formed on
hard tissue sections to form microscopic pits on the surface. In our study, we evaluated
pit formation using dentin discs to determine osteoclast function. The analysis revealed
that the dentin disc surface of the untreated group was clean without pits, while the
RANKL-only treated group exhibited larger pit sizes compared to the other treatment
groups (Figure 4). These findings showed that osteoclasts can resorb bone and that the size
of the bone pits increased proportionally with the number of osteoclasts. Analysis of the
relative pit area revealed that it was significantly reduced in both the dead bacteria- and
metabolite-treated groups. These findings suggest that both dead cells and metabolites
effectively inhibit RANKL-mediated osteoclastogenesis and bone resorption.

Treating RAW 264.7 cells with RANKL initiates osteoclast differentiation signaling
through RANK, thereby inducing the expression of key differentiation-related genes, includ-
ing c-Fos, NFATc1, OSCAR, DC-STAMP, cathepsin K, and TRAP [7-13]. Furthermore, c-Fos
and NFATc1 work synergistically to induce the expression of several key osteoclastogenesis-
related genes [7-10]. Specifically, NFATc1 is known as a key transcriptional regulator
of osteoclasts and is an essential factor for osteoclast differentiation [7-10]. OSCAR is
an osteoclast-specific immune receptor that serves as a costimulatory signal essential for
RANKL-mediated NFATc1 activation [11]. DC-STAMP is known to play a role in cell-cell
fusion and is one of the fusion mediator molecules directly regulated by NFATc1 [13].
Meanwhile, cathepsin K and TRAP are cysteine proteases secreted by osteoclasts that are
responsible for decomposing matrix proteins during bone resorption [12].

In this study, we found that HK-oraCMU and HK-oraCMS1 dose-dependently down-
regulated the gene expression levels of all analyzed osteoclast-specific genes, namely c-Fos,
NFATc1, OSCAR, DC-STAMP, cathepsin K, and TRAP (Figure 5). Conversely, CESs contain-
ing metabolites significantly suppressed gene expression levels for NFATc1, OSCAR, and
cathepsin K but not TRAP, and this was observed for both strains (Figure 6). This is consis-
tent with our findings that dead bacteria significantly downregulated all osteoclast-related
genes, whereas metabolites only effectively downregulated certain genes. This result
supports the fact that, when comparing TRAP results, dead bacteria exhibited a better in-
hibitory effect on osteoclast differentiation than metabolites. These results suggest that dead
cells and their metabolites regulate osteoclastogenesis at different transcriptional levels.

Additionally, this study confirmed that dead bacteria significantly reduced the ex-
pression of all proteins dose-dependently, which is consistent with the results of gene
expression inhibition (Figure 7). To determine the effect of direct interaction between
HK bacteria and host cells, cell culture inserts with a pore size of 0.4 um were used to
prevent contact between RAW 264.7 cells and dead cells. Notably, HK bacteria did not
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inhibit the expression of proteins associated with osteoclast differentiation (Figure 7). These
experiments confirmed that HK-oraCMU and HK-oraCMSI1 require direct interaction with
osteoclast precursors to inhibit osteoclastogenesis. These results are consistent with those
of a previous study in which live W. cibaria CMU showed an anti-inflammatory effect on
human gingival fibroblasts through direct contact [22]. Similarly, metabolites demonstrated
a tendency to reduce the expression of proteins associated with osteoclast differentiation,
with high concentrations of CFS-oraCMS1 inducing a significant decrease, which is consis-
tent with the findings on gene expression analysis (Figure 8). Therefore, our results suggest
that oraCMU and oraCMSI inhibit osteoclastogenesis by downregulating the expression
of proteins involved in osteoclast bone resorption and suppressing the expression of key
downstream osteoclast differentiation-related genes, including NFATc1.

Osteoclast differentiation, mediated by RANKL/RANK binding, is achieved through
a specific intracellular signaling pathway. Specifically, intracellular NF-«kB and MAPK
are activated, leading to increased expression of the transcription factor c-Fos, and subse-
quently, NFATc1, a crucial transcription factor for the entire osteoclast differentiation and
formation process, is activated, resulting in osteoclast differentiation [4,9,10]. In this study,
we confirmed through Western blotting analysis that HK bacteria and CFSs downregulate
the phosphorylation of JNK and p38 during RANKL-induced osteoclast differentiation.
These results suggest that oraCMU and oraCMS1 inhibit RANKL-induced osteoclastogene-
sis by blocking the MAPK signaling pathways, thereby downregulating the expression of
the essential transcription factors c-Fos and NFATc1, subsequently downregulating various
downstream-related genes including OSCAR, DC-STAMP, cathepsin K, and TRAP.

Taken together, our results demonstrated that paraprobiotic-like dead cells suppress
osteoclastogenesis more effectively than postbiotic-like metabolites. Additionally, this
study revealed that the dead bacterial strains CMU and CMSI1 inhibited osteoclastoge-
nesis through direct interaction with the host cells, which inactivated the MAPK signal-
ing pathways, including JNK and p38, subsequently downregulating osteoclast-related
genes. This suggests that periodontitis can be prevented by suppressing the expression of
osteoclast-associated proteins, resulting in the suppression of osteoclast differentiation and
bone resorption.

Paraprobiotics primarily reside in the bacterial cell envelope, encompassing a vari-
ety of molecules, including peptidoglycan, teichoic acid, cell wall polysaccharides, and
cell surface-related proteins. These components are crucial effector molecules since they
are the initial points of interaction with host cells [37]. Conversely, postbiotics refer to
substances that bacteria secrete or release into the host environment following bacterial
lysis, offering various physiological benefits to the host, including proteins, organic acids,
and peptides [37]. However, this study has a few limitations. First, it was not possible to
secure a sample size that could statistically determine the mechanism by which the HK
bacteria and CFSs inactivate the NF-kB and MAPK pathways. Second, this study could
not elucidate why CFS-oraCMS1 shows differentiation from other tested substances by
downregulating ERK phosphorylation. Therefore, further research is needed in this study
to specifically discuss strain-specific mechanisms of osteoclast formation inhibition in HK
bacteria and CFSs.

5. Conclusions

The W. cibaria strains CMU and CMS1 can prevent periodontitis by suppressing osteo-
clast differentiation by inhibiting the expression of osteoclast-associated genes and proteins,
thereby preventing bone destruction. Further research is needed to elucidate the effective
in vitro components and modes of action of these bacteria against osteoclastogenesis.
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Abstract: Over the last decades, a variety of biomaterials, ranging from synthetic products to
autologous and heterologous grafts, have been recommended to conserve and regenerate bone tissue
after tooth extraction. We conducted a biochemical study on ground extracted teeth that aimed to
evaluate the osteoinductive and osteoconductive potential of dentin by assessing the releases of bone
morphogenetic protein (BMP-2), osteocalcin (OC) and osteonectin (ON) over time (24 h, 10 days
and 28 days). Twenty-six patients, who required the extraction of nonrestorable teeth, were enrolled
in the study according to the inclusion criteria, as follows: thirteen young patients 18 to 49 years
of age (UNDER 50), and thirteen patients of 50 to 70 years (OVER 50); a total of twenty-six teeth
were extracted, ground and analyzed by enzyme-linked immunosorbent assays (ELISA). All ground
teeth released BMP-2, OC and ON at each time point; no differences were observed between the
UNDER-50 and OVER-50 patients. The results of the study support the use of autologous dentin as
osteoinductive material for bone regeneration procedures, irrespective of patients’ ages.

Keywords: biomaterials; osteoinductive properties; autologous dentin graft; Smart Dentin Grinder®

1. Introduction

Over the past few decades, regenerative medicine has gained significant attention in
the dental field. Guided bone regeneration (GBR) in dentistry traces its roots to the 1980s,
evolving from principles used in periodontics [1]. Initially, the focus was on using barrier
membranes to facilitate bone growth by preventing soft tissue invasion into bone defects.
However, a significant milestone in the advancement of GBR was the development and
use of bone substitutes, which have dramatically enhanced the effectiveness and applica-
tions of this technique. Bone substitutes were introduced as a solution to the limitations
of autogenous bone grafts, which required harvesting bone from a patient’s own body,
often resulting in additional surgery and morbidity. The early bone substitutes included
allografts, derived from donor bone, and xenografts, sourced from other species, such as
bovine bone [2-6]. These materials provided a scaffold for new bone growth, but their
success is limited by factors like the inert nature and varying resorption rates. To overcome
such limitations, the integration of growth factors and biologics into bone substitutes has
been proposed [7]. By incorporating elements such as bone morphogenetic proteins (BMPs)
and other biomolecules, these bone substitutes not only serve as scaffolds but also actively
promote and accelerate the bone healing process [8]. However, biofunctionalizing bone
substitutes is costly and challenging to apply in most clinical situations.

Graft materials should have several ideal properties; they should be biocompatible,
resorbable, osteoconductive, osteoinductive, easy to use and cost effective [9]. Autologous
bone presents the majority of these characteristics [10-15] but needs a donor site, resulting
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in increased morbidity. Moreover, the reduced or null cell viability due to the harvesting
procedure and, in some cases, the high resorption rate, discourages the use of autologous
bone in most cases [16]. Other biomaterials with different rates of reabsorption have been
suggested but, in most cases, such materials have only osteoconductive properties [7,17].

In recent years, dentine has been proposed as an alternative graft material for bone re-
generation to conventional bone substitutes and autologous bone [18-21]. The use of dentin
as an autologous graft in the form of a demineralized dentin matrix (DDM) has emerged
because its biological composition closely resembles that of alveolar bone [22-24]. Several
similarities exist between teeth and bone, including embryological origin, both deriving
from neural crest cells, and structural similarities, though with some differences [25-28].
Alveolar bone comprises approximately 65% inorganic and 25% organic materials. Con-
versely, dentin consists of 70-75% inorganic and 20% organic components. In addition,
both dentin and bone contain type I collagen (90%), and noncollagenous proteins (10%)
consisting of osteonectin (ON), dentin sialoprotein (DSP), bone sialoprotein (BSP), osteocal-
cin (OC), and bone morphogenetic protein (BMP), which are essential for the formation
and mineralization of the bone matrix [29-33].

Osteocalcin is produced by osteoblasts and is involved in several biologic processes,
including the regulation of bone matrix mineralization and the formation of hydroxyapatite
crystals. It also plays a central role in cell adhesion and signaling, facilitating the adhesion
of osteoblasts to the bone matrix, promoting the formation and repair of dental tissue and
acting as a growth and differentiation factor for osteoblasts [34,35].

Osteonectin is another noncollagenous protein of the bone matrix, which is produced
by osteoblasts and odontoblasts. Osteonectin is contained in both dentin and enamel, with
a higher concentration in dentin. It binds to collagen, providing strength and flexibility to
the dental tissue. Osteonectin also plays a role in the mineralization of dentin and enamel,
promoting the formation of hydroxyapatite crystals [34,35].

BMPs have also been identified in the human dentin matrix after demineralization [33].
BMPs have osteoinductive capacity, promoting the differentiation of mesenchymal stem
cells into osteoblasts [36]. Although bone-derived BMPs and dentin-derived BMPs have
different biochemical structures, they have similar functions in regulating the development
and repair of osseous and dental tissues [23,32,33].

DDM primarily functions as a scaffold to support cell migration (osteoconduction) but
may also elicit an osteoinductive action due to the presence of dentinal BMP-2 and other
molecules. It has been observed, however, that mineral components of dentin could trap
the BMPs limiting their bioavailability. Demineralization has been suggested as a solution
for the release of a higher amount of growth factors and noncollagenous proteins [37]. Both
demineralized bone matrix (DBM) and demineralized dentin matrix (DDM) retain type I
collagen, growth factors and BMP-2 [18,36].

Considering the abovementioned biological properties of DDM, extracted teeth were
first utilized as autologous graft materials for regenerative procedures [38]. Autologous
dentine can be inserted into the postextractive or atrophic sites of the same patient with-
out causing inflammation or rejection and is gradually resorbed and replaced by new
bone [39,40].

To further support the use of ground teeth as osteoinductive graft material, the aim
of this study was to investigate the release over time of BMP-2, OC and ON from ground
extracted teeth.

2. Materials and Methods
2.1. Patient Recruitment, Inclusion and Exclusion Criteria

Twenty-six patients who required the extraction of nonrestorable teeth were included
in the study, as follows: 13 patients aged between 18 and 49 years (UNDER 50 group), and
13 patients aged between 50 and 70 years (OVER 50 group).

The donor patients were enrolled according to the following inclusion criteria:
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e Patients in need of dental extraction due to severe caries, coronal and/or radicu-
lar fracture, nontreatable periapical lesion, grade 2 or higher mobility, untreatable
periodontal defects;

e  Patients in need of extraction of impacted mandibular third molars with partial /total
bony/osteo-mucosal inclusion, following recurrent abscesses, pericoronitis, severe
caries affecting the third molar, severe caries affecting the adjacent second molar
that cannot be otherwise treated without prior extraction of the third molar, distal
periodontal defects of the adjacent second molar, root resorption affecting the adjacent
second molar, dysplastic lesions affecting the mandibular third molar;

Patients willing and able to provide written informed consent;

Nonsmoker or light smoker (less than 10 cigarettes per day);

Absence of contraindications to materials and anesthesia;

Good overall health.

Patients who required extraction of teeth with root filling material were excluded from
the study.

2.2. Ethics Statement

The study followed the principles of the Declaration of Helsinki in relation to the re-
search work involving human species, and it received approval from the Ethics Committee
of Policlinico Umberto I of Rome, Italy (protocol code: 5456/2019, 25 July 2019). Patients
were enrolled in the study after signing a written informed consent form.

2.3. Grinding of Teeth

Immediately after the extraction, teeth were removed of enamel, cement, remaining
calculus, caries, and periodontal ligament using a tungsten carbide bur and then dried
with an air syringe. Obtained teeth were then ground for 3 s and sorted for 10 s using
a dedicated device (Smart Dentin Grinder™, KometaBio Inc., Cresskill, NJ, USA). After
grinding, the granules produced were sorted into the following two compartments with
drawers: an upper compartment and a lower compartment. Granules between 300 and
1200 pm in diameter with a porosity of 2-14 pm accumulated in the upper compartment,
while granules smaller than 300 pm accumulated in the lower compartment [41,42]. A
0.5 g sample of granules was taken from the upper drawer compartment and placed in
a sterile Dappen dish, soaked with 0.5 M NaOH and 20% ethanol solution for 10 min to
dissolve organic remains from the dentinal tubules and rinsed two times (3 min each) with
phosphate-buffered saline solution (PBS). The granules were then immersed in 2 mL PBS
solution and stored at 4 °C. The conditioned PBS was then collected and analyzed at 24 h
(T1), 10 days (T2) and 28 days (T3) for the quantification of the BMP-2, osteocalcin (OC)
and osteonectin (ON).

2.4. ELISA Tests

The amount of BMP-2, OC and ON released in the PBS was determined using enzyme-
linked immunosorbent assay kits (Fine Test ELISA, Fine Biotech Co., Ltd., Wuhan, China),
according to the manufacturer’s instructions. Briefly, 100 uL of conditioned PBS was added
to the wells and analyzed in duplicate. The plate was static incubated for 90 min at 37
°C. Then, the plate was washed twice, and 100 pL of biotin-labeled antibody was added
to each well and incubated for 60 min at 37 °C. After incubation, the plate was washed
three times and incubated with 100 uL of HRP-streptavidin conjugate for 30 min at 37 °C.
Then, the plate was washed five times and 90 puL of tetramethylbenzidine substrate was
added and incubated for 15 min at 37 °C to develop the blue color. Finally, 50 pL of an acid
solution was added to turn the color to yellow. The optical density (O.D.) absorbance was
measured at 450 nm by a microplate reader (NB-12-0035, NeoBiotech, Holden, MA, USA).
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2.5. Statistical Analysis

The statistical analysis was performed using a nonparametric one-way ANOVA
(Kruskal-Wallis test) and post hoc Mann—-Whitney U (MWU) test (adjusted by Bonfer-
roni correction for multiple tests) and applied on the original data to obtain a comparison
among groups at each time point. The data were plotted in histograms using Prism 5.0
software (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion

In order to determine the odonto/osteoinductive capacity of the ground teeth, the
release of three factors (i.e., BMP-2, OC and ON), which play important roles in matrix
organization, mineralization and bone formation, was evaluated. The amount of BMP-2,
OC and ON released in PBS was measured at 24 h (T1), 10 days (12) and 28 days (T3) after
extraction. As shown in Figures 1-3, all growth factors had already been released after 24 h
and continued until day 28. An interindividual difference in the amount of factor release
was observed without statistically significant differences.

The patients in the UNDER 50 group showed a release of BMP-2 < 200 pg/mL, at
three time points; only two patients showed a release of about 300 pg/mL (Figure 1A).
All patients in the OVER 50 group showed a release < 200 pg/mL (Figure 1B). In most
samples, the release was constant over time; only one patient showed an increasing release
from T1 to T3 (Figure 1B).
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Figure 1. Bone morphogenetic protein (BMP)-2 releases over time in the UNDER 50 and OVER
50 patients. The BMP-2 release in the ground teeth was determined at T1 (24 h), T2 (10 days) and
T3 (28 days) by an ELISA test: (A) UNDER 50 group with 13 patients; (B) OVER 50 group with
13 patients. The data from each patient are grouped and reported as different grey shades (T1, T2 and
T3). The results are expressed as the mean + standard deviation of the data obtained by duplicate
analyses, performed by Prism 5.0 software (GraphPad).

All of the analyzed ground teeth had higher productions of OC compared to BMP-2.
The BMP-2 was released in a concentration of picograms, whereas the OC was released in
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a concentration of nanograms. Most specifically, the OVER 50 group showed comparable
releases of around 10 ng/mL, while in the UNDER 50 group a more interindividual
variability is reported (Figure 2A,B). In the UNDER 50 group, four patients showed a
very low release of OC, approximately 0.5 ng/mL, at three time points (Figure 2A). In the
OVER 50 group, all samples showed a constant release at all analyzed times, except for
three samples that exhibited decreases over time, in particular after 28 days, with a final
concentration lower than 0.5 ng/mL (Figure 2B).
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Figure 2. Osteocalcin (OC) releases over time in the UNDER 50 and OVER 50 patients. The OC
release in the ground teeth was determined at T1 (24 h), T2 (10 days) and T3 (28 days) by an ELISA
test: (A) UNDER 50 group with 13 patients; (B) OVER 50 group with 13 patients. The data from
each patient are grouped and reported as different grey shades (T1, T2 and T3). The results are
expressed as mean + Standard Deviation of data obtained by duplicate analyses, performed by Prism
5.0 software (GraphPad).

The ON release was assessed in a range of approximately 0.2-0.6 ng/mL in all the
samples from both groups (Figure 3A,B). Moreover, the release remained constant over
time. Compared to OC, ON did not show an interindividual variability.

To further verify whether statistical differences between the UNDER 50 and OVER
50 group could be observed, a comparative analysis was performed. The medium releases
of the three growth factors for each analyzed time are reported in Figure 4, with light grey
representing the UNDER 50 group and dark grey the OVER 50 group. BMP-2 and ON did
not show any difference between the groups and over time. The release of the OC factor
was higher in the OVER 50 patients compared to the UNDER 50 subjects, for all analyzed
times. The main difference was observed for T1, even if the differences were not statistically
significant (T1, p = 0.06; T2, p = 0.22; T3, p = 0.36).
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Figure 3. Osteonectin (ON) releases over time in the UNDER 50 and OVER 50 patients. The ON
release in the ground teeth was determined at T1 (24 h), T2 (10 days) and T3 (28 days) by an ELISA
test: (A) UNDER 50 group with 13 patients; (B) OVER 50 group with 13 patients. The data from
each patient are grouped and reported as different shades of grey (T1, T2 and T3). The results are
expressed as the mean =+ standard deviation of data obtained by duplicate analyses, performed using
Prism 5.0 software (GraphPad).
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Figure 4. The average release of bone morphogenetic protein-2 (BMP-2), osteocalcin (OC) and
osteonectin (ON) reported for all analyzed times (T1: 24 h; T2: 10 days; and T3: 28 days) in the
UNDER 50 and OVER 50 groups. The results are expressed as the mean + standard deviation of
data obtained by duplicate analyses, performed using Prism 5.0 software (GraphPad). The statistical
analyses were performed using a nonparametric one-way ANOVA (Kruskal-Wallis test) and post
hoc Mann-Whitney U (MWU) test (adjusted by Bonferroni correction for multiple tests).

To evaluate the overall release of the three factors after 28 days, a comparative analysis
was carried out. The average differences among patients and between the UNDER 50 and
OVER 50 groups were not statistically significant. The averages of the released amounts at
the three time points and for all samples, divided according to the two groups, UNDER
50 and OVER 50, are reported in Figure 5. As described in the above analysis, the BMP-2
and ON showed comparable releases in the two groups, whereas only the OC showed a
difference. The release was higher in the OVER 50 group, even if the absence of statistical
significance was confirmed.

38



J. Funct. Biomater. 2024, 15, 162

BMP-2 (0] ON
400+ 25 0.8
3004 S I 064 .
Ld [ ]
_| b IIET-S B . o .
% 200- En P % % 04d .
= 210 £ e, c
100- 5 0.2
0- 0- 0.0-
& o« & « X &
& & & & & &
L ) Q & Q &
Qé (9 sé [8) 0\\ [¢)

Figure 5. The average cumulative release of bone morphogenetic protein-2 (BMP-2), osteocalcin
(OC) and osteonectin (ON) considering all samples from the UNDER 50 and OVER 50 groups at
all analyzed times. The results are expressed as the mean =+ standard deviation of data obtained
by duplicate analyses, performed using Prism 5.0 software (GraphPad). The statistical analysis
was performed using a nonparametric one-way ANOVA (Kruskal-Wallis test) and post hoc Mann—
Whitney U (MWU) test (adjusted by Bonferroni correction for multiple tests).

The last decades have been characterized by a great interest in biomaterials for bone
regeneration. After tooth extraction, bone remodeling invariably leads to a loss of bone
volume. A variety of biomaterials, spanning from synthetic products to autologous or
heterologous substitutes, are currently used after the tooth extraction to minimize this
phenomenon [43].

It is accepted that the ideal graft material should be osteogenic, osteoinductive and
osteoconductive at the same time [9]. From this perspective, only autologous bone meets
all of these requirements [14,44]. Other widely used graft materials, such as heterologous
bone or alloplastic materials grafts, can have excellent osteoconductive properties even if
without osteoinduction [45].

In this scenario, the possibility of using extracted teeth as an autologous graft material
in the form of demineralized dentin matrix (DDM) has come to the fore. The first reason for
using DDM in bone regeneration is represented by their similarities in embryonic origin
and chemical composition [46].

A review article published by Zhang et al. [47] compared DDM to other graft materials
highlighting some peculiarities. In addition to the biocompatibility, the authors highlight
the higher acceptance of DDM by patients compared to allografts from cadavers. Another
advantage that also contributes to patients” acceptance is represented by the availability
of dentin, eliminating the need for bone harvesting from other sites. The authors also
conclude that autologous dentin is as effective as autologous bone in bone regeneration.

Like autologous bone, DDM is cost effective, potentially reducing the overall treatment
cost compared to other bone substitutes.

In this study, we confirmed the release of BMP-2, OC and ON from ground dentin.
Similar to other bone substitutes, demineralized dentin matrix (DDM) primarily functions
as a scaffold [37]. However, in addition to its osteoconductive properties, the presence and
release of BMP-2 endow it with osteoinductive capabilities, promoting the differentiation
of mesenchymal stem cells into osteoblasts and subsequent bone matrix deposition. Fur-
thermore, no significant differences in growth factor release were observed between the
UNDER 50 and OVER 50 groups. Initially, we hypothesized that the potential of dentin to
provide growth factors might decrease with age. This hypothesis was based on the relative
increase in the amounts of secondary and tertiary dentin compared to primary dentin
over a lifetime. However, our results suggest that age does not affect the regenerative
potential of dentin. This can be explained by the fact that secondary dentin forms as a
secondary layer along the entire pulp—dentin border throughout life, without replacing
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the primary dentin, and tertiary dentin is produced only in localized areas in response
to harmful stimuli. Consequently, teeth, and specifically dentin, can be regarded as a
reservoir of molecules beneficial for regeneration, maintaining their stability throughout an
individual’s lifetime. This finding further supports the use of autologous dentin, regardless
of a patient’s age, whenever possible.

Different devices are available on the market for grinding extracted teeth. A study
conducted in 2023 by Dtucik R et al. [48] compared the efficacy of three DDMs obtained
from different medical devices on the market (Tooth Transformer Smart, Smart Dentin
Grinder and BonMaker). Despite some variations in structures and chemical compositions
of the granules, the authors concluded that all of the devices could generate particles
with adequate characteristics for bone regeneration. The present study was conducted
using a patented medical device specifically designed to convert extracted teeth into
DDM. Differently from other devices, the overall preparation procedure takes only a few
minutes [19], making it particularly suitable for clinical practice. Moreover, since no weak
acids have been used in the postground treatment, only a partial demineralization could
be expected. Given the high mineral content of teeth, demineralizing protocols have
been recently recommended to preserve autologous growth factors, including BMP-2, and
to facilitate their sustained release over time [19,49]. Demineralizing protocols typically
involve the use of weak acids, such as hydrochloric acid (HCI) or ethylenediaminetetraacetic
acid (EDTA). This process removes the mineral content, exposing the organic matrix,
which primarily consists of collagen and other noncollagenic molecules, including BMPs.
Demineralized tooth granules may exhibit enhanced osteoinductive properties due to
the exposure of growth factors such as BMPs compared to nondemineralized granules,
although no specific literature data currently support this claim. Nonetheless, it has been
observed that the demineralization process can render dentin remarkably similar to natural
bone in terms of surface chemical composition [50].

While the biochemical study confirms the osteoinductive potential of dentin granules,
the initial hypothesis regarding age-related influence was not supported, since the statistical
analysis revealed no correlation between interindividual variability and patient’s age. These
findings call for alternative explanations. Firstly, factors related to bone metabolism might
influence the mineral and organic content of the teeth at the time of their development;
secondly, unknown aspects of patients’ medical history or metabolism could play a role
even after tooth development. Further studies involving larger populations should more
thoroughly investigate various patient-related factors, such as the osteometabolic profile,
which may influence the content and release of growth factors from dentin.

This study has some limitations, including the relatively small size of the study popu-
lation and the lack of prior laboratory data on patients’ bone metabolism, which would
help investigate factors that might influence the content of growth factors in dentin. Addi-
tionally, the inclusion of different teeth with varying eruption ages may have introduced
variability into the results.

While recent research has concentrated on characterizing dentin particles based on
various grinding and postgrinding processes, future studies need to explore the biological
activity of dentin grafts. This aspect is crucial as it distinguishes dentin grafts from other
graft materials, such as xenografts and alloplastic bone substitutes. Once the potential of
dentin grafts is fully elucidated, extracted teeth will justifiably be regarded as a valuable
biological resource for bone regeneration procedures. For the same reason, it will be
fundamental to investigate the possibility of storing ground teeth for future use with the
same patient.

4. Conclusions

The results of this study indicate that BMP-2, OC and ON are effectively released
by dentine granules over time. The statistical analysis demonstrated that the release of
growth factors is not affected by age, though some variability exists among the patients,
particularly for the OC release. These findings confirm DDM as an alternative to traditional
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biomaterials for bone regeneration procedures. Considering the limitations of this study,
further research with larger sample sizes is warranted to confirm the findings and explore
potential relationships with other patient-related factors.
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Abstract: Gold nanoparticles (AuNPs) have gained significant attention in the biomedical field owing
to their versatile properties. AuNPs can be customized by modifying their size, shape and surface
characteristics. In recent years, extensive research has explored the integration of AuNPs into various
dental materials, including titanium, polymethylmethacrylate (PMMA) and resin composites. This
review aims to summarize the advancements in the application of modified AuNPs in dental materials
and to assess their effects on related cellular processes in the dental field. Relevant articles published
in English on AuNPs in association with dental materials were identified through a systematic
search of the PubMed/MEDLINE, Embase, Scopus and ScienceDirect databases from January 2014 to
April 2024. Future prospects for the utilization of AuNPs in the field of dentistry are surveyed.

Keywords: gold nanoparticles; dental biomaterial; antimicrobial activity; osteogenic activity; cell
adhesion; cell proliferation; cell differentiation

1. Introduction

Nanotechnology has greatly enhanced modern healthcare, resulting in improved patient
well-being and quality of life. It has facilitated the advancement of novel and more efficient
pharmaceuticals, medical procedures and diagnostic instruments. Nanotechnology has
numerous applications in dentistry and is crucial to the development of advanced dental
equipment used in treatment. Nanoparticles (NPs) can be precisely manipulated because of
their size, which is at the nanoscale level (less than 100 nm), as well as their morphology. The
interaction of NPs at the molecular level is more efficient than that of micro- or macro-sized
particles. NPs can be easily controlled and used in a wide range of applications because of
their large surface area. The prerequisites for utilizing NPs include being biologically inactive,
not causing cancer, possessing adequate mechanical durability and being resilient to the
internal conditions of the body. There are several widely recognized types of nanoparticles,
including carbon-based nanoparticles, metal nanoparticles, ceramic nanoparticles, polymeric
nanoparticles and lipid-based nanoparticles; these can be distinguished based on their
features. In recent years, numerous researchers have highlighted the significant influence of
NPs in the fields of tissue engineering and regenerative medicine [1,2].

AuNPs are commonly used in the medical field, in a variety of applications. They
have facilitated the development of effective drugs, medical techniques and diagnostic
tools. AuNPs can be controlled at the nanoscale level, including their shape and structure,
and have recently been reported to show favorable antimicrobial performance, anticancer
effects and antioxidant and anti-inflammatory activities with less toxicity than other metal
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NPs. Their relative biocompatibility and easy synthesis make them suitable for various
biomedical applications, such as drug delivery, imaging and therapy. The factors that
affect the properties are the size, structure and surface modifications [1,2]. Moreover,
many studies have shown that AuNPs can promote stem cell differentiation, especially
in mesenchymal stem cells (MSCs) [3-8]. The surface of AuNPs can be stabilized by
using various molecules [9-11]. Various studies have shown that AuNPs are useful in
biomedical applications, including target cell therapy, tissue engineering and regenerative
medicine [1,2,8,12-14]. Consequently, AuNPs have been engineered in various forms to
enhance their efficacy in these applications.

Firstly, the size of AuNPs is dominantly dependent on the cellular uptake and biological
distribution [15-17]. The uptake and penetration of smaller AuNPs in targeted cells are
influenced by their size, which makes them more prone to aggregation in the target cells [18].
Smaller AuNPs usually exhibit higher catalytic efficiency due to their increased surface
area-to-volume ratio, providing more active sites for catalytic reactions [19]. The antimicrobial
properties of nanoparticles, which can be attributed to their extremely small size, which is
up to 250 times smaller than that of bacteria, result in a higher cellular uptake and excess
reactive oxygen species (ROS). However, it is important to note that 4 nm spherical AuNPs
have a greater tendency to cause cytotoxicity and unfavorable adipogenic differentiation
instead of osteogenic differentiation compared to 40 nm AuNPs [8]. AuNPs larger than
80 nm may have difficulty penetrating the cell membrane, as with smaller AuNPs, but they
can adhere to bacterial cells to increase tension in the membrane and lead to cell rupture [20].
Secondly, AuNPs adopt a variety of shapes, each with unique properties and applications. In
addition to their size, the rate at which AuNPs are taken up by cells is also influenced by
their shape, which ultimately affects the number of AuNPs that accumulate inside cells [8,16].
Numerous shapes of AuNPs can be produced, but the most prevalent are spherical and
rod-shaped, which are relatively straightforward to synthesize. According to recent findings,
spherical AuNPs have demonstrated a greater ability to enhance osteogenic activity and
calcium deposition in human MSCs (hMSCs) compared to rod-shaped AuNPs [8]. Another
type, star-shaped AuNPs, have been employed in surface-enhanced Raman scattering (SERS),
photothermal therapy (PTT) and biological imaging applications. AuNPs can act as either
the core or shell component in core—shell structures, resulting in increased stability, high
biocompatibility and the ability to be functionalized for drug delivery systems [21]. Lastly,
surface modifications play an important role in the application of the target cell [16]. The
surface alteration not only improves cell activities but also stabilizes nanoparticles, allowing
them to diffuse in bodily fluids [8]. AuNPs coated with specific molecules can attach to
specific receptors, resulting in active targeting. Furthermore, passive targeting is dependent
on the efficiency of cellular absorption [16].

Biomaterials have been used in various applications in dentistry. These materials
exhibit promising mechanical properties and biocompatibility in the oral cavity. However,
there remains the potential to enhance their performance and longevity. Previous investi-
gations revealed alterations made to dental materials such as titanium [22], PMMA [23]
and resin composites by the incorporation of AuNPs [24]. The effective combination of
AuNPs with zirconia or polyetheretherketone (PEEK) has also been demonstrated [25].
Titanium has numerous applications in dentistry, exhibiting excellent success rates and elic-
iting positive biological reactions upon contact with living tissues. Titanium is commonly
used in dental implants and its components [26]. Polymeric materials such as PMMA and
resin composites have been developed for use in temporary fixed or removable dental
prostheses [20,27]. Resin composites have also emerged as materials for direct restoration
and modern luting cements [28,29]. Furthermore, nanotechnology modifications such as
coatings, sputtering or even mixing on dental materials have been investigated for improv-
ing mechanical and biological properties and allowing for biomedical applications [1,2].
These biomaterials are essential to many dental operations and offer a range of options for
clinicians to choose from based on the specific requirements and desired outcomes.
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As previously noted, AuNPs have proven to be highly effective in a range of biomed-
ical applications, including drug delivery systems [30], enhancing the effectiveness of
antimicrobial and anticancer drugs [31,32], photothermal cancer therapy [33] and diagnos-
tic assays [34,35]. Although numerous studies have investigated the use of AuNPs in other
fields of biomedicine, there is a lack of research on the long-term biocompatibility and
mechanical stability of AuNPs when incorporated into dental materials. In addition, the
impact of surface changes on the clinical results of these materials has not been extensively
investigated. Given their success in these areas, it is an attractive prospect to investigate
their potential use in dental applications. Therefore, this article aims to summarize the
properties of AuNPs with various modifications, when used for dental materials, and
review their effects on related cells in the field of dentistry.

2. Methodology

An electronic search was performed by using the PubMed/Medline, Embase,
Scopus and ScienceDirect databases with the following combinations of keywords: (“Gold
nanoparticles” OR (“Gold” AND “Nanoparticle”) AND (“Dental” OR “Dentistry” OR
“Dental applications”). The search was limited to English-language articles published from
January 2014 to April 2024. The electronic results included 512 articles; we eliminated
duplicate articles via software for managing references (EndNote 20; Thomson Reuters,
Philadelphia, PA, USA) for a total of 358 articles. Following the initial search, the titles
and abstracts were reviewed to find relevant papers. Studies that were not conducted in
the dentistry field and did not involve the use of AuNPs were excluded. Additionally,
articles obtained by electronic hand-searching were included. Finally, we chose 113 articles
to include in this comprehensive review (Figure 1). The search terms are shown in Table 1.

] ( Identification of studies

[ Identification of studies via databases and registers ¢
via other methods

Records identified from*four
databases:
PubMed/Medline (n = 54)
Embase (n = 335)
Scopus (n = 56)
ScienceDirect (n = 67)

Records removed before screening:
Duplicate records were removed
by EndNote 20

v

Records identified from:
i Websites Citation
searching (n = 23)

Records screened and assessed Records excluded (n = 268)

for eligibility > Reason (irrelevant articles, not
(n =358) related to AuNPs, etc.)
Studies included in review <

(n=113)

[ Included ] [ Screening ] [ Identification ]

Figure 1. Flow diagram of search procedure.

Table 1. Search strategy for four databases (PubMed, Embase, Scopus, ScienceDirect).

Database Search Strategy

(“dental health services” [MeSH Terms] OR “Dental” [Text Word]) AND (“gold” [MeSH Terms] OR

PubMed/Medline “gold” [Text Word]) AND (“Nanoparticles” [MeSH Terms] OR “Nanoparticles” [Text Word])

(‘dental medicine” OR ‘dental specialties” OR “dental specialty” OR “dental system” OR ‘occupational
dentistry” OR ‘pathology, oral” OR ‘specialties, dental” OR ‘state dentistry” OR “dentistry’) AND ("Au

Embase nano-particle” OR “Au nanoparticle” OR “gold nano-particle’ OR ‘gold nanoparticles” OR ‘nano gold” OR
‘nano-Au’” OR ‘nanogold” OR “nanoparticulate Au” OR ‘nanoparticulate gold” OR “‘gold nanoparticle”’)
Scopus (“Dental application”) AND (“Gold nanoparticle”)
ScienceDirect (dental applications) AND (gold AND nanoparticle)
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3. Results
3.1. Overview of AuNPs in the Biomedical Field

AuNPs have been extensively utilized in various biomedical fields due to their unique
properties and versatility. They are employed in cancer treatment, biomedical imaging,
drug delivery systems, for the improvement of biomaterial properties and in other applica-
tions. Through biofunctionalization, AuNPs can be adapted for use in drug administration,
vaccine development, sensing and imaging applications, demonstrating considerable po-
tential in these domains. Furthermore, AuNPs play a critical role in tissue engineering and
regenerative medicine, offering benefits such as tissue development and precise drug deliv-
ery. They can also be created with various forms and dimensions, which enhances their
characteristics and potential uses [36]. AuNPs are plasmonic nanoparticles that appear to
be less toxic. Because AuNPs are inert, stable and biocompatible, they have been frequently
studied for their potential use in biosensing and drug delivery applications. The use of
chemical molecules with antibacterial properties to coat AuNPs can offer significant advan-
tages in terms of harnessing their benefits. Consequently, they are promising candidates
for delivering targeted antibacterial actions [12]. The size, structure and surface modifi-
cation of AuNPs have an impact on their characteristics. Furthermore, numerous studies
have demonstrated that AuNPs, due to their ultra-small size, large surface-area-to-mass
ratio and increased chemical reactivity, are useful in the biomedical field [1,2,8]. Research
on AuNPs spans various biomedical fields including dental applications, which can be
broadly categorized into three major areas: biological, optical and mechanical (Figure 2).
A summary of the studies focusing on the use of AuNPs in biomedical fields is given
in Table 2.
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Figure 2. AuNPs in biomedical fields.
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Table 2. Properties of AuNP-based nanomaterials in biomedical fields.

AuNP Molecule Associated Cell
Propert or Biomarker Findin Reference
pery Size (nm) Shape Mosc{‘i;l.f:;fion Assay 8
Mesoporous silica
nanoparticle- A mixed-matrix membrane coating
lysozyme- . controllably released an antimicrobial
2 Nanoclusters f‘uncti}:mal?zed gold E. coli agent to instzntly inhibit bacterial growth 371
nanoclusters with that was only triggered by bacteria.
kanamycin
MNP@Au decreased the adhesion of
Gram-positive bacteria cells and fungal
Spherical with Core—shell magnetic S. mutans, cells by 65% and Gram-negative
N/A core—shell nano artic{ge s E. coli and bacteria cells by 45% without [38]
structure P C. albicans influencing the rheological and
physicochemical properties of artificial
saliva.
AuNP/CS-Cur nanocomposites
released curcumin in a pH-dependent
manner, which may facilitate the drug
to be delivered to the acidic bacterial
Chitosan infection environment.
AuNPs/CS =1621 nm (AuNPs/CS) S. mutans AuNP/CS-Cur possessed the
AuNPs/ Spherical Chitosan—cureumin and E. coli characteristics of electrostatic targeting [39]
CS-Cur =20.89 nm (AuNPs/CS-Cur) ’ and photodynamic and photothermal
antibacterial therapy; this would
become an efficient and safe
antibacterial nano-platform and
provide new ideas for the treatment of
bacterial infection.
Green synthesized AuNPs exhibited
S. mutans and E significant antibacterial activity against
5-15 Spherical None ’ coli ’ S. mutans and E. coli, the same as the [40]
Antimicrobial commercial ampicillin, in a
and antiplaque dose-dependent trend.
S. aureus and S Green synthesized AuNPs from wheat
45-70 Spherical None ’ mutans ’ bran exhibited significant antibacterial [41]
activity against S. aureus and S. mutans.
The antimicrobial property for AuNPs
C. albicans, S was assessed using a zone of inhibition
;rnu tans é ’ test. They found that AuNPs exhibited
18-35 Spherical None aureus ar{ q 'E excellent antimicrobial activity on [42]
wli C. albicans and intermediate
antimicrobial potential on S. mutans,
S. aureus and E. coli.
The smallest size mediated the fast
bactericidal activity and showed the
S. mutans, S. most potent antibacterial activity.
25, 60, 90 N/A None sanguinis and S.  The 25 nm AuNP was more potent than [43]
salivarius. chlorhexidine against evaluated
standard species of S.mutans,
S.salivarius and S.sanguinis.
Au NPs at 100 ppm and 50 ppm
43 Spherical None S. oralis concentrations were equally as effective [44]
as the CHX against S. oralis.
S. aureus, E. The antibacterial action of CuAUNPs
20 Spherical Curcumin faecalis and C. Swas seen to be p qwerful against [45]
albicans - aureus, E. faecalis and C. albicans
at a concentration of 100 ug/mL.
Candida species; The antifungal properties of gold
C. albicans, C. nanocubes against Candida species
50 Cube None glabrata and C. isolates werge greater than ;old 40l
tropicalis nanospheres and wires.
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Table 2. Cont.

AuNP Molecule

Property Size (am)
Z!

Shape

Surface
Modification

Associated Cell
or Biomarker
Assay

Finding

Reference

32-41

Antimicrobial
and antiplaque

Nanocages

Antibiotic-loaded,
antibody-
conjugated,
polydopamine
(PDA);
Staphylococcal

protein A (Spa) and

an antibiotic
(daptomycin,
ceftaroline,
gentamicin and
vancomycin)

S. aureus,
methicillin-
resistant S.

aureus (MRSA)
and P.
aeruginosa

Daptomycin-loaded AuNCs that are
linked to antibodies targeting two
distinct lipoproteins of S. aureus
successfully eradicate MRSA within a
biofilm setting. The effectiveness of
ceftaroline and vancomycin-loaded
AuNCs, which were linked to anti-Spa
antibodies, was observed to be lower
compared to daptomycin-loaded
AuNCs that were also linked to the
same antibody. On the other hand,
AuNCs loaded with gentamicin and
linked to an antibody that targets a
specific outer membrane protein were
extremely successful in combating P.
aeruginosa biofilms.

The effectiveness of antibiotic-loaded,
antibody-conjugated, PDA AuNCs
relies on the capacity to induce both a
fatal photothermal effect and the
controlled release of a significant
amount of antibiotic through heat.

[47]

30

Colloidal

None

S. mutans

The combination application of
low-temperature plasma and AuNPs
resulted in substantial cellular rupture,
leading to the release of intracellular
constituents from several cells, while
AuNPs alone did not showed any
bactericidal effect.

[48]

Nanoclusters

Methylene blue

S. mutans

Bovine serum albumin-capped gold
nanoclusters conjugating with
methylene blue demonstrated

significant antibacterial effects against
S. mutans when subjected to white-light

LED irradiation for approximately 1

min.

[49]

45-70

Spherical

None

DPPH assay

Green synthesized AuNPs from wheat
bran possessed high antioxidant
activity, which augmented in a
dose-dependent manner.

[41]

20

Spherical

Curcumin

DPPH assay

and albumin

denaturation
assay

At a concentration of 50 pg/mL,
CuAuNp demonstrated a maximum
scavenging performance of 90.3%
against DPPH. CuAuNP shown 79.6%
more anti-inflammatory activity at a
concentration of 50 ng/mL compared
to the conventional
medication diclofenac.

[45]

Anti-inflammation
and antioxidant 2-35

Spherical

None

Protein (bovine
serum albumin;
BSA)
denaturation
inhibitory
DPPH assay

Biosynthesized red sandal AuNP
showed 83% (the highest) inhibitory
activity of DPPH radicals at the highest
concentration of 50 ug/mL. The
highest inhibition and maximum
protective activity of red sandal AuNP
was 80.5% at a concentration of
50 pg/mL.

AuNPs exhibited good antioxidant and
anti-inflammatory properties.

[50]

30

Spherical

Ursodeoxycholic
acid (UDCA)

Nitric oxide
(NO) test and
enzyme-linked
immunosorbent
assay (ELISA)

The thermal effects of NIR-irradiated
AuNP-UDCA inhibited the production
of inflammatory cytokines from
activated macrophages in vitro.
The anti-inflammatory effects produced
by GNP-UDCA under NIR irradiation
were also shown in in vivo conditions
using spinal-cord-injured rats.

[51]

70

Spherical

None

DPPH assay

Biosynthesized AuNPs showed
improved antioxidative action at a 1000
pg/mL concentration.

[52]
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Table 2. Cont.

AuNP Molecule Associated Cell
Propert or Biomarker Findin Reference
pery Size (nm) Shape Mosc{‘i;l.f:;fion Assay 8
Rhodamine 123 SG-AuNPs increased the reactive
H2DCFDA an d/ oxygen species and decreased the
N/A Spherical Siberian ginseng dual AO/EtBr mitochondrial membrane potential, (53]
aqueous extract staining which induced apoptosis in melanoma
Anticancer techniques cells, z_md it possessed an
activity anticancer property.
The most effective MCF-7 inhibition
Human breast was seen when the concentration of
50 Spherical None cancer cell lines A.UNES w;sf 50 }lhg/ mL anc.l thgy were [54]
(MCE-7) incu ated for 4 h prior to irradiation
with the lowest laser power of 0.002 W
at a dosage of 0.61 ] /cm? for 60 s.
Mitochondrial nanoprobes
(MT-AuNPs/MLS@RGD-PEG-AuNPs)
mlll’EG—S:{, tth € showed the potential molecular
e -Pt?ge [I:E;l]gg mechanisms of the accelerated
(RGPSIP()C;D?{GDRGDPGC) DPSCs differentiation of DPSCs, where the
and ALP assav kit MMP was increased to induce more
29-38 Spherical the mitochondria Ca2t assailf Kit ATP production through the [55]
localization signal ATP assay kit thermoplasmonlc effect of AuNl?s by in
(MLALLGWWWFF- situ SERS, the results of wh}ch
Cell SRKKC) iiemonstrgtﬁd d’chat the eﬁprgssmn ofd
ucose an roxyproline increase
differentiation MLS@RGD-PEG ® within DgSCS glll:)rir\g the cell
differentiation process.
The addition of AuNPs boosted the
behavior of hDPSCs on CPC. This
improvement was observed in terms of
AI;?CCISE-II;CR increased cell adhesion (about double
18 Spherical None RUNX2 anél the amount of cell spreading) and [56]
OCN proliferation, as well as enhanced
osteogenic differentiation
(approximately two to three times
higher after 14 days).
AuNPs produced showed exceptional
stability in various blood components.
Furthermore, the AuNPs were
determined to be non-toxic when
MTT (3-(4, 5- assessed for their compatibility with
dimethylthiazol- periodontal fibroblasts and
72-88 Spherical None 2-y1)-2,5- erythrocytes, indicating their suitability [57]
diphenyltetrazolium for use in biomedical applications.
bromide) assay When GNPs were exposed to MG-63
cell lines, there was a higher percentage
of viable cells compared to the control
group, indicating that AuNPs could
Osteoinducti induce bone formation.
steoinductive
activity Gel-Ty hydrogels infused with G-NAC
(Gel-Ty/G-NAC) exhibited adequate
mechanical strength and
biocompatibility to encapsulate and
facilitate the proliferation of human
adipose-derived stem cells (hASCs)
N-acetvl cvsteine across a three-day assessment. AuNPs
28-32 N/A 7 ALP activity may facilitate intracellular delivery of [58]

(NAC)

NAC. Furthermore, G-NAC facilitated
osteodifferentiation both when
incorporated into Gel-Ty and when
applied directly to hASCs. The
osteogenic effects were evidenced by
the alkaline phosphatase (ALP) activity
assay.
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Table 2. Cont.

AuNP Molecule Associated Cell
Propert or Biomarker Findin Reference
pery Size (nm) Shape Mos;‘i;l.f:;fion Assay 8
Bright-field
microscopy,
confocal
microscopy and  Itis feasible to integrate the AuNP-PLL
quantification complex into DPSC and monitor the
of the cellular behavior in a 3D analysis using
40 N/A poly (L-lysine) incorporation micro-CT. Additionally, the inclusion of [59]
index 0.2 mg/mL of AuNP-PLL does not
Viability disrupt the fundamental behavior of
Imaging agent assay-MTS DPSC.
assay
Micro-CT
analysis
The addition of AuNPs into root canal
Optical irrigants enhances their optical opacity.
coherence Gold addition has been found to reduce
N/A N/A None tomography micro-infiltration at the level of root (601
(OCT) canal walls, enhancing the adherence of

filling materials to dentin.

3.1.1. General Techniques for AuNPs’ Synthesis and Surface Modification

In 1951, the Turkevich method, one of the most well-known methods for the synthesis
of spherical AuNPs, was introduced. It relies on the reduction of HAuCly by citrate in
water [12]. AuNPs can be synthesized using a variety of methods, including physical, chem-
ical and biological processes. One of the most promising approaches is the environmentally
friendly “green synthesis”, which has gained significant attention in recent years. The
synthesis of AuNPs using plant extracts reduces chemical side effects and avoids creating
toxic by-products. Various plant extracts can be used as a reducing agent, whereby Au>" is
easily reduced to AuY [41,42,45,50,52,53,61].

Surface modifications of AuNPs play an important role in biomedical applications.
Modified molecules such as ligands, proteins, drugs, antibodies and oligonucleotides are
decorated on AuNPs’ surface to specifically affect the target cells [16]. This modification
cannot only improve the cell adhesion and proliferation capability but also stabilize the
diffusion of nanoparticles in biological fluids [8]. Techniques for the surface modification
of AuNPs can be divided into two major groups. The first group is physical interactions,
including electrostatic and hydrophobic interactions. These interactions are simple and
spontaneous processes; however, the interactions are unstable and responsive to vari-
ous environmental conditions. Due to the electrostatic attraction of negatively charged
AuNPs, drugs may bind covalently to AuNPs through amine groups and show better cell
penetration [16,62]. On the contrary, positively charged AuNPs showed higher cellular
uptake in hMSCs [7]. The second group is chemical interactions, which are more stable and
less sensitive to environmental changes, although these interactions required complex pro-
cesses. The cell targeting can involve both active and passive reactions. AuNPs decorated
with specific molecules can bind to specific receptors on the target cell; this is called active
targeting. Passive targeting depends on the effectiveness of cellular absorption, which is
related to enhanced permeability and retention (EPR) effects [16,63]. In addition, selected
molecules coated on AuNPs have a significant impact on targeting specific cells, which
increases the mortality and DNA damage of targeted cells and results in fewer systemic
side effects [19,64].

3.1.2. Impact of AuNPs’ Size and Shape on the Cellular Uptake of Stem Cells

The size of AuNPs is a fundamental parameter that controls their properties and
behaviors. It is a key consideration in the biofunctions and application of AuNPs because
the size determines the cellular uptake and biological distribution [15-17]. The optimal
size, between 25 and 50 nm, is more prone to aggregation in the target cells [18]. How-
ever, the rate of cellular uptake is not related to the size of AuNPs [16]. AuNPs adopt
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a variety of shapes, each with unique properties and applications. The cellular uptake
rate is instead related to the shape of AuNPs, which significantly affects the number of
AuNPs that accumulate in cells [8,16,46]. The most common shapes are spherical and
rod-shaped; these are relatively simple to synthesize, have strong plasmonic properties
and allow for precise tuning of the surface plasmon resonance (SPR) wavelength with
the highest uptake rate. Although both spherical and rod-shaped AuNPs show a strong
cellular uptake rate, spherical AuNPs can promote higher osteogenic induction, osteogenic
differentiation, alkaline phosphatase (ALP) activity and calcium deposition of hMSCs than
rod-shaped AuNPs [8]. Spherical AuNPs had a stimulatory effect on the proliferation rate
and biocompatibility of dental pulp stem cells (DPSCs) derived from exfoliated deciduous
teeth (SHED) [65]. Furthermore, cube-shaped AuNPs present a total of 12 edges, whereas
nanospheres lack edges. It is plausible that the presence or absence of edges may influence
cell adsorption activities [46].

3.1.3. Impact of AuNPs’ Size and Shape on Bacteria Present in the Mouth

The antimicrobial properties of nanoparticles can be attributed to their extremely small
size, which can be up to 250 times smaller than that of bacteria. The small size of AuNPs
can lead to electrostatic interactions between the Au atom and the negatively charged
cell wall of the microbes [45]. Smaller AuNPs also have a higher surface-area-to-volume
ratio, leading to stronger SPR effects and the absorption of shorter wavelengths of light.
Moreover, smaller AuNPs typically exhibit higher catalytic efficiency, providing more
active sites for catalytic reactions [19]. A 25 nm AuNP had more potent antibacterial
action than chlorhexidine against evaluated standard species of S. mutans, S. salivarius
and S. sanguinis [43]. However, some reports showed that a smaller size of spherical
AuNPs (~4 nm) induced a higher cellular uptake and excess ROS than 40 nm AuNPs. In
Ibrahim, et al. [66], 5 nm AuNPs showed greater cytotoxicity than 10 and 80 nm AuNPs.
In addition, apoptosis and necrosis were activated through ROS generation. The surplus
ROS induced higher cytotoxicity and unfavorable adipogenic differentiation rather than
osteogenic differentiation [8]. Larger AuNDPs, especially 50 nm, can readily penetrate cell
membranes and access intracellular compartments, making them suitable for drug delivery
and imaging applications [4]. Larger AuNPs, 80 to 100 nm, can adhere on bacterial cells,
increasing tension in the membrane and leading to cell rupture [20]. The morphology of
AuNPs predominantly comprises spherical and rod-shaped structures, which can be uti-
lized in various applications. AuNPs with alternative geometries, such as star-shaped, have
found applications in SERS, photothermal therapy and biological imaging. Furthermore,
AuNPs can serve as either core or shell components in core-shell structures. A core-shell
structure offers synergistic properties resulting from the combination of different materials,
such as enhanced stability, excellent biocompatibility and the ability to be functionalized in
drug delivery systems [21].

3.2. Application of AuNPs in Dental Biomaterials

The incorporation of AuNPs into dental materials has great potential for improving
dental treatments and patient outcomes (Figure 3). The dental biomaterial used within
the human body should effectively prevent the development of biofilms by pathogens,
minimizing the risk of severe consequences [67]. AuNPs exhibit distinctive characteristics,
including antibacterial activity, enhancement of mechanical properties and targeted drug
delivery capabilities, which make them helpful for enhancing the effectiveness of regener-
ative and tissue engineering. Moreover, researchers have investigated the application of
AuNPs in regulating bacterial pathogenicity in the mouth without causing harm to cells,
demonstrating their potential as substitutes for conventional antibiotics in the treatment of
periodontal diseases. Coating with AuNPs had an inhibitory effect on the formation, matu-
ration and viability of S. aureus biofilms [67]. Pure and modified surfaces of AuNPs with
conventional antibiotics exhibit effective antibacterial activity against Gram-negative and
Gram-positive bacteria through adhesion and penetration on the cell membrane. Moreover,
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AuNPs show antiviral activity through interaction with viral surface proteins [19,68-72]. A
review of each article about the use of modified AuNPs in dental materials is presented

in Table 3.

Table 3. AuNPs’ modification of dental materials.

Modified Factors of AuNPs

Modification
Material Technique on . Surface EA?E?/T;ZS Findings Reference
Materials Size (nm) Shape Modification
AuPt/PtAu TiO, strongly affected
the osteogenic performance of the
. Osseointegration hMSCs when using plasmonic
Magnetron sputtering 826 Rod AuPt/PtAu Antibactgerial photocatalysis and IE\E-Ievel laser (ol
therapy at
470 and 600 nm.
AuNP-immobilized titanium
(3-mercaptopropyl) implant showed higher values in
Chemisorption: trimethg « Is)ilalrgl }é osteogenic differentiation of
Gold-sulfur bonding 30 Spherical Y Osseointegration human bone-marrow-derived [14]
(SH(CH_)3Si(OCH3)3, -
(Au-S bond) 3-MTPMS) MSCs and higher
osseointegration parameters than
an HA-titanium implant.
Chemisorption:
Gold-sulfur bonding
(Au-S bond) on Ti-AuNPs significantly enhanced
silanized Ti surface the osteogenic differentiation in
with 28 Spherical None Osseointegration ~ human adipose-derived stem cells [22]
(3-mercaptopropyl) (ADSCs) and influenced the
trimethoxysilane osseous interface formation.
(SH(CH,)3Si(OCH3)s,
MTPMS)
Au@TNTs exhibit a preferable
Magnetron sputtering 20-26 Spherical None Antibacterial effgtcg;i T;;rgtzr;%eﬁev%ﬁgﬁ of [73]
cell cytotoxicity.
An enhanced antibacterial effect
against multispecies biofilm was
realized via photocatalytic activity
e Antibacterial and _ triggered by visible-light
Decomposition of soft tissue irradiation and generating a
HAuCly by UV-light N/A Spherical None heali greater quantum yield of reactive [74]
Titanium illumination caung oXygen species.
tion ygen sp
promo AuNP decoration would also
exert favorable effects on cell
attachment, proliferation and
migration fibroblast.
The results from studying rat
mandibles in vivo showed that
titanium (Ti) implants coated with
Ch-GNP/c-myb increased both
the volume and density of newly
Dipping technique Chitosan, . . created bone. Additionally, the
(solﬁgong immergion) N/A N/A DNA /c-myb Osseointegration inspection using microcom}};uted 73]
tomography revealed improved
osseointegration between the
dental implant and the bone,
particularly in cases of
ovariectomized osteoporosis.
AuNPs-TNTs showed excellent
i biocompatibility and exhibited
Decomposition of significantly enhanced antibacterial
HAuCly by UV-light 20 Spherical None Antibacterial griicantly P ced i ac ROS [76]
illumination activity aga]pst . gingivalis via
generation under a simple
ultrasound treatment.
AuNP-antagomiR204 was released
Immersion/gel Osseointegration from the PGLA sheet and taken up
coating with 15-20 Spherical AntagomiR204 in type 2 DM by adherent BMSCs. This study 7]

poly(lactic-co-glycolic
acid) PGLA solution

(in vivo study)

showed the titanium implant
promoting osseointegration in type
2 DM rats.
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Table 3. Cont.

Modification

Modified Factors of AuNPs

Material Techniq}le on . N Surface i‘lﬁi‘:tcli‘: Findings Reference
Materials Size (nm) Shape Modification
Tetracycline/ ) ) AuNPs can produce )
Magnetron sputtering 30-38 Rod polycaprolactone Antlbfic.t erial rer{lot_e—con’grolled tet_rafcych;e [78]
(TC/PCL) activity e utloln using near-infrare
aser irradiation.
Photofunctionalized GNPs can
highly improve the osteogenic
Solution i . . . . capabilities with enhanced gene
olution immersion 10 Spherical None Osseointegration . £ . X [79]
. expression of osteogenic markers;
Titanium Col-1, OPN and OCN; and
ALP activity.
Utilizing Ch-AuNPs conjugated
with IGFBP-3 as a covering for
Chitosan, insulin titanium implants improved the
Lo . rowth factor . . rocess of bone formation and the
Solution immersion N/A N/A biﬁ ding protein-3 Osseointegration P integration of dental implants [80]
(IGFBP-3) with the surrounding bone tissue
against methylglyoxal-induced
bone deterioration in a rat model.
PMMA / AuNPs showed a more
. . significant antibiofilm effect against
Au suspension in . An:ii‘ﬁ:ziaclaelmd the _monomicro“bial bioﬁh‘n‘
PMMA monomer 57-82 Spherical None properties formation of C. albicans, S. mitis, S. [20]
(microhardness) aureus and E. coli than PMMA.
AuNPs slightly increased the
Vicker’s microhardness of PMMA.
Mechanical AuNP-modified heat-cured PMMA
Physically combined in properties showed better dimensional stability
a ratio of 0.05 wt/wt % 10-20 Spherical None affecting and decrease in the artificial tooth [23]
of AuNP powder dimensional movement than conventional
stability PMMA.
PMMA /AuNP surfaces were
smoother and more hydrophilic
Au suspension in Antifungal with negative charge than pure
PMMA monomer 11 Spherical None activit PMMA surfaces, which reduced [27]
PMMA y the adhesion of C. albicans.
AuNPs decreased the tensile
strength of PMMA significantly.
The flexural strength of PMMA
A - . with the addition of 0.05% AuNPs
u suspension in Mechanical i -
PMMA monomer properties was significantly greater than with
. . 45-65 N/A None . 0.20% AuNPs, whereas differences [61]
with concentrations affecting flexural . " £ AUNDs added to PMMA
0.05% and 0.2% strength 1 sizes ot AN S added 1o L
did not significantly affect its
flexural strength.
Mechanical
properties Incorporation of AuNPs into
affecting flexural heat-polymerized PMMA resin
Au suspension in strength and led to a decrease in the flexural
PMM Apmonomer N/A Spherical None elastic modulus, strength and elastic modulus. At [81]
thermal the same time, the density,
conductivity, thermal conductivity and
density and hardness increased.
hardness
AuDAPT-coated aligners have
antibacterial effects on a
suspension of P. gingivalis, a
drug-resistant pathogenic oral
Polyurethane - bacte%ium. The }s)trenggth of these
resins (PU, <4 nm of 4/6-diamino-2- effects depends on the amount of
dental Solution immersion AuDAPT: N/A pyrimidinethiol Antibacterial A Dp APT and bacterial [82]
aligner; uoaAtes (DAPT) ation. The neiehbori
Tnvisalign) concentration. e neighboring
area of the material was also

affected. AuDAPT-coated aligners
slowed biofilm formation and
showed favorable biocompatibility.
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Table 3. Cont.

Modified Factors of AuNPs

Modification
Material Technique on Surface Enh_ar}c_ed Findings Reference
: Size (nm) Shape P Activities
Materials P Modification
Polyacrylic Polyacrylate-AuNP composites
acid (PAA) AuCl—572 AuCl— yaery Pos
Lo . . exhibited lower compressive
and Au suspension in AA to 69.4 nm Spherical N Mechanical
one . strength compared to the control [83]
polyacry- or Am monomer AuAc—84.2 AuAc— properties samples, while their
lamide t01343nm  Ellipsoidal oot
(PAm) & '
AuNPs showed
plasmon-enhanced
) . . Polymerization polymerization for
Filler composition 12-15 Spherical None ratio green-Tight-photopolymerizable [29]
dental resin with a maximum
value at 0.0208 wt%.
AuNPs are attractive candidates to
_ . inhibit MMPs and improve the
AUCANPs = Citrate MMP inhibition ~ mechanical properties of resins
) ) " 147 +47nm (AuCAPNPs) - ] " )
Resin com- Filler composition _ N/A and mechanical without cytotoxic/genotoxic effects [84]
; AuCPNPs = Carboxyphenyl .
posites 187 + 97 nm (AuCPNPs) properties on cells, and therefore they should be
’ ’ suitable for applications in adhesive
resin systems.
Degree of
conversion and The optimal conditions were a
mechanical 0.0208 wt% AuNP concentration
Filler composition 5 Spherical None property and 1.4 mW/cm? light intensity, [85]
affecting at which the DTS and DC data
diametral tensile were all maximal.
stress
The use of a nanocomposite
consisting of AuNPs incorporated
into a polyoxoborate matrix
Stainless Solution immersion 3.5-5.5 Nanocore polyoxol?orate Antibacterial (BOA) had been found to [86]
steels matrix

effectively decrease the
colonization of orthodontic
appliances
by S. mutans.

PMMA

PU

Polymeric materials

Stainless steel

Figure 3. AuNP-modified dental materials.
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3.2.1. Blending AuNPs in Dental Biomaterials

Polymeric materials are frequently considered potential biomaterials for application
in the field of dentistry. Suspensions of AuNPs are incorporated as polymeric monomers
or fillers, mainly PMMA and resin composites. PMMA /AuNPs are smoother and more
hydrophilic than a pure PMMA surface [27]. Thus, they showed a significant antibiofilm
effect in C. albicans, S. mitis, S. aureus and E. coli [20]. The presence of PMMA-AuNPs
at concentrations above 200 ppm resulted in a considerable reduction (56.67%) in viable
fungal cell adhesion in Au". No statistically significant differences were observed between
the 200 and 400 ppm loads. The addition of AuNPs may change the way the surface
interacts with its surroundings or make it more negatively charged. PMMA-AuNPs
exerted a predominantly repulsive effect on the negatively charged fungal cell wall. This
procedure was considered essential for the antiadhesion effect [87]. AuNPs are promising
candidates for suppressing MMPs by chelating Zn?* bound in the active sites of MMPs
and enhancing the mechanical characteristics of resins, without any harmful effects on
cells. Consequently, they are well suited for use in adhesive resin systems [84]. AuNPs, as
fillers, exhibited plasmon-enhanced polymerization for green light photopolymerization of
resin composites [29,85].

3.2.2. Coating AuNPs in Dental Biomaterials

Titanium is the most commonly used material in implant dentistry due to its biocom-
patibility and mechanical properties. Titanium must be treated to induce polarization of the
surface, which can attract osteogenic cells to promote bone regeneration [15,22]. In addition,
AuNPs can promote osteoblast differentiation and be strongly immobilized on the titanium
surface via Au-S bonding [14,22]. Titanium dioxide nanotubes or titania nanotubes (TNTs)
have attractive properties in terms of cytocompatibility, osseointegration and photocatalytic
activity. TNTs were prepared from titanium surfaces by electrochemical anodization in
a 0.5-1.0 wt % HF solution [73,74,88]. Then, AuNPs were deposited on TNTs’ surface by
soaking under UV light illumination [74]. In addition, 3-aminopropyltrimethoxysilane
(3-APS) was used as a silane coupling agent for the immobilization of AuNPs on the
TNT [88]. Xu et al. found that electrodeposition is an effective method for immobilizing
AuNPs on the titanium surface by tuning AulNPs into the titania nanotubes to improve
osteogenesis by modulating macrophages’ polarization [15]. Magnetron sputtering and ion
plasma sputtering are other methods for coating AuNPs on TNT [73]. Chitosan-AuNPs
are conjugated with growth factors and DNA to stimulate bone formation and induce
osseointegration of titanium dental implants [75]. Furthermore, AuNPs’ deposition on
titania nanotubes causes antibiofilm enhancement and promotes soft tissue healing [74].
The multi-coating of AuPt-NPs on titania nanotubes under visible-light irradiation up to
600 nm plays a crucial role in the antibacterial effect and filopodia behavior of hMSCs,
which promoted osteogenic functionality in hMSCs [6]. Moreover, an AuDAPT-coated
dental aligner (polyurethane resins) showed not only impressive antibacterial activity
against P. gingivalis but also favorable prevention of biofilm formation [82]. Utilizing a
nanocomposite composed of AuNPs integrated into a polyoxoborate matrix (BOA) has
been shown to significantly reduce the colonization of stainless-steel orthodontic appliances
by S. mutans [86].

3.2.3. Effect of AuNPs on the Mechanical Properties of Dental Biomaterials

AuNPs exhibit promising potential for enhancing the mechanical properties of resins
used in adhesive systems with satisfactory biocompatibility. Additionally, these combined
properties make AuNPs a valuable component for optimizing adhesive resin systems
in various applications. The incorporation of AuNPs into PMMA led to a decrease in
tensile strength, flexural strength and elastic modulus [27,81]; however, other mechanical
properties, such as density, thermal conductivity and microhardness, increased [20,81].
In contrast, Oyar, Sana, Nasseri and Durkan [61] found that the addition of AuNPs to
heat-cured PMMA at lower concentrations (0.05%) significantly increased the flexural
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strength compared with higher concentrations (0.20%). The compressive strength of the
polyacrylate—AuNP composites was greater than that of the control samples, although
their toughness was improved [83]. However, the difference in the size of AuNPs did
not affect the flexural strength of the PMMA. Even when the highest dose of AuNPs
(400 ppm) was added, the PMMA-AuNPs still showed a thermogram comparable to that
of the control during the deterioration process. The presence of AuNPs did not affect the
glass transition phase of the denture acrylic. Although adding AuNPs to denture acrylic
provides an antibacterial benefit, there was a considerable increase in AE values as the dose
of AuNPs was increased from 100 to 400 ppm [87].

3.3. AuNPs and Their Related Host Cells in the Oral Cavity

AuNPs are widely used in the form of coatings on many materials to enhance not only
steps in the healing process such as cell adhesion, proliferation and differentiation but also
antibacterial, antioxidant and drug-molecule-carrying activities. Gold and its alloys have
been used in dental applications and reconstructive surgery. Due to their biocompatibility,
durability and inertness, they do not cause an immune response or allergic reactions
in the body. AuNPs can conjugate various drug molecules and have specific functions
in targeted therapy. The optimal concentration, size and shape of AuNPs for use in
nanomaterials are vital factors in stem cell therapies, as well as tissue engineering and
regenerative medicine [65,66].

3.3.1. Osteogenic Potential of Stem Cells

The alveolar bone is one of the important hard tissues in the oral cavity that surrounds
the teeth. Bone adaptation plays a major role in the healing process of alveolar bone defects
that generally result from periodontitis, trauma and infection [89]. Osseointegration plays a
major role in successful implant anchorage. Crucial factors that influence the success rates
of dental implant placement in low-density bone are implant material, implant design and
surgical procedures [90]. Recently, researchers have focused on bone tissue engineering
applications utilized by AuNPs [14,22,26]. The mechanism by which AuNPs induce bone
repair remains unknown. Prior research has demonstrated that conjugated AuNPs have sig-
nificant potential for reducing the viability of osteoclasts while also promoting osteogenic
development without causing any harm. These nanoparticles possess favorable attributes
for the treatment of osteoporotic disorders [30]. A titanium implant surface immobilized
by an AulNP layer induced the mRNA expression of osteogenic differentiation-specific
biomarkers Runx2, OCN, Col-1, OPN and BMP 2, which resulted in osseous implant
interface formation [14,56,57,79,91]. The expression of Runx2 genes in the nucleus is the
key osteogenic transcription factor and is upregulated by the p38/MAPK, ERK/MAPK or
Wnt/B-catenin signaling pathways, which can be mechanically activated by AuNPs [92].
Moreover, AuNPs regulated the activation of Yes-associated protein (YAP), resulting in
osteogenic differentiation [4,56]. AuNPs demonstrated a higher percentage of cell survival
in human MG-63 cell lines compared to the control group, indicating their osteoinductive
potential [57]. AuNPs may activate cellular autophagy, which affects the cytoskeletal
structure to promote osteogenic differentiation [92,93]. In addition, AuNPs inhibit adi-
pogenic differentiation [3,14,22,58,79]. AuNPs promoted the osteogenic functionality of
hMSCs under 600 nm visible-light irradiation because of the combined effect of photother-
mal scattering and visible-light low-level laser therapy (LLLT) [6,94]. Moreover, AuNPs
immobilized on the titanium surface led to increased ADSC or MSC proliferation and a
maximized level of ALP activity [14,22,79]. The modification of nanostructures affected the
viability and differentiation in rat bone marrow MSCs [5]. Xu, He, Zhang, Ma, Zhang and
Song [15] illustrated that AuNPs lowered inflammatory responses by reducing microvessel
density and mediated the M1-M2 transition of macrophage polarization, which has the
potential to promote macrophage-mediated osteogenesis. AuNPs enhanced osteogenic
differentiation in a size-dependent manner [4,95]. Smaller AuNPs (25-35 nm) entrapped
within the anodized pure titanium surface can promote M2-polarized macrophages and
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enhance osteogenesis [15]. Furthermore, 30 and 50 nm AuNPs appeared to promote the
highest osteogenic differentiation of ADSCs and hMSCs [3,4]. AuNPs of 45 nm could
promote osteogenic differentiation of PDL stem cells and bone regeneration more than
13 nm AuNPs through autophagy [93]. Ch-AuNPs/c-myb suppressed osteoclastogenesis
and promoted osteogenesis [75]. All sizes and shapes of AuNPs promoted the differen-
tiation of various stem cells toward osteoblasts, but 30-50 nm AuNPs demonstrated an
extraordinary capacity for bone regeneration [22]. In many reports, AuNPs of various
shapes such as nanospheres, nanostars and nanorods affected osteogenic differentiation [4].
Li, Li, Zhang, Wang, Kawazoe and Chen [4] also found that 40 nm AuNP nanorods inhibited
the osteogenesis ability of hMSCs. AuNPs can exhibit not only osteogenic differentiation
but also extracellular matrix mineralization [92]. In another study, surface modification did
not affect osteogenic differentiation and stimulated osteogenesis by increasing extracellular
matrix mineralization. AuNP-COOH showed upregulation of proliferation growth factors
of hMSCs (FGF-2 and TGF-f); however, it showed a reduction in ALP activity and matrix
mineralization in hMSCs [7].

3.3.2. Gingival Fibroblast and Epithelial Cells

The oral epithelium is the outermost barrier against the oral environment and has con-
tact with vascularized connective tissue. AuNPs can accelerate wound healing by promot-
ing cell migration, angiogenesis and collagen deposition [68]. Moreover, AuNPs/TiO2-NTs
also promote fibroblast adhesion, proliferation and migration by upregulating the gene
expression levels of fibronectin and pFAK without any irradiation [74]. AuNPs have proco-
agulant activity, which gives them superior adhesion ability to promote the accumulation
of platelets and accelerate the coagulation process. AuNPs can accelerate wound healing
due to having denser tissue than new collagen on the CCAu3 group, which illustrates
the antioxidant effects and relates to the corresponding gene expression [68]. With the
underlying connective tissue, fibroblasts proliferate and migrate into the wound bed and
deposit new extracellular matrix, followed by a complex cascade of intracellular biological
pathways [68,74]. Thus, the oral epithelium has numerous factors associated with the
healing process, for instance, cells, cytokines, saliva and microorganisms.

3.3.3. Dental Pulp Stem Cells (DPSCs)

The biocompatibility and proliferation rate of DPSCs produced from SHED were
shown to be enhanced by spherical AuNPs [65]. The incorporation of a novel calcium
phosphate cement made of AuNPs enhanced the performance of human DPSCs. The
observed improvement was characterized by an increase in cell adhesion and proliferation,
as well as an enhancement in osteogenic differentiation [56]. In situ SERS revealed that
mitochondrial nanoprobes (MT-AuNPs/MLS@RGD-PEG-AuNPs) enhanced the acceler-
ated differentiation of DPSCs by increasing the MMP to stimulate more ATP production via
the thermoplasmonic effect of AuNPs. The results indicated an increase in the expression
of glucose and hydroxyproline within DPSCs during the cell differentiation process [55].

3.4. The Possible Use of AuNPs in Clinical Dental Applications

AuNPs have demonstrated significant potential in several clinical dental applications
because of their distinctive features, including their compatibility with living organisms,
simplicity of modification and optical qualities.

3.4.1. Diagnostic Imaging and Oral Cancer Detection

AuNPs exhibit unique optical properties, including strong absorption and scatter-
ing of light due to SPR, which can enhance the contrast in imaging techniques such as
X-rays, computed tomography (CT) and magnetic resonance imaging (MRI). Their abil-
ity to scatter light and absorb radiation improves the visibility of dental structures and
other abnormalities. This phenomenon arises from the collective oscillation of free conduc-
tion electrons in the metal when stimulated by incident electromagnetic radiation, which
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causes the visible color to change [50]. The wavelength at which SPR occurs is determined
by several factors, such as the dimensions, morphology and dielectric surroundings of
the nanoparticles [63,96]. By controlling these parameters, the SPR band of AuNPs can
be specifically tuned across a wide range of wavelengths, from visible to near-infrared
(NIR) regions. AuNPs are used as bioimaging applications, as fluorescent probes and
X-ray contrast agents at very low concentrations [1,63]. AuNPs have also been employed in
biosensors for an early detection of oral cancer. These sensors can detect specific biomarkers
associated with cancer, providing a non-invasive and sensitive method for early diagnosis.
Functionalized AuNPs can be designed to bind to specific biomarkers or cells, allowing
for targeted imaging of particular tissues or pathogens in the oral cavity. In addition,
AuNPs can bind many proteins and drugs and can be actively targeted to cancer cells by
overexpressing a cell’s biomarkers [97]. Moreover, due to cellular uptake, imaging can
localize the intracytoplasmic region of the cell [96]. The AuNP-PLL complex monitored
the cellular behavior of DPSCs using micro-CT [59].

3.4.2. Therapeutic Applications

AuNPs act as drug carriers conjugated by several biomolecules [62,96,98-100]. Func-
tionalization of AuNPs with biomolecules (e.g., antibodies, peptides, DNA) allows for
targeted delivery and specific interactions with biological targets. This can be exploited
in receptor-mediated tumor cell targeting, enhanced biocompatibility and biorecognition.
AuNPs have been used to modify dental materials to impart antibacterial properties that
can prevent the formation of biofilms that adhere to surfaces and are often resistant to
conventional antibiotics. Researchers have developed materials that can inhibit bacterial
growth and reduce the risk of infections by incorporating AuNPs into dental composites or
coatings. Therefore, AuNPs are versatile nanocarriers for targeted drug delivery systems
in cancer therapy. They have been shown to play crucial roles in cytotoxicity, protection
from enzymatic degradation and enhanced cellular uptake [98,101,102]. AuNPs have
strong cationic attractions to negatively charged surfaces, so can adhere on the microbial
membrane through electrostatic interaction [39,48,103]. Moreover, AuNPs strongly electro-
statically adsorbed with lysine, which is the most abundant amino acid on the membrane
of Gram-positive bacteria. This caused various distortions in the structure of microbes,
such as changes in permeability, osmolarity, electron transport to reach permanent pores
and the subsequent loss of cellular content, which causes cell death [12,38,45,69]. On
the other hand, some studies found that the thicker peptidoglycan cell walls of Gram-
positive bacteria may protect their cells from rupturing. Therefore, AuNPs are more
effective against Gram-negative bacteria [20,45]. The strong electrostatic attraction be-
tween AuNPs and the bacterial cell wall interrupted adhesin-mediated interaction, which
inhibits pathogenic biofilm formation [103]. At greater concentrations, AuNPs were as
effective an antibacterial agent against S. oralis as chlorhexidine [44]. In addition, a rel-
atively low concentration of AuNPs is able to trigger apoptosis in malignant cells and
causes lower cytotoxicity [16,64,96]. AuNPs can easily identify tumor cells or pathogenic
microbial cells, due to specific environmental factors such as an acidic pH or hypoxic
conditions [18,19,39,98,104]. AuNPs cause a drastic induction of cell cycle arrest and DNA
damage [72]. Chitosan-AuNP-curcumin composites had pH-responsive controlled re-
lease behaviors that led to significantly improved drug delivery systems under localized
acidic conditions [39]. Lysozyme-functionalized gold nanoclusters (AuNCs) can attach
the N-acetylglucosamine on the bacterial cell walls through the lysozyme interaction.
This binding triggered the detection of bacteria, leading to drug release and subsequent
antibacterial activity. [37].

A photothermal effect is induced by AuNPs under NIR irradiation, which is com-
monly used in non-invasive cancer therapy. This can produce heat energy from absorption
and scattering light to stimulate cellular apoptosis and denature proteins. This process
can be used in photothermal therapy to selectively destroy harmful cells or bacteria in the
mouth, such as those associated with oral cancer or periodontitis, when temperatures reach

59



J. Funct. Biomater. 2024, 15, 291

more than 50 °C [19,68,69,105]. However, further research should examine the compara-
tive impact on bacteria in biofilms. However, it is unlikely that the formation of biofilms
alone would provide sufficient protection for bacteria against extremely elevated localized
temperatures (73 °C) [100]. AuNPs bind various molecules that can be functionalized as
targeted therapy by a specific biomarker and act as light-responsive nanomaterials [106]. In
addition, AuNPs eliminate biofilms by thermal degradation under NIR light and may
be effective alternatives to antibiotics in the treatment of bacterial infections [39,106].
S. aureus and E. coli can be eliminated by functionalized AuNPs under NIR light, as well as
methicillin-resistant S. aureus (MRSA) [39,105]. PTT is an effective antibacterial mechanism
that does not lead to antibiotic resistance [68]. In summary, an increased concentration of
AuNPs results in a greater absorption rate of photon energy from the laser. This energy can
then be converted into heat, leading to an elevation in cell temperature. Consequently, the
viability of cells, particularly cancer cells, which are sensitive to heat, is reduced [54].

AuNPs acting as a photosensitizer absorb photon energy and convert the surrounding
oxygen molecules into highly toxic ROS. This is called the photocatalytic process [19,39,74].
Routine PDT is activated by a common photosensitizer (i.e., methylene blue) for eliminating
bacterial biofilm. AuNP-conjugated methylene blue was an attractive photosensitizer for
efficient ROS generation, including singlet oxygen (*O,) or superoxide (O, ™) through
resonance energy transfer (RET) from AuNCs to methylene blue. This illustrated similar
bacterial growth inhibition and bactericidal effect [107]. AuNP-conjugated methylene blue
capped with bovine serum albumin showed significant antimicrobial PDT against S. mutans
under white-light LED irradiation for approximately 1 min. The AuNC-MB combination
did not exhibit any antibacterial activity in the absence of LED light [49]. Conversely,
the electrons could be stored in AuNPs and released into the environment without light
irradiation. Consequently, the electrons interacted with oxygen to produce ROS, which
resulted in the disruption of the bacterial membrane [47,73,74]. Siberian ginseng-AuNPs
had increased ROS generation and mitochondrial membrane permeability of B16 cells,
leading to the release of proapoptotic proteins [53]. AuNPs directly enter the bacterial cell
and can interrupt the ATP synthesis and whole-cell mechanisms, including membrane
damage and cellular uptake [38,69]. Conversely, AuNPs exhibit either no antibacterial
activity or very weak antibacterial properties [62,108-110]. After the Turkevich method,
the most common AuNPs preparation method involves the chemical reduction of Au3*
salts to Au®, which induces ROS formation and can alter macromolecules, resulting in
effective antimicrobial activity against a wide variety of microorganisms [38,39,109]. The
deposition of gold ions on different cells showed that metal ions can damage DNA, inhibit
replication, disturb cellular or membrane proteins and decrease the production of ATP [46].
The concurrent utilization of low-temperature plasma, ROS generation and AuNPs caused
significant disruption of cells, resulting in the release of internal components from several
cells [48]. LLLT at 470 and 600 nm played an important role in the antibacterial performance
of AuPt/PtAu TiO, [6]. Cells irradiated with AuNPs exhibited a notable decrease in MCF-7
cancer cell density in comparison to cells treated with AuNPs and laser separately [54].
Therefore, ROS generation in an aerobic environment can cause the oxidation of protein and
nucleic acids, causing cellular damage [38,69,74]. It also led to impairment of mitochondria
function, ultimately resulting in cell death [66]. AuNPs decorated on titanium oxide
nanotubes showed a photocatalytic memory effect due to their unique heterogeneous
structures and were activated not only via NIR and visible-light irradiation according to
the size and shape of AuNPs, but also via a simple ultrasound treatment [6,74,111]. ROS
formation occurs in an aerobic environment; the anaerobic Gram-positive bacteria S. mitis
may not be affected by AuNPs [20]. This hypoxic condition occurs when cells do not receive
enough oxygen to induce DNA damage caused by free radicals containing oxygen, and it
protects the cells from radiation [54].
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3.4.3. Restorative Dentistry

AuNPs are being explored for use in dental restorations to improve the mechanical
properties and longevity of materials such as PMMA, dental resins and cements. AuNPs
enhanced the mechanical characteristics of resins without causing any harmful effects
on cells, and therefore should be suitable for applications in adhesive resin systems [84].
Moreover, AuNPs display SPR upon irradiation at specific frequencies, enabling them to
improve the polymerization ratio through the plasmonic effect in resin composites and
facilitating polymer chain formation around the metallic nanoparticles, which increased
the degree of conversion [29,85]. Higher concentrations of AuNPs in PMMA /AuNPs
composites resulted in a modest increase in Vicker’s microhardness [20]. The density
and thermal conductivity of PMMA were also increased. However, AuNPs decreased
the tensile strength, flexural strength and elastic modulus of PMMA [27,81]. The flexural
strength values of NPs doped with 400 ppm revealed a substantial increase compared to
dosages of 0-200 ppm. The incorporation of NPs might enhance the mechanical strength of
denture base structures without adversely affecting the original PMMA material [87]. On
the other hand, nanoparticles had the potential to form vast clusters due to concentrations
of stress at the sites of agglomeration, which resulted in a considerable attenuation of
flexural strength at higher concentrations (0.20%) compared to lower concentrations (0.05%)
of the same particle size. Thus, the modification of AuNPs at lower concentrations did
not affect the mechanical properties of the materials but enhanced the flexural strength of
PMMA. Hence, the addition of AuNPs of varying sizes to PMMA did not have a substantial
impact on its flexural strength [61]. Thus, AuNPs can be used for biomedical purposes
without decreasing the mechanical properties of the materials.

3.4.4. Regenerative Dentistry

AuNPs can be used to enhance the growth and differentiation of stem cells, potentially
aiding in the repair or regeneration of dental tissue (as reviewed in Section 3.3). AuNPs
exhibited an interaction with free radicals, resulting in a decrease in DPPH [52]. Spherical
AuNPs exhibited the greatest inhibitory activity on the DPPH radical, while polyhedral
AuNPs did not show antioxidant properties. AuNPs synthesized from plant extracts also
exhibited better antioxidant activity [41,50]. The antioxidant activity of AuNPs was found
to be dose-dependent and was shown to be similar to the ability of ascorbic acid (standard)
to scavenge DPPH. At a concentration of 50 pg/mL, CuAuNp demonstrated a maximum
DPPH scavenging performance of 90.3% [45]. Green AuNPs using the microwave irradia-
tion synthesis method and Saussurea obvallata plant extract showed improved antioxidative
action at a concentration of 1000 ng/mL [52]. Moreover, heat production from the os-
cillation of ursodeoxycholic-AuNPs (UDCA-AuNPs) under NIR irradiation can inhibit
proinflammatory cytokines [51]. MLS@RGD-PEG-AuNPs accelerated the differentiation of
DPSCs through the thermoplasmonic effect of AuNPs by in situ SERS, which effectively
regulated mitochondrial metabolism [55]. Green synthesis of red sandal AuNPs inhib-
ited protein denaturation to a degree comparable to commercial painkillers by reducing
chemotaxis and the endothelial leukocyte contact [50]. As the concentration of the extract
increased, there was a corresponding increase in anti-inflammatory activity that was similar
to the conventional medication standard. CuAuNP shown 79.6% greater anti-inflammatory
activity at a concentration of 50 pg/mL compared to diclofenac [45].

3.5. The Possible Toxicity of AuNPs in the Dental Field

AuNPs demonstrate excellent compatibility with mammalian cells at lower concentrations [42].
The cytotoxicity of AuNPs is correlated with the surface area of the AuNPs because of the
size and concentration of particles taken up into the cells. Cellular oxidative stress leads to
an elevation in lactate dehydrogenase (LDH) release, the initiation of apoptosis and the
formation of intracellular ROS [66]. AuNPs can be regarded as more biocompatible than
AgNPs due to the absence of ROS production in their mechanism of action In contrast,
ultra-small particles (1-2 nm) tend to be more toxic, not only due to ROS generation but
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also because their small size can cause irreversible binding to biopolymers [112]. The size
of AuNPs affects the distribution of particles to different organs: larger AuNPs are taken up
by macrophages and have somewhat restricted distribution while being more widely dis-
tributed throughout the systems, particularly the liver and spleen. Particle size and protein
adsorption, together with the capacity of certain cells to internalize AuNPs by endocytosis,
determine the method of uptake. AuNPs can induce harmful effects on several systems [95].
Previous studies have demonstrated that nanospheres and rods have higher toxicity levels
in comparison to star-shaped, flower-shaped and prismatic AuNPs [112]. Moreover, rod-
shaped AuNPs caused more toxicity in SHED than spherical-shaped ones [65]. As a result,
AuNPs should be carefully chosen in terms of their size, concentration and duration of
clinical application [17,65,96].

3.6. Future Perspectives on the Use of AuNPs in the Dental Field

AuNPs demonstrate certain essential characteristics resulting from their biological,
mechanical and optical properties. Recent developments in dental technology emphasize
the use of innovative materials for therapeutic and regenerative purposes. AuNPs offer
enormous potential for tissue engineering, specifically in the processes of stem cell pro-
liferation and differentiation, and exhibit excellent biocompatibility. Thus, both normal
and compromised conditions could be improved by utilizing AuNPs in dental treatment.
Future developments in the dental field involving AuNPs are expected to encompass their
use in diagnostic and imaging technologies [63,96], dental implantology [14,22,57,69], pulp
tissue regeneration [59] and periodontal regeneration [58,113]. AuNPs have the potential
to be used in advanced sensing technologies such as oral cancer detection, oral biomarkers
and localizing specifically targeted cells or tissue. Several reviews have highlighted the ben-
efits of modifying AuNPs with titanium implants to improve osseointegration [14,22,57,69].
Furthermore, the favorable biological characteristics of the regeneration of bone and tissues
could enhance dental therapy, incorporating pulp regeneration, soft tissue grafting, bone
augmentation and soft tissue healing approaches [58,59,113]. The application of AuNPs
on implant components, dental appliances, prostheses and aligners has the potential to
enhance both the biological response and antibacterial properties. Therefore, the use of
AuNPs in dentistry may limit failures and enhance treatment outcomes.

4. Conclusions

In conclusion, this review highlights the promising potential of AuNPs in dental mate-
rials, particularly through enhancing biological, mechanical and optical properties. Despite
the challenges associated with the synthesis and stability of AuNPs, their modifications
to titanium, PMMA and resin composites have demonstrated significant benefits, such
as improved antibiofilm activity, osteogenesis and mechanical strength. The SPR effect
contributes to their application by enhancing resin polymerization. Nevertheless, further
research is needed to explore AuNP interactions with other materials, such as zirconia
and PEEK, and to develop advanced methods to optimize their use in dental therapies for
diverse patient populations.
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Abstract: Background: Periodontal intra-bony defects are challenging conditions in dental practice,
often requiring regenerative approaches for successful treatment. This clinical study aimed to
compare the effectiveness of plasma rich in growth factors (PRGF) versus xenogenic bone graft (BXG)
in addressing intra-bony defects. Methods: Forty patients aged between 30 and 50 years presenting
with generalized periodontitis were included. The study assessed various parameters, including
relative attachment level (RAL); probing pocket depth (PPD); gingival marginal level (GML); intra-
bony defect depth (IBDD) at baseline, 3, and 6 months; and level of pain, post-operative bleeding,
and swelling, as patient-reported outcomes during the first seven days post operation. Results: The
results revealed that both PRGF and BXG treatments led to significant reductions in IBDD over
the 6-month study period. PRGF demonstrated significant advantages in GML enhancement and
post-operative pain management during the initial post-treatment days. However, BXG showed a
significantly greater reduction in IBDD compared to PRGEF. Post-operative bleeding and swelling
levels were comparable between the two treatments. Conclusions: These findings underscore the
efficacy of both PRGF and BXG in periodontal regeneration, with treatment decisions guided by
patient-specific factors and clinical goals.

Keywords: intra-osseous defects; periodontal regeneration; plasma rich in growth factors; xenograft

1. Introduction

Periodontal disease is a widespread oral health concern, affecting millions of individu-
als worldwide and posing a significant challenge to dental and periodontal care [1]. It is
characterized by chronic inflammation of the periodontal tissues, leading to the degrada-
tion of the alveolar bone that supports the teeth and ultimately resulting in the formation
of intra-bony defects [2—4]. These defects, representing localized pockets and bone loss,
are pivotal in the progression of periodontal disease as they compromise the structural
integrity of the periodontium and are associated with tooth mobility and tooth loss [5-7].
Addressing intra-bony defects is, therefore, imperative for the restoration of periodontal
health and function.
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Periodontal healing involves restoring the health of the tissues surrounding teeth after
therapy, which can result in either repair or regeneration [8]. Repair is the re-establishment
of tissue continuity without fully restoring the original architecture, often resulting in a long
junctional epithelium or scar tissue. In contrast, regeneration seeks to completely rebuild
lost structures, leading to new bone, cementum, and periodontal ligament formation, thus
restoring both the structure and function of the periodontium [9].

Periodontal regeneration refers to the complete restoration of the lost or damaged
periodontal structures, mimicking the essential wound-healing processes [10]. While
several surgical techniques have been employed to create the optimal environment for
periodontal regeneration, open flap debridement (OFD) or access flap surgery has shown
promise in adjunct to a variety of biomaterials [11-14]. Nonetheless, these conventional
strategies have limitations in achieving complete periodontal regeneration [15].

True regeneration can only occur through activating specific periodontal ligament-
derived cells within the remaining periodontium, capable of differentiating into fibroblasts,
cementoblasts, and osteoblasts [16,17]. The presence of a scaffold, cellular lineage and,
most importantly, signaling molecules is essential for any tissue regeneration [17]. The
cellular lineage can be obtained from the existing periodontal structures, while blood clots
and bone grafts offer scaffold support [18]. Nonetheless, a crucial component often missing
in these wound-healing events is the presence of signaling molecules.

Various therapeutic modalities have been employed to manage these challenging intra-
bony defects, among which periodontal regeneration techniques have gained substantial
recognition for their potential to promote tissue healing and regeneration. Specific methods
within the realm of true regeneration have emerged as promising candidates for the
augmentation of hard tissue regeneration within intra-bony defects, like the use of barrier
membranes [19-21], bone grafts [22,23], stem cells [24,25], growth factors, and platelet
concentrates.

Platelet concentrates derive from the patient’s own whole blood and include differ-
ent products like platelet-rich plasma (PRP), plasma rich in growth factors (PRGF), and
platelet-rich fibrin (PRF). Such autologous products harness the regenerative potential of
platelets, playing a pivotal role in the field of periodontal therapy [26] by facilitating the
healing of intra-bony defects and other periodontal conditions. PRGF has drawn increasing
attention in the last 25 years due to its regenerative potential, thanks to a concentrated and
biologically active portion of the patient’s blood plasma. PRGF is rich in growth factors
and cytokines, which are instrumental in various cellular processes, including hemostasis,
tissue healing, and regeneration [27,28]. The application of PRGF in periodontal therapy
offers a minimally invasive and autologous approach, potentially enhancing the body’s
natural regenerative capabilities.

Bone grafts include autografts, allografts, xenografts, and alloplastic biomaterials,
each with distinct advantages and considerations [29]. They serve as scaffolds, promoting
new bone formation through osteoconduction and, in some cases, osteoinduction. Os-
teoinduction stimulates immature cells to become bone-forming cells, osteoconduction
provides a scaffold for new bone growth, and osteogenesis is the direct formation of new
bone by osteoblasts. Together, these processes facilitate effective bone healing and re-
generation [29]. Xenogenic bone grafts consist of bone materials typically sourced from
bovine or porcine origins [30,31]. The use of xenogenic bone grafts provides a clinically
established and readily available alternative for enhancing periodontal tissue regeneration
through osteoconduction.

Both PRGF and xenogenic bone grafts alone possess unique advantages in the context
of regenerative periodontology, which raises the question of which intervention may
provide superior clinical outcomes. Thus, the present clinical study aimed to address
this fundamental question by directly comparing the efficacy of PRGF and xenogenic
bone grafts in the treatment of periodontal intra-bony defects. Our research endeavors to
elucidate the relative benefits, potential limitations, and clinical applicability of these two
treatment modalities, contributing valuable insights to the optimization of regenerative
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approaches for patients suffering from periodontal disease. The null hypothesis of this
study is that there is no significant difference in the effects of using PRGF and BXG on the
periodontal parameters evaluated in this study.

2. Materials and Methods

The study was carried out at the out-patient department of Periodontics, Institute
of Dental Sciences, Siksha ‘O’ Anusandhan University, India, between June 2020 and
September 2022, as part of a PhD dissertation submitted to the University of Milan, Italy.
The protocol was approved by the Institutional Review Board and the Ethics Council of
Siksha ‘O’ Anusandhan University. The following selection criteria were employed for
including patients:

Inclusion criteria:

1.  Patients aged between 30 and 50 years;

2. Patients suffering from STAGE III periodontitis with grade A/B [32];

3.  Patients presenting with 2- or 3-wall IBDs > 3 mm deep measured from the alveolar
crest to base of the defect;

4.  Patients presenting with a probing depth (PD) > 5 mm;

5. Patients who are systemically healthy and do not have any conditions that would
contraindicate surgery.

Exclusion criteria:

1.  Patients who underwent previous periodontal surgical treatment;

2. Patients presenting with interdental osseous craters;

3. Immuno-compromised patients;

4.  Patients showing poor oral hygiene maintenance even after thorough scaling and
root planing;

5. Women who are pregnant and lactating;

6.  Patients on any antibiotic and/or steroid therapy within the last six months;

7. Patients presenting with teeth affected by peri-apical infection.

2.1. Study Design

This prospective, comparative clinical study was designed to compare PRGF with
bovine xenogeneic graft (BXG) for surgical management of periodontal intra-osseous
defects. Based on a pilot study carried out with similar groups on eight patients and the
mean difference observed using relative attachment level (RAL) as the primary outcome;
16 per group, totaling 32 sites, was found to be the estimated sample size, with 80% as the
statistical power and a significance level set at 5%.

2.2. Patient Characteristics

Fifty-two patients presenting with GRADE A /B and STAGE III periodontitis were
initially enrolled for the present study. All patients underwent meticulous Phase I therapy.
A re-evaluation was carried out after six weeks to ensure the patient’s fitness to undergo
surgery. Out of 52 enrolled patients, six failed to attend the re-evaluation appointment, and
an additional six were excluded because they did not meet the predefined inclusion criteria.
Finally, forty patients were randomized to receive one of the two treatments.

2.3. Outcomes

The clinical, radiological, and patient-reported outcomes were assessed at baseline and
at various time points. The primary outcome of this study is RAL, and all other outcomes
assessed were regarded as secondary. The details of each outcome and their methods of
assessment are described below.
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2.3.1. Clinical Outcomes

Plaque index (P1)—[33];

Gingival index (GI)—[34];

Probing depth (PD), in mm;

Relative attachment level (RAL), in mm;
Gingival marginal level (GML), in mm.

2.3.2. Radiological Outcomes

Intra-bony defect depth (IBDD) in mm; measured on radiographs. The measurement
was made from the deepest point of the intra-osseous defect to the imaginary line joining
the adjacent cementoenamel junctions.

Intra-oral periapical radiographs (IOPAs) were made using the long cone paralleling
technique. Position-indicating film holders were used to ensure stability. Customized bite
blocks made from the putty index of patients were created and stored to ensure consistent
positioning of the IOPAs at each post-operative recall interval.

For standardized exposure of the radiographs, the exposure time was set at 0.8 s, with
a voltage of 70 kV and a current of 8 mA. The paralleling technique was used to prevent
image overlap in the tooth’s interproximal areas. All radiographs were digitized using an
800 dpi scanner (HP Scanjet 3c/1, Hewlett Packard, Palo Alto, CA, USA).

2.3.3. Patient-Reported Outcome Measures (PROMs)

The pain level experienced in the first seven days post-operatively from Day 1 to Day 7
was recorded using a visual analog scale (VAS) ranging from 0 to 100, where 0 corresponds
to no pain, and 100 corresponds to severe pain.

The bleeding and swelling at the treated sited were recorded from Day 1 to Day 7 by
asking the patients to rate them from 0 to 5 (0—Never, 1—Rarely, 2—Occasionally, 3—Quite
Often, 4—Very Often)

2.4. Study Follow-Up

The follow-up of the study was carried out for 6 months. All the clinical and radiolog-
ical outcomes were assessed at baseline, 3, and 6 months. And the PROMs were recorded
post surgery until 1 week.

2.5. Randomization and Blinding

Randomization was carried out using the coin toss method soon before starting the
surgical phase. In this way, allocation concealment was ensured. The study was single-
blinded, as the assessor (Si.P.) was masked at all time points. Neither the surgical operator
nor the patient could be blinded due to the nature of the two treatments.

2.6. Surgical Procedure (Figure 1)

All the periodontal surgery procedures were carried out by an experienced periodon-
tist (5.P.). The patients were given a pre-procedural mouth rinse of 0.2% Chlorhexidine
Gluconate (Hexidine, ICPA pharma, Mumbai, India). The surgical sites were anesthetized
locally by administering 2% lignocaine (Lignox, Warren pharma, India).

Following adequate anesthesia, open access flap surgery was planned. A combination
of crevicular and vertical incisions were placed to retract the flap and gain access to
the defect. The defect was thoroughly degranulated using curettes (Standard Graceys.
HuFriedy Group). The defect site was irrigated with saline and any remaining granulation
tissues were completely removed. The defect site preparation was meticulously carried out
to receive the active substitute.
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Figure 1. Surgical Procedure: (A-D) for BXG group; (E-H) for PRGF group.

2.7. For PRGF Group
2.7.1. Preparation of PRGF

First, 9 mL of the patient’s blood was collected with 3.8% trisodium citrate as the
anticoagulant. Once collected, the blood was subjected to centrifugation at 460x g. Cen-
trifugation separates the blood into three distinct layers: the bottom fraction containing red
blood cells, the middle fraction, also known as the “buffy coat”, containing white blood
cells, and the upper fraction, plasma, is rich in platelets and growth factors.

The upper fraction was divided into two fractions: F1 (Fraction 1) and F2 (Fraction 2).
F2 was isolated and transferred to sterile tubes, and was then activated using 10% calcium
chloride, to form the PRGF gel.

2.7.2. Placement of PRGF into Defect Site

The obtained PRGF gel was then placed into the intra-bony defect and condensed
until the whole defect was filled.

2.8. For BXG Group

The infra-bony defects were packed and condensed up to an optimal level with the
mixture of BXG (Bio-Oss, Geistlich Pharma, Switzerland) after proper debridement.

Single interrupted sutures using 6-0 monofilament suture (Ethicon) were placed to
stabilize and secure the flap. The periodontal dressing was applied.

Patients were instructed with analgesics (paracetamol 500 mg) thrice a day for the
next three days. Proper post-surgical instructions were provided to all patients, asking
them to refrain from brushing at the operated area for the next seven days.

2.9. Statistical Analysis

SPSS software version 26.0 (IBM, New York, NY, USA) was used to analyze the data.
The Kolmogorov-Smirnov test and the Shapiro-Wilk test were used to check the normality
of the quantitative data distributions. Based on the normality, Student’s t-test was used
to analyze the parametric data to compare outcomes between the groups, and the Mann-—
Whitney U test was used for the non-parametric set of data. A p-value of 0.05 was set as
the level of significance.

3. Results

A total of 52 patients were assessed for eligibility, out of which 40 patients met the
inclusion criteria and were randomly allocated to one of the two groups. No patients
were lost to follow-up. A total of 20 patients in each group received the allocated inter-
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vention with either PRGF or BXG for management of intra-bony defects. (Figure 2). The
demographic details of the patients are provided in Table 1.

[ Enroliment ] Assessed for eligibility (n= 52)

Excluded (n=12)
+ Not meeting inclusion criteria (n=6)
"1 + Declined to participate (n=6)

‘ Randomized (n=40) ‘

¥ Allocation )

Allocated to PRGF group (n=20) ‘

+ Received allocated intervention (n= 20)

+ Did not receive allocated intervention (give
reasons) (n=0)

Allocated to BXG group (n=20)

+ Received allocated intervention (n=20)

+ Did not receive allocated intervention (give
reasons) (n=0)

Follow-Up |

Lost to follow-up (give reasons) (n=0)

Lost to follow-up (give reasons) (n=0)

Discontinued intervention (give reasons) (n=0) Discontinued intervention (give reasons) (n= 0)

Analysis 4

Analysed (n=40)
+ Excluded from analysis (give reasons) (n=0)

Analysed (n=40)
+ Excluded from analysis (give reasons) (n= 0)

Figure 2. Flow diagram showing recruitment and follow-up of patients.

Table 1. Demographic data of both groups.

Treatment Groups

PRGF BXG Total N p-Value
Sex Female 12 12 24
Male 8 8 16 1.000 2
Total 20 20 40
Age (in Years) 52 +9 53 £10 40 0.679 °
Smoker I;I 155 191 %Z 0.1852
Total 20 20 40
Walled_defect g 134 7 ;g 01540
Combined 3 5 8
Total 20 20 40

PRGF = plasma rich in growth factors; BXG = bovine xenogeneic graft; 2 Chi-square test; ® Student’s test.

3.1. Clinical Parameters

The PRGF group showed a significant improvement in GML at 3 and 6 months
compared to the BXG group, indicating a potential advantage of PRGF in this aspect of
periodontal health. However, other parameters such as PPD, RAL, PI, and GI did not show
significant differences between the two groups (Table 2).
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Table 2. Clinical parameters at all time points.

Outcomes Time Points N PRGF BXG p-Value
Baseline 20 6.55 + 1.05 6.55 +1.19 1.000 @

PPD (mm) 3 months 20 4.45 + 0.69 4.70 + 0.86 0.398 P
6 months 20 3.65 + 0.81 3.90 +0.91 0.602°

Baseline 20 12.60 + 1.50 12.10 + 1.25 0.260

RAL (mm) 3 months 20 10.95 + 1.32 11.10 4+ 1.45 0.718®
6 months 20 9.80 + 1.36 9.95 +1.28 0.7212

Baseline 20 1.90 + 0.79 1.90 4 0.72 0.977°

GML (mm) 3 months 20 1.05 + 0.69 1.60 £ 0.60 0.010°
6 months 20 0.85 =+ 0.75 1.40 4 0.88 0.041°

Baseline 20 0.80 == 0.24 0.93 + 0.23 0.046°

PI 3 months 20 0.62 £ 0.15 0.66 +0.15 0.414°

6 months 20 0.54 +0.15 0.51 +0.16 0.565 2

Baseline 20 1.75 + 0.44 6.55 +1.19 0.035°

GI 3 months 20 0.95 4+ 0.22 0.80 + 0.62 0.414°

6 months 20 0.75 + 0.44 0.65 + 0.49 0.602°

a Gtudent’s f test P Mann-Whitney U test.

The results indicate that both the PRGF and BXG treatment groups experienced
reductions in PPD over the study period. In general, the differences between the study
groups were not statistically significant. However, the PRGF group exhibited statistically
significant improvements in RAL and GML at the 3-month follow-up, indicating a potential
advantage of PRGF in accelerating the improvement in the RAL and GML (Table 3).

Table 3. Change at 3 and 6 months.

Outcomes Change N PRGF BXG p-Value
PPD (mm) Baseline-3 months 20 —2.10 £ 0.91 —1.85 4+ 0.99 0.4612
Baseline-6 months 20 —290 £+ 1.37 —2.65 4+ 0.99 0.738 2
RAL (mm) Baseline-3 months 20 —1.65 £+ 0.59 —1.00 &£ 0.79 0.007 2
Baseline-6 months 20 —2.80 £0.77 —2.154+1.04 0.076 2
GML (mm) Baseline-3 months 20 —0.85 +0.49 —0.030 + 0.57 0.009 @
Baseline-6 months 20 —1.05 £+ 0.39 —0.50 £ 0.76 0.024 2

¢ Wilcoxon signed rank test.

The reduction in the gingival recession was 2.8 times higher in the PRGF group
compared to the BXG group at the end of 3 months and 2.1 times higher at the 6-month
follow-up. Similarly, RAL gain was found to be 1.65 times greater in the PRGF group than
the BXG group (Figure 3).

AL
ChangeRAL 6 0,00

0.004
-0.50

-0.40+

-0.601

Mean (mm)
g

0,80

A

PRGF BioOss FRGF Bo-0ss PROF Bio-Oss
Treatment Treatment Treatment

Figure 3. Change in PPD, RAL, and GML at the end of 3 and 6 months. * p < 0.05.
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3.2. Radiological Parameters

The average reduction in the IBDD was 1.02 mm and 1.38 mm in the PRGF and BXG
groups, respectively (p = 0.043) (Table 4).

Table 4. Intra-bony defect depth at baseline and 6 months in mm.

. IBDD
Treatment IBDD-Baseline 6 Months Change at 6 Months

N 20 20 20

PRGF Mean 4.39 3.37 1.02
SD 0.97 0.88 0.43
N 20 20 20

BXG Mean 4.46 3.08 1.38
SD 0.70 0.69 0.62

p-value 0.183 % 0.801 % 0.2612

a Student’s f test.

3.3. Patient-Reported Outcomes (PROMs)

Both the PRGF and BXG groups experienced a reduction in pain over the post-
treatment period, with pain levels decreasing as the days progressed. While there were no
statistically significant differences in pain levels between the two groups on the first and
second days, significant differences emerged on the third, fifth, and seventh days, favoring
the PRGF group (Table 5).

Table 5. Level of pain between both groups during week 1.

Treatment Pain_D1 Pain_D2 Pain_D3 Pain_D4 Pain_D5 Pain_D6 Pain_D7
Mean 7.50 6.50 4.00 3.00 1.00 0.25 0.00
PRGF (20) SD 14.82 12.68 12.31 9.23 3.08 1.12 0.00
BXG (20) Mean 22.00 20.00 16.50 12.50 8.00 7.00 5.25
SD 29.31 25.55 29.25 26.33 18.24 15.59 10.94
p-value 0.183 4 0.1172 0.0362 0.1122 0.177 4 0.064 @ 0.019@

2 Mann-Whitney U test.

The differences in post-operative bleeding between the PRGF and BXG groups were
not statistically significant over the first week, except for a slight significance on the first
day. Post-operative swelling also did not significantly differ between the two groups on
any of the days post treatment.

4. Discussion

Periodontal regeneration in the context of intra-bony defects represents a crucial
aspect of periodontal therapy, aiming to restore the lost periodontal tissues and prevent
further disease progression [10,35,36]. In this clinical study, we explored the efficacy of two
prominent regenerative approaches—plasma rich in growth factors and xenogenic bone
graft—in the treatment of periodontal intra-bony defects.

The initial comparison of demographic and clinical characteristics between the PRGF
and BXG groups showed a similar distribution of sex, age, smoking status, and the features
of walled defects. This suggests that the randomization process was effective in creating
comparable treatment groups, reducing potential sources of bias.

Our primary objective was to evaluate the regenerative potential of PRGF compared
to BXG in treating periodontal intra-bony defects. The results indicated that both treatment
modalities led to improvements in clinical parameters such as probing depth reduction
and clinical attachment level gain. These findings align with the existing literature [37,38]
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that recognizes the regenerative capabilities of both autologous platelet concentrates and
bone substitutes in periodontal therapy.

PRGF is derived from autologous blood and offers promising sources of an array of
growth factors. PRGF contains essential growth factors, including PDGF-AB, TGF {31, and
VEGE, capable of stimulating cell proliferation, matrix remodeling, and angiogenesis [39].
Research has demonstrated the positive effects of PRGF on bone regeneration, including
its application in rabbit calvarial bone defects [40], tibial bone defects [41], peri-implant
bone healing [42,43], periodontal pockets [44], and human extraction socket healing [45—47].
PRGEF has also shown promise in treating human periodontal defects, including grade
2 furcation defects [48,49], which significantly improved attachment levels and reduced
defect depth and extent.

Xenografts are derived from non-human sources, most commonly bovine or porcine
origin, and have gained prominence in the field of periodontal regeneration. These graft
materials are processed to eliminate potential immunogenicity and pathogenicity concerns,
rendering them biocompatible and safe for clinical use. Xenografts offer a versatile solution
for periodontal therapy, particularly in cases where autologous grafts may be limited, such
as insufficient donor site availability [50].

Xenografts facilitate periodontal regeneration through several mechanisms, including
osteoconduction and providing a scaffold for new bone formation. The graft materials serve
as a matrix for bone-forming cells to adhere to, proliferate, and produce new bone tissue [51].
Moreover, some xenografts possess osteo-inductive properties, further stimulating the
differentiation of progenitor cells into osteoblasts, thereby promoting bone formation
within intra-bony defects [52]. Therefore, BXGs have established themselves as a valuable
resource in periodontal regeneration, offering an effective solution for the management of
intra-bony defects.

However, it is important to note that in the present study there were no statistically
significant differences between the two treatment groups in terms of probing depth reduc-
tion and relative attachment level gain. This suggests that, within the study’s limitations
and the specific patient population, PRGF and BXG have comparable efficacy in promot-
ing periodontal regeneration in intra-bony defects. These results are in accordance with
previous studies that have reported the effectiveness of both treatment modalities.

The observed increase in gingival marginal level for the PRGF group compared to
the BXG group at the end of the follow-up period is an interesting finding with potential
clinical significance. The presence of creeping attachment in the PRGF group suggests
that the treatment has not only been effective in filling intra-bony defects but has also had
a positive influence on the reattachment of periodontal tissues, such as the connective
tissue and gingival margin. This result suggests that PRGF may have a more favorable
impact on the gingival margin’s position, which is an essential aspect of periodontal
health and esthetics. The improvement in gingival marginal level in the PRGF group
could be attributed to the regenerative potential of PRGF, which contains a concentrated
and biologically active portion of the patient’s blood plasma, rich in growth factors and
cytokines [39]. These components are known to stimulate tissue healing and regeneration,
including the regeneration of periodontal tissues. However, it is crucial to interpret this
result within the context of the entire study. The statistical significance, clinical relevance,
and sustainability of this increase in gingival marginal level should be thoroughly analyzed.

While there were no statistically significant differences in pain levels between the two
groups on the first and second days, significant differences emerged on the third, fifth,
and seventh days, favoring the PRGF group. This suggests that the PRGF group reported
lower pain levels after the second day of surgery. It is important to consider that, while
there are statistically significant differences on certain days, the clinical significance of
these differences may vary, and the overall patient experience should be taken into account.
Pain perception can be influenced by various factors, including individual pain thresholds
and the specific surgical techniques used. Therefore, these findings should be treated
with caution.
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The radiographic method was chosen to assess intra-bony defect depth because of
its non-invasive nature and its ability to provide a comprehensive view of the bone struc-
ture. Radiographs are widely used in periodontal studies for visualizing bone loss and
defect morphology, which are essential for evaluating treatment outcomes. However, it is
important to recognize that the accuracy of this method can be affected by various factors,
including the resolution of the imaging system, the angle of the radiographic projection,
and the calibration of measurements. To minimize these shortcomings, standardization of
the radiographic technique is crucial. This includes consistent imaging protocols, position-
ing of the patient, and calibration of measurements, which can help ensure more accurate
and reliable assessments.

Both the PRGF and BXG group were found to be effective in reducing IBDD over the
6-month study period. It was found that the change in IBDD was significantly greater in the
BXG group compared to the PRGF group. However, PRGF represents a unique approach
because it consists of autologous plasma rich in growth factors, which stimulates tissue
healing and regeneration directly from the patient’s own biological resources. This key
distinction means that what we observe with PRGF is not merely a biomaterial filling, but
rather a reflection of true tissue healing and regeneration. This insight underscores the
importance of interpreting study results within the context of the treatment’s biological
mechanisms and the potential for radiopacity to influence measurements when using
biomaterials like BXG.

The outcomes of this study have several clinical implications. First, clinicians can
confidently consider both PRGF and BXG as viable options, depending on patient prefer-
ences, clinical circumstances, and available resources. The lack of statistically significant
differences between these treatments suggests that the choice may be based on individual
patient factors and clinical considerations.

In the context of our study comparing the effectiveness of PRGF and BXG in peri-
odontal regeneration for intra-bony defects, several potential confounding factors demand
consideration. These variables, if left unaddressed, have the potential to influence the study
outcomes. These confounding factors include patient compliance with post-treatment care
and follow-up, variations in the baseline severity of periodontal disease, discrepancies
in periodontal diagnosis and disease progression rates, concomitant medication usage,
diverse oral hygiene practices, the presence of smokers in each treatment group, previous
dental procedures undergone, socioeconomic disparities among participants, operator skill
and experience, and differences in systemic health. Controlling for these confounding
factors via our robust study design, strict inclusion and exclusion criteria, randomization,
and appropriate statistical analysis is imperative to ensure the reliability and validity of
our study’s conclusions regarding the relative efficacy of PRGF and BXG in achieving
successful periodontal regeneration in intra-bony defects.

The comparable outcomes observed with PRGF and BXG may stem from their over-
lapping regenerative capabilities, as both aim to enhance bone healing, albeit through
different mechanisms. PRGF promotes regeneration with growth factors that stimulate cell
proliferation and osteoblast activity, while BXG acts as an osteoconductive scaffold for bone
growth. In the two-wall and three-wall defects included in this study, both materials likely
benefited from the natural regenerative potential of the pre-existing bony walls, which may
have minimized differences. Also, variability in individual healing responses could have
also played a role, further blurring potential differences. A longer follow-up and inclusion
of diverse defect types might help clarify the long-term effectiveness of PRGF and BXG.

The limitations of this study may amount to a relatively small sample size and inclu-
sion of a specific patient population, which may have influenced the generalizability of
the results. Further research with larger and more diverse populations is warranted to
strengthen the findings. Another limitation of this study is that the follow-up was limited to
6 months. While 6 months is generally sufficient for assessing periodontal regeneration and
observing improvements in clinical parameters, longer follow-up periods could provide
additional insights into the long-term stability and durability of the treatment outcomes
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over time, potentially revealing additional changes in bone density, clinical attachment, or
probing depths that might not be evident in the shorter follow-up period.

5. Conclusions

In conclusion, both PRGF and BXG as substitutes were effective in promoting peri-
odontal regeneration. Both treatment protocols proved equally effective with no statistical
difference. However, PRGF exhibits a distinct advantage in enhancing gingival marginal
levels in the short term and managing post-operative pain, as evidenced by early pain
alleviation by the end of 3rd day post-operatively. These results suggest that clinicians can
choose between PRGF and BXG based on patient-specific factors and clinical considera-
tions, to tailor therapies to the individual needs of the patient. PRGF may be particularly
advantageous for patients seeking faster soft tissue recovery. Future studies with larger
sample size and more diverse population, and extended follow-up periods are warranted.
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Abstract: Background: Advanced platelet-rich fibrin (A-PRF) is produced by centrifuging the
patient’s blood in vacuum tubes for 14 min at 1500 rpm. The most important component of A-PRF
is the platelets, which release growth factors from their x-granules during the clotting process.
This process is believed to be the main source of growth factors. The aim of this paper was to
systematically review the literature and to summarize the role of A-PRF in oral and maxillo-facial
surgery. Materials and Methods: A systematic review was carried out, following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (PROSPERO:
CRD42024584161). Results: Thirty-eight articles published before 11 November 2024 were included
in the systematic review. The largest study group consisted of 102 patients, and the smallest study
group consisted of 10 patients. A-PRF was most often analyzed compared to leukocyte-PRF (L-PRF)
or blood cloth. A-PRF was correlated with lower postoperative pain. Also, A-PRF was highlighted
to have a positive effect on grafting material integration. A-PRF protected areas after free gingival
graft very well, promoted more efficient epithelialization of donor sites and enhanced wound healing.
Conclusions: Due to its biological properties, A-PRF could be considered a reliable addition to the
surgical protocols, both alone and as an additive to bio-materials, with the advantages of healing
improvement, pain relief, soft tissue management and bone preservation, as well as graft integration.
However, to determine the long-term clinical implications and recommendations for clinical practice,
more well-designed randomized clinical trials are needed in each application, especially those with
larger patient cohorts, as well as additional blinding of personnel and long follow-up periods.

Keywords: advanced platelet-rich fibrin; A-PRF; autografts; dentistry; growth factors; wound healing

1. Introduction

Since the first clinical introduction of platelet-rich fibrin (PRF) in dentistry by Choukroun
in 2001 [1-4], PRF has grown to be one of the most influential natural resources in regenera-
tive dentistry. In 2014, advanced platelet-rich fibrin (A-PRF) was introduced and described
by Ghanaati et al. [5] and Choukroun [6] as one of the most promising iterations.

So far, three generations of blood-derived platelet-rich preparations rich in growth
factors have been identified:

L. platelet-rich plasma (PRP), plasma-rich in growth factors (PRGF);

II.  platelet-rich fibrin;

II. advanced platelet-rich fibrin, advanced platelet-rich fibrin plus (A-PRF+), injectable
platelet-rich fibrin (I-PRF), concentrated growth factor (CGF), titanium platelet-rich
fibrin (T-PRF) and autologous fibrin glue (AFG) [7,8].

A-PRF (Figure 1) is derived from the patient’s venous blood drawn prior to surgery
(most commonly from the brachial vein) without the use of anticoagulants. The autoge-
nous origin ensures no undesirable antigen reactions after graft placement and during
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integration. The gelatinous consistency and state are similar to PRF due to a similar process
of obtaining it [9,10]. It consists of a fibrinous matrix with mixed platelets, leukocytes,
macrophages, neutrophils, proteins, cytokines and growth factors present in the blood,
which are densely trapped. The matrix ensures mechanical strength and serves as a binding
agent for cytokines and growth factors. A looser structure provides a more even distribu-
tion of cytokines than PRF, and more interfibrous space allows for more cells present in the
cloth [5,9,10].

Figure 1. A-PRF clot in glass-coated plastic tubes.

Cytokines and growth factors play an important role in biochemical properties. A-PRF
affects both soft and hard tissues, mainly due to the effects on tissue fibroblast regener-
ation [10,11] and osteoblasts [11]. The most important part of A-PRF are platelets that
release growth factors from their «-granularities during clotting. This process is believed
to be the main source of growth factors, such as platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGEF), fibroblast growth factor (FGF), transforming
growth factors (TGF-« and 3), bone morphogenetic proteins (BMPs, such as BMP-2) and
matrix metalloproteinases (MMPs, such as MMP-9). A-PRF has been shown to release more
of these growth factors and MMPs than PRF due to its modified centrifugal processing.
Research works indicate that A-PRF is currently the most favorable PRF-like material
available, providing cytokines for up to 10 days [6,9,12-14]. Also, the addition of Ca?* can
alter the amount of growth factors secreted into surrounding tissues [15].
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In order to obtain A-PREF, the patient’s blood has to be placed in a centrifuge and
processed at 1500 rpm for 14 min, as opposed to the classical PRF at 3000 rpm for 12 min.
There is also no anticoagulant, which gives A-PRF better biological properties compared to
classical PRF. The lower centrifugation parameters of A-PRF compared to PRF or L-PRF
do not allow the platelets to be pushed down the tube. The advantage of lower centrifuge
speed in A-PRF preparation is the improvement of properties. Neutrophils can migrate
to the fibrin matrix [6]. It is proven that in A-PRF in the peripherals of the cloth, there are
platelets present. The difference in the processing can be responsible for more optimized,
longer lasting and more even distribution and release of growth factors from A-PRF to the
surrounding tissues, affecting tissue regeneration and maturation in comparison to PRF
and L-PRE. The distribution of lymphocytes, macrophages and stem cells is greater in the
proximal part of the cloth, whereas neutrophils are located mainly in the distal part [2,5,6].
It is postulated to reduce the formation time of A-PRF to 8 min, which further improves
its biological properties. Further modifications of centrifugation led to the creation of
I-PRF (700 rpm, 3 min), which has even more concentrated factors than advanced and
leukocyte PRF. In comparison to PRF, it must be used within 20 min of preparation vs. 4 h
for A-PREF. It is very important to maintain the speed of rotations per minute, time, relative
centrifugal force, diameter and angulation of the rotor in the centrifuge, size and type of
test tubes. Any change may lead to the incorrect production of blood-derived platelet-
rich preparations rich in growth factors and loss of the related properties. Horizontal
vs. fixed angle centrifugation is also important because horizontal centrifugation leads to
four times higher cell concentration, which is evenly distributed across the top of the tube
and is not damaged as much. The more hydrophilic the tube surface, the better the clot
quality [2,5,6,16,17].

A-PRF is primarily used in surgical procedures. However, it can also be used in
general oral surgery (filling the post-extraction socket, in treatment of alveolar osteitis, used
to control bleeding-hemostatic effect), endodontics (in regenerative endodontic treatment
(RET) of traumatized immature non-vital teeth), implantology (bone regeneration, socket
preservation, alveolar ridge preservation, maxillary sinus augmentation), periodontics (in
treatment recessions) and to enhance general wound healing (reduced pain, swelling or
trismus) [2,18-40]. This makes A-PRF just as versatile as PRF. The aim of this paper was
to collect and review the information about A-PREF, its role and its advantages in oral and
maxillo-facial surgery.

2. Materials and Methods
2.1. Focused Question

The following focused question was defined: ‘Does A-PRF provide better clinical
outcomes than other materials used in exact oral and maxillo-facial procedures?” The PICO
(population, intervention, comparison, outcome) was used:

P—at least 10 people qualified for the use of A-PRF;

I—dental procedures (i.e., tissue repair, socket management, sinus lifts) combined
with the use of A-PRF as sole/combined bio-material;

C—defined approaches using A-PRF only or with other PRF types and other conven-
tional methods;

O—soft and/or hard tissue reconstruction of the periodontium, alveolar bone or tooth
structure.

2.2. Search Strategy

The search was conducted using PubMed, Scopus and Google Scholar web databases.
The PRISMA guidelines (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) were used [41]. The study protocol was registered with the PROSPERO (Prospec-
tive Register of Systematic Reviews, CRD42024584161). The search terms used were ‘ad-
vanced platelet-rich fibrin’, “A-PRF’, “dentistry’, ‘oral surgery” and ‘maxillo-facial surgery’.
The last manuscript search was conducted on 11 November 2024.
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2.3. Selection Criteria
2.3.1. Inclusion Criteria

For the use of A-PRF in dentistry, only randomized clinical trials were used, with a
minimum of 10 patients treated. Studies were selected from the databases according to
the following criteria: (1) only human studies, (2) studies regarding A-PRF use in oral and
maxillo-facial procedures, (3) studies carried out and published from the beginning of 2014
up to 11 November 2024, (4) studies published in English, (5) randomized clinical studies
on a group of at least 10 people.

2.3.2. Exclusion Criteria

The exclusion criteria were (1) studies conducted on animals or in vitro, (2) studies
not available in full text, (3) group of patients less than 10, (4) studies written in language
other than English.

2.4. Study Selection and Data Extraction

The retrieved publications were initially scanned in accordance with the selection cri-
teria. Only publications fulfilling the inclusion criteria were taken into account. Duplicates
from the databases were discarded. Upon screening the abstracts, selected articles were
obtained in full text. If the abstract screening and title did not provide enough decisive
information to include the article, further screening of the whole publication was carried
out. Lastly, the full-text manuscripts were reviewed according to the selection criteria.
Subsequently, the first author analyzed the publications and critically assessed the articles.
In cases of uncertainty, the analysis was completed by a third author.

The data extracted included general publication characteristics (authors, year of publi-
cation, journal), case type, number of patients, outcome and complications. The analyzed
data from the publications were divided according to the procedure and presented in tables
for comparison.

2.5. Quality Assessment

In this article, the risk of bias was assessed using the Revised Cochrane risk of bias
tool for randomized trials (RoB 2) [42,43]. These procedures were performed by the third
and first authors. In case of disagreement, a consensus reading was made.

2.6. Statistical Analysis

Statistical analysis was performed using STATISTICA 13.3 (TIBCO, Palo Alto, CA,
USA) licensed to the Medical University of Gdansk. The number of studies, included
publications and patients studied were quantitatively summarized.

A qualitative synthesis was conducted using the established criteria, summarizing
the available research and analyzing the structure of PICO; the advantages, disadvantages,
future research directions and the relationship with previous scientific reports were dis-
cussed. Quantitative analysis (meta-analysis) was not performed due to the heterogeneity
of studies.

3. Results
3.1. Search Outcomes

After eliminating duplicates, 375 articles remained to be reviewed. After exclusion of
duplicates, 261 articles remained. The screening of titles and abstracts excluded 140 articles.
Ultimately, 38 articles were selected for systematic review. They were further divided into
their respective category depending on the procedure carried out in the study (Figure 2).
The first identified studies are from 2015. All randomized clinical studies are depicted in
Table 1. The total number of patients analyzed in all studies was 1307 [2,19-40,44-60].
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Studies included in review (n=38)
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Figure 2. PRISMA workflow.

3.2. Results of Individual Studies
3.2.1. A-PRF in Alveolar Ridge Preservation After Tooth Extraction

A-PRF is a material densely packed with growth factors and cytokines. This makes
it a promising material for ridge preservation after tooth extraction. To date, there have
been four randomized clinical trials (RCTs) that used A-PRF, attempting to hinder bone
resorption after tooth extraction [30,32,39,48].
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Most often, A-PRF is compared to L-PRF or blood cloth. A radiological analysis
performed by Castro et al. [30] showed that A-PRF presented better results than blood
cloth alone in all analyzed points (horizontal, buccal, palatal resorptions, ridge width
changes, vertical resorption and socket fill) but fared very similar to L-PRF in terms of
alveolar ridge preservation. A morphometric bone analysis (histological, 2D and 3D micro-
computed tomography (micro-CT)) presented similar results between the study groups,
with both outperforming the blood cloth control group. Although both PRFs hindered
bone resorption, they could not counteract it completely.

Two randomized controlled trials (RCTs) conducted by Clark et al. [32] and Ivanova
et al. [39] also include the analysis of A-PRF behavior when combined with FDBA in
alveolar ridge preservation.

In the operating procedure described by Clark [32], mucoperiosteal flap elevation was
not performed; single-root teeth were extracted; and non-steroidal anti-inflammatory drugs
(NSAIDs; 600 mg ibuprofen) and a 0.12% chlorhexidine mouth rinse were administered
at the beginning of the surgery. Conversely, Ivanova [36] elevated the flap from both the
palatal and buccal sides, extracted multiple-root teeth and administered a 0.12% mouth
rinse twice daily for a period of two weeks following the surgical procedure. Additionally,
they administered an antibiotic (1000 mg amoxicillin) and a non-steroidal anti-inflammatory
drug (nimesulide 100 mg).

For the purpose of measuring the dimensions of the operating area, Ivanova et al. [39]
employed the use of a Trios intraoral scanner for the analysis of a virtual model, whereas
Clark et al. [32] utilized a more conventional methodology, namely the fabrication of a stent
from light-cured resin derived from an alginate impression, which was then measured with
a periodontal probe for height and calipers for width. In both cases, a trepanning burr was
used to harvest the bone core. The primary outcome was assessed in both randomized
controlled trials (RCTs) by means of a comparison of the vertical and horizontal dimensions
of the alveolar ridge, while the secondary and tertiary outcomes were evaluated through
histomorphometric and micro-computed tomography (micro-CT) analyses.

Clark et al. [32] observed that the groups using A-PRF and FDBA demonstrated lower
alveolar ridge height reduction compared to the blood cloth group. Histomorphomet-
ric analysis showed that A-PRF and FDBA + A-PRF allowed the formation of a denser
trabecular structure. In terms of augmenting material integration, A-PRF enhanced the
integration of FDBA by decreasing the amount of residual graft material and showed
significantly higher maturation of the structure compared to FDBA alone. Bone vitality
was greatest in the A-PRF group, but mineral bone density was best in the FDBA group;
both results showed statistical significance. The study conducted by Ivanova et al. [23]
presented similar results regarding the superiority of A-PRF and FDBA over blood cloth
regarding alveolar ridge dimension preservation, but in the case of vital bone formation,
A-PRF did not perform better than FDBA.

In contrast, Pereira et al. investigated the effect of A-PRF on socket healing after
extraction of upper wisdom teeth. A clinical and cone-beam computed tomography (CBCT)
study was conducted, and no significant benefit was found between A-PRF application
and treatment without the use of growth factors [48].

3.2.2. A-PRF Effect on Postoperative Pain, Swelling and Trismus

A meta-analysis of nine studies revealed that A-PRF administration was demonstrated
to effectively reduce postoperative pain in seven studies [19,24,31,37,46,49,51,56,60].

Caymaz et al. [31] compared A-PRF to L-PRF in terms of pain, swelling and trismus
after third molar extractions. Apart from the VAS pain score, in the study, pain was also
measured by analgesic drug usage. The most noticeable difference was visible in the first
3 postoperative days. Compared with L-PRF, A-PRF presented much lower VAS pain
scores in the first 3 postoperative days, which slowly equaled the L-PRF group by day 7.
The difference in the number of analgesics used by the A-PRF group was noticeably lower
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from days 2 to 6. In terms of swelling and trismus, there were no significant differences
between the two groups.

Zahid and Nadershah [60] performed third molar extractions with the use of A-PRF
as a test group or with blood cloth only as a control group. The A-PRF group showed
decreased pain and swelling compared to the control group over 7 postoperative day
periods. Moreover, the healing aspects were checked (pocket depth, gingival recession,
clinical attachment level), but no significant advantages were detected compared to the
A-PRF group.

In the study by Nowak et al. [46], the impact of A-PRF application on the surgical
removal of third molars was examined, with a particular emphasis on its influence on heal-
ing and the concentration of C-reactive protein. A more rapid decline in C-reactive protein
levels was observed in subjects who underwent third molar extraction and subsequently
utilized A-PRE. The application of A-PRF resulted in accelerated healing and a reduction in
the incidence of alveolar osteitis.

Starzynska et al. [19] assessed the influence of A-PRF on selected clinical features fol-
lowing surgical removal of the impacted mandibular third molars. A-PRF reduced the pain
intensity, analgesic intake, trismus, edema, the presence of hematomas and skin warmth.

In contrast to the studies above, Torul et al. [56] did not detect significant advantages
of using A-PRF in the procedure of lower third molar extraction. The control group (blood
cloth) was compared with CGF and A-PRF groups in terms of pain, swelling and trismus.
The only significant result regarding A-PRF usage was detected in terms of swelling
on the seventh postoperative day compared to the CGF group (the Tragus-Pogonion
measurement). In all categories, A-PRF exhibited a similar outcome to that of the control
group, demonstrating minimal improvement. Additionally, Praganta et al. [49] did not
identify a notable distinction in the reduction in pain and swelling between the A-PRF and
gelatin sponge groups following the extraction of wisdom teeth.

The study conducted by Hartlev et al. [37] researched A-PRF usability in pain manage-
ment in the surgical procedure of lateral ridge augmentation following mandibular ramus
block harvesting. The test group, which utilized A-PRF, demonstrated superior results in
terms of VAS pain scoring compared to the control group, which employed a blood cloth.
Although throughout the seven measured days, pain decrease was only significant in the
first postoperative day, the A-PRF group showed lowered VAS pain score up to the fifth
day. Taking into account the fact that the pain associated with the surgical protocol used is
usually low according to the authors, decreasing the pain levels further can still improve
the quality of life of patients.

In the case of the treatment of recession with the pin hole method and A-PRF simul-
taneously in the study by Al-Barakani et al. [24], a reduction in the level of postoperative
pain was observed.

In the study by Sen DO et al. [51], the effects of L-PRF and A-PRF as a palatal bandage
following free gingival graft on patients’ morbidity and oral-health-related quality of life
were examined. The control group without growth factors had higher OHIP-14 total scores
than the other groups. The PRF groups showed an improvement in the quality of life and
took less painkillers.

3.2.3. A-PRF Use in Implantology

The field of implantology is dedicated to identifying the most effective solutions
and alternatives to address the challenges encountered by patients. A review of the
literature revealed three randomized controlled trials investigating the impact of A-PRFs
in surgical protocols.

The studies conducted by Kalash et al. [44] and Alhaj et al. [25] focused on the effect
of A-PRF in immediate implantation when combined with grafting material. Both pieces
of research indicated that A-PRF addition improved the clinical outcomes. The probing
depth and implant stability checked by Kalash et al. [44] outperformed the control group,
showing fewer variations in the results at follow-up points. The addition of A-PRF to the
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surgical protocol was found to enhance the marginal bone height and bone density in both
studies. The study by Alhaj et al. [25] demonstrated a statistically significant difference
between the groups at the final follow-up.

The third study concentrated on the comparison of A-PRF and FGG, with an eval-
uation of their potential for improving the keratinized tissue around implants. Alsahli
et al. [26] found that there were no significant differences between the two groups, which
indicated that A-PRF performed similarly to FGG. The use of A-PRF was shown to lower
the postoperative pain up to the sixth day. In consideration of the absence of a second
surgical site, A-PRF emerges as a compelling alternative to the established protocol. The
drawback is that the thickness of the keratinized tissue in the A-PRF group showed a
gradual decrease over time.

3.2.4. A-PRF in Hard Tissue Healing

To date, six randomized controlled studies have been conducted on the use of A-
PRF alone [27,38,58] or in conjunction with other PRF types [33,45] or membranes [50].
A-PRF was highlighted to have a positive effect on grafting material integration in three
of these studies [35,37,38]. Furthermore, the A-PRF groups indicated enhanced biometric
bone quality with lower grafting material resorption. This allows for maintaining the
alveolar ridge dimensions more predictably, which leads to more predictable future implant
placements. A study by Dayashankara Rao et al. [33] also focused on the periodontal status
and pocket depth in recipient places. The test group performed better than the control,
showing improvement in both aspects with lower mobility scores. Yewale et al. [51] checked
the pain and swelling of the test and control groups. While the pain levels remained similar
between the two groups, the swelling decreased noticeably in the test group, improving
patient postoperative comfort. Angelo et al. [27] used A-PRF as the membrane for a bio-
material in piezotome-enhanced subperiosteal tunnel technique (PeSPTT). The results
demonstrated that the use of A-PRF resulted in more consistent outcomes, with enhanced
bone formation quality for implant placement.

However, the study conducted by Hartlev et al. [38] presents a contrasting approach,
directly comparing A-PRF membranes covering autograft material with autografts com-
bined with DBBM and a collagen membrane. The test and control groups showed no
significant differences in terms of vital and non-vital bone formation, the amount of new
blood vessels formed and the improvement in soft tissues.

In a previous study, Lavagen and colleagues [45] demonstrated the efficacy of A-PRF
in the treatment of alveolar clefts with iliac bone grafts. In the study, the authors evaluated
the efficiency of using A-PRF by comparing the volumes of newly formed bone after a
bone graft combining autogenous iliac crest bone with either PRF or A-PRE. In groups with
A-PRF placement, bone regeneration was more effective.

In the study conducted by Rachna et al. [50], the impact of applying A-PRF or A-PRF
combined with eggshell membrane following tooth extraction was investigated. In the
A-PRF and eggshell membrane group, after 3 and 6 months, the bone density in the CBCT
scan was higher than in the A-PRF group.

3.2.5. A-PRF in Soft Tissue Healing

The present study analyzed seven studies [24,28,29,40,44,47,53] that were based on
research on palatal FGG surgical procedures. A-PRF was made the test group for patching
the donor site. The clinical outcomes take into account direct soft tissue changes (color
changes, contour changes, texture, epithelialization, wound area reduction) and postop-
erative pain (VAS score). In terms of color, contour and texture, in the controlled trial
conducted by Bahmanamm [28], A-PRF showed better results than the control group. The
wound margin analysis showed a consistently better score for the A-PRF group. Moreover,
A-PRF promoted more efficient epithelialization of donor sites and enhanced wound heal-
ing. The effect was most profound from day 7 to 30. In that period, the percentage wound
area reduction in the study by Sousa et al. [53] showed a statistically significant (7th and
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30th day) or close to significant (14th day) result. Regarding pain perception, the VAS score
measured in both studies [40,44] showed reductions in the A-PRF group, with statistical
significance in Bahmanamm'’s trial [28].

In their study, Ongoz Dede et al. [47] analyzed the effects of concentrated growth
factors in combination with A-PRF used during coronally advanced flap in the treatment
of multiple gingival recessions (type 1 recessions). In the case of using platelet-rich prepa-
rations in the treatment of recession, significant improvements were determined in the
clinical attachment level, vertical gingival recession, horizontal gingival recession, gingi-
val thickness, width of keratinized gingiva, percentages of the mean and complete root
coverage compared to a control group that did not receive CGF and A-PRFE.

In the study conducted by Al-Barakani et al. [24], the treatment of recession (types I
and II, as defined by the Miller classification) using A-PRF in the pinhole surgical technique
(PST) was demonstrated to be more effective than the application of a resorbable collagen
membrane (RCM) in PST. However, both methods were ultimately deemed unsatisfactory.

In a further study, Barakat et al. [29] examined the clinical effects of A-PRF and
connective tissue grafts (CTGs) in the treatment of gingival black triangle (GBT) using Han
and Takei’s method. The results of the study indicated that both A-PRF and CTG yielded
comparable outcomes when used in conjunction with Han and Takei’s techniques.

3.2.6. A-PRF Effect on Hemostasis

The studies conducted by Brancaccio et al. [2] and Giudice et al. [33] gathered a
total of 142 patients taking antiplatelet drugs. Both studies used the direct comparison
of blood cloth (control), hemostatic plug (HEM), A-PRF and L-PRF (test groups). Each
patient had four non-adjacent teeth removed, without flap elevation. Based on the trials,
A-PRF exerted the best hemostatic effect. When postoperative bleeding was assessed
30 min after the extractions, A-PRF demonstrated superior performance to the control
group, with statistical significance [37]. Branaccio et al. [2] obtained similar results on the
broader patient groups but with both A-PRF and L-PRF significantly outperforming the
control group. Furthermore, A-PRF showed statistical significance in bleeding reduction
compared to HEM. Further evaluation of wound healing showed that A-PRF and L-PRF
promoted wound closure more effectively than HEM and the control in both studies [2,36].
Regarding patient preference, Giudice et al. [36] surveyed patients one and two weeks after
the extractions. After one week, most patients selected A-PRF, with control sites being the
second choice. On the second follow-up, A-PRF and L-PRF were ex aequo the most often
selected options.

3.2.7. A-PRF in Maxillary Sinus Augmentation

There have been two randomized controlled trials identified regarding A-PRF use
in maxillary sinus lift. Trimmel et al. [57] followed the augmentation by placing the
implants in the augmented sites, measuring the implant stability quotient (ISQ) throughout
the osseointegration process. The control group showed a significantly better ISQ at
weeks 6 and 8. During implant placement, bone samples were collected and analyzed.
The micromorphometry results favored the A-PRF group, as it presented significantly
better results in terms of bone surface/bone volume ratio, bone surface density, trabecular
thickness and connectivity. Histomorphometry using hematoxylin—eosin staining did not
present a difference between the two groups.

In contrast, Dragonas et al. [34] compared A-PRF and plasma rich in growth factors
combined with deproteinized bovine bone mineral during sinus lift augmentation. The
mean percentage of mineralized bone after the healing period was higher in the group
with growth factors, but there was no statistical significance in samples without growth
factors. Adding A-PRF and PRGF to DBBM did not improve new bone formation in the
sinus lift procedure. Neither platelet-rich preparation was better than the other in any of
the parameters studied.
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3.2.8. A-PRF in Intrabony Defect Management

Additionally, A-PRF is emerging as a material with valuable applications in periodon-
tology. The study by Ghonima et al. [35] compared A-PRF + BCP with BCP + saline. The
test group did not show statistically significant improvements over the control group,
though it must be noted that the outcomes were slightly more favorable toward A-PRF in
terms of PD reduction and CAL gain. Both groups also showed a significant reduction in
the plaque index at 9-month follow-up. On the other hand, Csif6-Nagy et al. [21] compared
A-PRF with EMD. The A-PREF test group performed similarly to the EMD group, with no
statistical differences in terms of PD, GR, CAL and bone sounding changes. Moreover,
both materials used in the procedure lowered the full mouth bleeding score at a 6-month
follow-up.

3.2.9. A-PRF Use in Alveolar Osteitis (Dry Socket)

The research conducted by Yiice et al. [59] focused on the pain levels and soft and
hard tissue differences in patients suffering from alveolar osteitis. The debridement and
irrigation were accompanied by A-PRF in the test group. In terms of pain reduction,
researchers found that the pain decreased rapidly and continually on days 1, 3, 5 and 7
in conjunction with analgesic usage. Compared with control, the results were statistically
significant. Looking into soft tissue changes, the test group presented significantly higher
epithelium healing rates at all times. The degree of hard tissue healing was estimated by
calculating the gray level pixel count. The measurements taken at second and third months
showed statistical significance in average pixel values for the test group.

3.2.10. A-PRF in Endodontic Surgery

There have been two studies that examined A-PRF usage in endodontics [40,50]. A-
PRF was introduced to the apical root resection protocol with paramarginal mucoperiosteal
flap release. Patients were only selected if they required endodontic treatment of the
maxillary second premolar and had lesions measuring 6-12 mm (cone-beam computed
tomography measurement). In terms of pain reduction, A-PRF lowered the VAS score,
but with no statistical significance. The same was true for analgesic usage. A-PRF also
fared better than control in mouth opening and chewing functions, sleep impairment,
inflammation of the operation site and discomfort in that area [50].

In the study by Jayadevan et al. [40], A-PRF and PRF were used as a scaffold in
the regenerative endodontic treatment (RET) of traumatized immature non-vital teeth.
Immature teeth have narrow canal walls. A-PRF yielded higher root dentin thickness
than PRF.

3.2.11. A-PRF in Treatment of Oroantral Communication

In the study by Smieszek-Wilczewska et al. [54], oroantral communication treated with
A-PRF resulted in fewer complications and less pain. In addition, the use of A-PRF alone
as clots resulted in complete healing and closure of the connection. Additional methods,
such as regional flaps, were not necessary.

3.3. Quality Assessment
The risk of bias assessment using RoS 2 is described in Figure 3.
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Risk of bias domains

Study

Domains: Judgement

D1: Bias arising from the randomization process. .

D2: Bias due to deviations from intended intervention. @ High

D3: Bias due to missing outcome data. - Some concerns
D4: Bias in measurement of the outcome. z

D5: Bias in selection of the reported result. . Low

Figure 3. The risk of bias assessment using RoS 2 [2,19-21,24-40,44-60].
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4. Discussion

A-PRF is still a novel material, related to the original PRF; nonetheless, further research
must be conducted on its applications. The existing randomized controlled trials proved to
be a scarce source of data regarding the sole use of A-PRF in dental surgical procedures. The
variety of different combinations of bio-materials used with advanced platelet-rich fibrin
often led to slightly altered results between the trials regarding specific usage. The vast
majority of studies limited themselves to small patient cohorts, rarely exceeding 40 patients
in the test groups. The follow-up periods were also a variable factor between the studies,
depending mainly on the procedure performed but also on the protocol followed by the
surgeons. In the presented studies, the cohorts were divided mostly equally, with few
exceptions [31,32,37,38,53]. Despite these differences, the results demonstrated that A-PRF
has a vast spectrum of applications and provides a valuable supplementary benefit when
integrated into the surgical protocol. Studies that employed A-PRF as the sole compari-
son standard primarily investigated its efficacy in preserving alveolar ridge dimensions,
accelerating healing, promoting epithelialization, enhancing hemostasis, alleviating pain,
reducing trismus, minimizing swelling and mitigating the complications associated with
tooth extractions, including mouth opening limitations [2,19,21,24-32,35-39,46,51-54,59,60].
The results presented the use of A-PRF as beneficial, even though A-PRF requires additional
steps and machinery, prolonging the overall surgery time and requiring blood donation
from the patient.

Regarding the combination of A-PRF with other bio-materials, 13 out of 36 ana-
lyzed randomized controlled trials used it in the research. It was most popular in works
examining the improvement of new bone formation in conjunction with bone grafting
materials [20,25,27,32-39,44,45,57,58]. The evidence of combining A-PRF with grafting
materials seems to provide significantly better results, although not all studies obtained
favorable results [37]. The main benefit seems to rely on A-PRF providing the essential
growth factors quickly, enhancing the bio-material turnover. In two of the studies [54,57],
A-PRF also seemed suitable in the event of closing perforation in maxillary sinus mucosa.
The positive effect of A-PRF in terms of synergy with bio-materials and improvement
of surgery outcomes allows for favorable implantation conditions and more optimized
resource usage.

A comparison of the results with other systematic reviews on the topic of A-PRF is not
currently possible, as to our knowledge, this is the first review to provide a comprehensive
overview of the current A-PRF use cases, which are supported by randomized controlled
trials. With the growing interest in natural materials and technological advancements, the
future use of A-PRF is only going to expand.

Even though the evidence is of mid-to-high quality, the results still have to be inter-
preted with caution. Most of the studies specified different approaches to the specific surg-
eries performed. The variety of bio-materials employed, including autografts, xenografts
and enamel matrix derivatives, along with the diverse range of postoperative drug regi-
mens and follow-up protocols, make it challenging to predict whether a consistent outcome
can be achieved through the typical surgical approach. Although most studies blinded
the participants and randomized the cohorts using special programs to achieve the best
randomization, there is always some bias included. Moreover, some of the studies included
surgeries performed by more than one surgeon, which can alter the results ever so slightly.
The focus on the specific parameters examined can also overshadow other variables, which
can influence the results. Although no complications were noted, and patients attended the
follow-ups in most studies, there is no guarantee that, on a larger scale, the outcome would
be the same. Language limitation was also present in this study, as only publications in
English were chosen for conducting this systematic review.

5. Conclusions

The utilization of A-PRF is broadening rapidly. There is growing evidence that ad-
vanced platelet-rich fibrin has a positive effect on the surgical procedures mentioned. The
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randomized controlled trials presented mostly favorable results, though it must be noted
that such results were observed on a smaller scale. The rapid growth of new technologies,
mainly implantology, will accompany the wider and further adoption of A-PRFE. Due to
its biological properties, A-PRF could be considered a reliable addition to the surgical
protocols, both alone and as an additive to bio-materials, with the advantages of healing
improvement, pain relief, soft tissue management and bone preservation, as well as graft
integration. Nevertheless, further well-designed randomized controlled trials are required
for each use case. Ideally, these would include larger patient cohorts, additional research
personnel blinded to the treatment allocation and long-term follow up periods. This would
allow a determination of the long-term clinical implications and recommendations for
clinical practice.
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AFG autologous fibrin glue

A-PRF advanced platelet-rich fibrin
A-PRF+ advanced platelet-rich fibrin plus
BCP biphasic calcium phosphate
BMPs bone morphogenic factors
BMP-2 bone morphogenic factor 2

Ca?* calcium ion

CAL clinical attachment level

CBCT cone-beam computed tomography
CGF concentrated growth factor

CRC complete root coverage

CRP C-reactive protein

CTG connective tissue graft

DBBM demineralized bovine bone mineral
EMD enamel matrix derivative

FDBA freeze-dried bone allografts

FGF fibroblast growth factor

FGG free gingival graft

FMBS full mouth bleeding score

GBT gingival black triangle

GR gingival recession

GT gingival thickness

HEM hemostatic plug

HGR horizontal gingival recession
IL-1B interleukin 13

IL-4 interleukin IL-4

IL-6 interleukin IL-6

I-PRF injectable platelet-rich fibrin
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ISQ implant stability quotient

KGW width of keratinized gingiva

L-PRF leukocyte—platelet-rich fibrin

micro-CT micro-computed tomography

MMPs matrix metalloproteinases

MMP-9 matrix metalloproteinases 9

MRC percentages of the mean

NSAID non-steroidal anti-inflammatory drugs
OHIP-14 Oral Health Impact Profile

PD pocket depth

PDGF platelet-derived growth factor

PeSPTT piezotome-enhanced subperiosteal tunnel technique
PICO population, intervention, comparison, outcome
PRGF plasma rich in growth factors

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PROSPERO  Prospective Register of Systematic Reviews

PRF platelet-rich fibrin

PRGF plasma rich in growth factors

PRP platelet-rich plasma

PST pin hole surgical technique

RCM resorbable collagen membrane

RCTs randomized clinical trials

RET regenerative endodontic treatment

SACBA serum albumin-coated bone allograft

T-PRF titanium platelet-rich fibrin

TGF transforming growth factor

TNFax tumor necrosis factor o

TGFa tumor necrosis factor «

TGFpB tumor necrosis factor 3

VAS Visual Analog Scale

VEGF vascular-endothelial growth factor

VGR vertical gingival recession
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Abstract: This study aimed to clarify the effects of high-concentration fluoride varnish application
on the inhibition of the progression of initial enamel caries. Remineralization capacity and acid
resistance following high-concentration fluoride varnish application were compared with untreated
models and models treated with fluoride mouthwash. Bovine enamel was used to create a model
of initial enamel caries. The high-concentration fluoride varnishes Enamelast and Clinpro White
Varnish and the fluoride mouthwash Miranol were used. Specimens were evaluated using Contact
Microradiography (CMR) and an Electron Probe Micro-Analyzer (EPMA). While a single application
of high-concentration fluoride varnish and short-term fluoride mouthwash use did not appear to
cause remineralization in the subsurface demineralized layer, improvements in acid resistance were

observed, leading to reduced demineralization under subsequent acidic challenges.

Keywords: dental biomaterials; surface analysis; enamel; fluoride; remineralization

1. Introduction

Dental caries are among the most prevalent infectious diseases in the world, affecting
over 90% of adults according to a survey conducted by the US CDC from 2011 to 2016 [1].
This prevalence has not changed substantially since an earlier survey in 1999-2004. Caries
are strongly influenced by the production of organic acids by cariogenic bacteria, and these
acids demineralize the tooth structure. In initial enamel caries, subsurface demineralized
lesions are formed while the superficial mineralized layers are retained, and these are
clinically observed as white spots [2]. Generally, in the enamel surface, decalcification and
recalcification occur repeatedly, and when this balance is disturbed and demineralization
becomes predominant, the subsurface demineralized lesions progress and eventually de-
velop into caries [3,4]. The concept of Minimal Intervention Dentistry (MID), originally
proposed by the World Dental Federation (FDI) in 2002, and then modified in 2016, recom-
mends the improvement of oral microflora through plaque control and sugar restriction,
patient education through guidance on diet and oral hygiene, and remineralization therapy
for such initial enamel caries [5]. The ICDAS (International Caries Detection & Assessment
System), which was proposed in 2005, classifies caries in detail according to observable
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features and classifies these initial enamel caries lesions as code I or II, recommending
remineralization treatment and ongoing observation [6]. It is now broadly accepted that
initial enamel caries can be treated through remineralization and that a surgical approach
is not necessary except in cases of high esthetic requirements.

One approach to treating such initial enamel caries includes the use of fluoride varnish.
These materials are easy to apply to the teeth and include colorings and flavorings that
ensure that they are pleasant for the patient. They remain in place on the tooth for at least
24 h, even in thin layers, and are reported to continue releasing fluoride over that period.
This material has been approved for treating dental hypersensitivity in the USA and Japan,
and it is widely used “off-label” for caries prevention and to promote remineralization [7].
Fluoride varnishes have been used in Europe for sixty years, and the evidence for their
safety is extremely strong [8]. Furthermore, clinical studies have shown that the application
of these materials at routine check-ups can reduce the incidence of caries by between 25%
and 45% in patients ranging from young children to adults [8]. In the UK, such treatment is
available through the National Health Service up to twice a year, regardless of age. The
effectiveness and safety of this approach are widely recognized in Europe, as shown by
evidence from several Cochrane reviews [8]. This treatment is believed to promote both
remineralization and acid resistance. However, although the epidemiological evidence for
its effectiveness is very strong, understanding of its mechanism of action is still inadequate.

This study uses a laboratory initial enamel caries model to evaluate two possible
mechanisms for the anticariogenic effect of this treatment: the remineralization ability of
fluoride varnish, and the changes in acid resistance of the area to which it is applied.

2. Materials and Methods
2.1. Preparation of Enamel Specimens

Three specimens per tooth were cut from the labial surface of freshly extracted bovine
anterior teeth (bought from Kenis Limited (Osaka, Japan), https:/ /global kenis.co.jp) using
a low-speed cutting machine (Isomet, Buehler, Lake Bluff, IL, USA), which were 4 mm
wide in the direction of the tooth axis, 5 mm long perpendicular to the tooth axis, and
4 mm thick. The specimens were then polished to #2000 under water using silicon carbide
paper so that the labial enamel surfaces were as flat as possible. The pulpal surface of the
specimen was then removed parallel to the enamel surface so that the final thickness of the
specimen was 3 mm. The specimens were then ultrasonically cleaned in distilled water for
1 min and masked with nail varnish to create a 3 x 4 mm rectangular surface in the center
of the labial enamel, which was used as the treatment surface (Figure 1).

4 mm 3 mm

<= = AP =

mm

mm

Bovine tooth #2000-grid Nail Varnish

Figure 1. The preparation of enamel specimens.

2.2. Subsurface Demineralization Model

Specimens with a subsurface demineralized layer were prepared for different reminer-
alization treatments. The preparation for making specimens with a subsurface deminer-
alized layer was carried out using lactic acid following the methods of Hayashi [9]. The
surface was immersed in 20 mL (37 °C) of 8% Methocel MC gel (Fluka, Buchs, Switzerland)
for 24 h, with the treated surface facing upwards, and then a sheet of filter paper of approx-
imately the same size as the inner diameter of the container was laid over the surface of the
gel and 20 mL of 0.1 mol/L lactic acid solution (pH 4.6) was gently applied to the paper.
The specimens were demineralized for 10 days to make the subsurface demineralized
model (Figure 2).
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Figure 2. The procedures for preparation of enamel subsurface lesion, fluorinated treatment, and
demineralization.

2.3. Fluoride Treatment

The subsurface demineralized models were randomly divided into four groups. The
first group (E group) was treated with Enamelast (Ultradent Products, South Jordan, UT,
USA) according to the manufacturer’s instructions. The second group (W group) was
treated with Clinpro White Varnish (Solventum, St. Paul, MN, USA), again according to
the manufacturer’s instructions. The third group (M group) was immersed in Miranol (Bee
Brand Medico Dental, Osaka, Japan) for ten minutes twice a day for a period of three days.
The final group was left untreated as a control group. All specimens were stored in artificial
saliva (Saliveht Aerosol, Teijin Pharma, Tokyo, Japan) for 3 days, except when they were
being treated. The surfaces of these specimens were finally cleaned with distilled water.

2.4. Re-Demineralization

The fluoride-treated samples were immersed into an artificial demineralizing solution
(50 mmol/L acetic acid, 1.5 mmol/L CaCl,, 0.9 mmol/L KH,;PO,, pH 4.6, 37 °C) for
3 days [9].

2.5. CMR and EPMA Analysis

All prepared samples of each group of specimens were dehydrated with an ethanol
system and embedded in epoxy resin (Polysciences, Warrington, PA, USA). A thin section
of each specimen was prepared for Contact Microradiogram (CMR) analysis through
extraction of the central part of the specimen parallel to the tooth axis using a low-speed
cutting machine. The bulk sections remaining after the extraction of the thin section were
used for EPMA analysis. The sections extracted for CMR were prepared with a thickness of
approximately 300 pm, and they were refined into 100 pm thick sections by finishing with
#2000 SiC paper. The sectioned surfaces of the other remaining blocks were also polished
up to #2000 SiC paper for Electron Probe Micro-Analyzer (EPMA) analysis (Figure 3).
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Figure 3. The observation and analysis.

2.6. CMR Imaging

Polished sections of each group were subjected to CMR photography using a soft X-ray
non-destructive inspection system with an acceleration voltage of 10 kV, a tube current
of 2mA, and an irradiation time of 5 min, avoiding drying of the sections as much as
possible, together with aluminum step wedges for calibration curves. A band at the center
of the section approximately 100 um wide was imaged over a distance of 250 um from
the enamel surface edge of the specimen, representing a depth of 250 um from the surface
of the treated sample. A glass dry plate (High Precision Photo Plate, Konica Minolta,
Tokyo, Japan) was used for imaging, and a special developing solution (CDH-100, Konica
Minolta) and a fixing solution (CFL-881, Konica Minolta) were used for developing and
fixing, respectively.

2.7. Mineral Profiling

The CMR of each group was digitized using a camera (DP70, Olympus, Tokyo, Japan)
connected to an optical microscope (5Z2X9, Olympus), and a mineral profile was created
using image analysis software (WinROOF Ver3.4,0, Mitani Corporation, Fukui, Japan). The
gray values were measured in 256 shades of gray. The obtained gray values were corrected
with reference to the gray value of the corresponding aluminum step wedge.

The gray value of the area on the film where the tooth sample was not present was
taken to represent 0 vol% of mineral, and the gray value of the area where sound enamel
was visible was taken to represent 100 vol% of mineral. These values were used to calculate
the demineralization at each depth of the sample, and the amount of mineral loss (AZ,
vol%-um) was calculated. In other words, the amount of mineral loss was calculated from
the area between the graph for one condition and another. The mineral losses (AZ) between
fluoride and re-demineralization models were measured.

2.8. EPMA Observation

The specimens for EPMA analysis of each group were mirror polished with 0.3 pm
alumina oxide and ultrasonically cleaned in distilled water for 1 min. The surface was
then treated with carbon deposition, and the microstructure of the longitudinal section was
observed using a field emission electron probe micro-analyzer (FE-EPMA, JXA 8530F, Jeol,
Tokyo, Japan) at an acceleration voltage of 10 kV. The wavelength range of detected X-rays
was 0.087 to 9.3 nm, with a 3 nm resolution for the secondary electron imaging.

2.9. Elemental Analysis

In order to investigate the distribution of minerals on the surface where the microstruc-
ture was observed, a surface analysis (acceleration voltage 10 kV, acceleration current
3.0 x 1r8A) was carried out for Ca and P using FE-EPMA.

3. Results
CMR and Mineral Profiles

Figures 4 and 5 show the typical CMR and mineral profiles for each of the various
fluoride treatment models.
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Figure 4. The typical CMRs. (a) Prepared enamel subsurface lesion. (b) After fluorinated treatment.
(c) After demineralization.
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Figure 5. Typical mineral profiles.

Figure 6 shows the typical EPMA analysis for each of the various fluoride treatment models.

Control

(c)

Figure 6. Typical EPMA analysis. (a) Prepared enamel subsurface lesion. (b) After fluorinated
treatment. (¢) After demineralization.

In the model of enamel subsurface demineralization, the typical profile of such dem-
ineralization was observed, with mineral loss just below the outermost layer of enamel,
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although the outermost layer of enamel was retained. The mineral density was lowest
around a depth of about 30 pm in the subsurface demineralized layer, and the mineral
density at that depth was 4.0 vol%.

Using these mineral profiles as a reference, we defined the area from the outermost
layer to a mineral density of 50% in the demineralized layer model, which extended from
the outermost layer to a depth of around 60 pum, as the “sub-surface demineralised layer”,
and the area from a density of 50% to the intact part, which extended from a depth of
around 60 pm to around 100 um, as the “deep sub-surface demineralised layer”.

In the fluoride application model, the CMR and mineral profiles of the M, W, and E
groups were the same as those of the enamel subsurface demineralization model.

On the other hand, in the re-demineralization model, different CMR and mineral
profiles were observed depending on the type of fluoride treatment. In the control group,
although the outermost layer of enamel was retained, the CMR of the deep subsurface
demineralized layer was observed to be significantly demineralized, and mineral loss was
observed in the mineral profile to a depth of 50 um below this layer.

In groups M, W, and E, the outermost layer of enamel and the deep subsurface
demineralized layer were preserved in the CMR, but transparency was observed in the
lower part of the subsurface demineralized layer. On the other hand, the trends in the
mineral profiles of groups M, W, and E were different.

In the M group, the mineral density of the subsurface demineralized layer was main-
tained, but a decrease in mineral density was observed in the layer below it, with the
greatest loss of mineral density occurring at a depth of around 130 um, where the mineral
density was 77.3 vol%.

In the mineral profiles of groups W and E, a decrease in mineral density in the
subsurface demineralized layer was observed, but the amount of mineral loss was smaller
than in the control group. On the other hand, a marked decrease in mineral density was
observed in the lower layer, with the greatest mineral density loss occurring at a depth of
around 100 pm in the W group and around 120 um in the E group, with mineral densities
of 15.5 vol% and 55.9 vol%, respectively.

The mineral loss (vol %-pum) for the control, E, W, and M groups in these representative
cases was 7410.0, 3353.5, 5589.5, and 554.3, respectively.

In the EPMA analysis, similarly to mineral changes observed in CMR, loss of Ca and
P was identified in the subsurface enamel layer. The distributions of Ca and P were almost
completely identical.

4. Discussion

It has been widely reported that the application of fluoride to demineralized lesions in
the enamel surface layer promotes remineralization [10]. However, in the present experi-
ment, there was no recovery of mineralization or increase in Ca and P concentrations in the
subsurface demineralized layer in any of the E, W, or M groups in the fluoride application
model. Previous studies have reported that for fluoride to promote remineralization, a
continuous supply of calcium and fluoride ions contained in saliva is necessary. Therefore,
it was thought unlikely that remineralization of the subsurface demineralized layer would
be promoted by fluoride application over the short period of time (3 days) covered in this
study. In addition, when fluoride is applied to the subsurface demineralized layer of the
enamel, the fluoride ions may replace hydroxide ions in the enamel and remain in the
superficial layer. Therefore, although immersion in artificial saliva (mineral solution) for
a long period of time may promote remineralization through reactions with the calcium
and phosphate ions contained in it, and there is a possibility that remineralization will be
observed under these conditions, further investigation is needed.

The condition of the demineralized enamel samples that were treated with fluoride and
then re-demineralized showed different trends in each of the E, W, and M groups compared
to the control group. It is generally known that the application of fluoride improves
resistance to acid in healthy enamel as well as in the subsurface demineralized layer. In
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this study, too, the M, W, and E groups formed a layer that showed resistance to acid in
the lower part of the subsurface demineralized layer, and the deeper part of the sample
was selectively demineralized, unlike the control groups. Hayashi et al. reported that
when the subsurface demineralized layer of enamel that had undergone remineralization
treatment was demineralized again, the surface layer and the subsurface demineralized
layer acquired acid resistance, and the deeper layer below was more strongly attacked by
the acid [9]. The results of this study are consistent with previous reports, which argue that
fluorapatite, which is resistant to acid, is formed through the replacement of hydroxide ions
in demineralized hydroxyapatite with fluoride ions [11]. The reason for demineralization
directly beneath the layer with acid resistance was thought to be that demineralization
starts in the deeper layers of enamel that were not reached by the fluoride, and so that part
is selectively demineralized.

Turning to CMR imaging, there was no clear difference between the images of the
subsurface demineralized samples from the control group and from the treatment groups.
Fluorine (F) is generally considered to have low X-ray contrast, so even if fluoride com-
pounds accumulated on the surface of the demineralized area after fluoride application, it
is likely difficult to observe this using CMR. On the other hand, when the demineralized
layer was re-demineralized, the elution of calcium ions was suppressed in the layer where
fluorapatite was formed, and it was expected that this would cause a difference in the
amount of minerals measured using CMR, as was observed.

When comparing the effects of different fluoride treatments on inhibiting demineral-
ization, the results of this study showed that the mineral loss in groups W (Clinpro Varnish)
and E (Enamelast) was greater than in group M (Miranol), despite the fact that the fluoride
concentration of the fluoride varnishes, Clinpro Varnish and Enamelast, was higher than
that of the fluoride mouthwash, Miranol, at 22,600 ppm. Miranol, a mouthwash, is a
solution containing a low concentration of fluoride (250 ppm F), and it can be thought
that the fact that it was more easily able to penetrate into the demineralized area under
the enamel surface made it more effective than the high-concentration, but high-viscosity,
fluoride varnishes in suppressing mineral loss. According to a previous report on the
amount of fluoride ions released from fluoride varnish, the amount of fluoride released
when Clinpro Varnish was immersed in water for 24 h was 74.0 & 32.2 pmol/g [12]. This
suggests that only about 1/16 of the fluoride, which is present at a high concentration
of 22,600 ppm in the material itself, was actually released. Additionally, as this fluoride
is diluted in the surrounding water, the concentration of ions available to react with the
demineralized layer is likely to be even lower. On the other hand, although the fluoride
concentration in Miranol is low at 250 ppm, it is all in aqueous solution, suggesting that
the ion concentration available to react with the demineralized layer may be higher in the
mouthwash than in the varnish.

When fluoride treatment is applied to the subsurface demineralized layer, the ac-
quisition of an acid-resistant layer and remineralization are also influenced by contact
with the mineral components contained in saliva, so, in this experiment, the specimens
were immersed in artificial saliva in order to more accurately reproduce the intraoral
environment. In other words, the mineral components contained in saliva are essential
for the acquisition of an acid-resistant layer and remineralization of the enamel through a
chemical reaction with fluoride ions [13]. Bolis et al. reported that the amount of fluoride
uptake by enamel from a high-concentration fluoride varnish applied directly to it does
not necessarily correlate with the amount of fluoride released in solution [14]. In addition,
Kim et al. reported that the improvement in surface hardness was greater when fluoride
varnish was applied indirectly to the enamel compared to when it was applied directly,
suggesting that fluoride varnish may prevent calcium and phosphate ions in saliva from
penetrating into demineralized areas by covering the enamel [15]. In other words, fluoride
varnish includes substances, such as rosin, that secure both adhesiveness and insolubility,
and although it can remain in the area where it is applied for a long time, it may be that the
increase in fluoride concentration in the surrounding area is limited and that the layer of
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varnish may also reduce the supply of other ions to that area. Godoi et al. studied the effect
of fluoride varnishes on remineralization, using hardness as a proxy for mineral content,
and they also found no remineralization of the subsurface lesion [16].

In this study, we conducted experiments in the hope that a single application of high-
concentration fluoride varnish would result in high acid resistance and remineralization,
but no significant remineralization was observed in either group, and the creation of acid-
resistant layers was less effective than that with fluoride-containing mouthwash. However,
it is worth noting that a significant improvement in acid resistance was observed in the
group that received a single short application of fluoride varnish compared to the untreated
group. Because fluoride mouthwashes require continuous application by the patients
themselves, it is possible that a single application of fluoride varnish may be an effective
way to secure some increase in acid resistance in patients who may not cooperate with
using a mouthwash, such as young children, or who have difficulty with rinsing, such as
the elderly.

5. Conclusions

The application of high-concentration fluoride varnish or fluoride mouthwash to an
early enamel caries model was found to not significantly promote remineralization in the
subsurface demineralized layer, but it improved the acid resistance of the deepest part of
the layer.
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Abstract: The purpose of this study was to compare the wear resistance of light-cure
resin luting cements for veneers with that of other luting materials investigated in earlier
studies. An Alabama wear-testing machine was used to measure the wear resistance of four
recent light-cure resin luting cements for veneers (G-Cem Veneer; Panavia V5 LC; RelyX
Veneer Cement; and Vario-link Esthetic LC). The volume loss ranged from 0.027 £ 0.003
to 0.119 + 0.030 mm?, the mean facet depth from 56.053 £ 7.074 to 81.531 & 7.712 um,
and the maximum facet depth from 100.439 + 26.534 to 215.958 + 27.320 um. G-Cem
Veneer showed significantly better (p < 0.05) wear resistance than the other materials tested.
Representative SEM images were obtained which showed differences in form among the
wear facets for the luting cements examined. Correlations were calculated between the
three measurements for each material, and the pattern of correlations was also different for
each material.

Keywords: dental biomaterials; surface analysis; wear; cementation; veneer

1. Introduction

Ceramic veneers are indirect aesthetic restorations with minimal tooth reduction, used
to enhance the color, form, and function of unaesthetic teeth [1]. Light-cure resin luting
cements are used for the bonding of veneers because the composition of the cements has
better color stability than dual-cure resin luting cements [2]. These light-cure resin luting
cements are used with primers, and therefore acidic functional monomers are not included
in the cement itself. This is thought to contribute to the chemical stability of the material
over the long term, and to play an important role in the quality of the bond between the
veneer and the underlying tooth substrate. There is a long history and there have been
long-term clinical studies on the use of ceramic veneers, and those studies showed excellent
clinical performance of ceramic veneers over periods of 20 years, with more than 80%
clinical survival rates [3,4].

However, one of the problems of long-term usage of veneers (3 surfaces) is gap
formation between the veneer and the surrounding tooth structure, as shown in Figure 1,
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which shows a veneer after 18 years of clinical service. Although the veneer is still sound
and shows good adaptation, the margin on the lingual side shows a clear gap between the
veneer and the tooth substrate. This gap formation is mainly due to wear of the light-cure
resin luting cement. This sort of gap is an ideal site for the retention of plaque, is vulnerable
to staining, and may serve as a starting point of failure [5]. Also, if the worn surface of
the cement becomes rougher, the wear rate will be accelerated by the abrasiveness of the
surface [6]. These problems reduce the quality of the restoration even if they do not lead to
failure, and therefore it is preferable to use a cement that minimizes them.

Figure 1. Lithium disilicate press ceramic veneer for tooth #8 after 18 years of usage: (a): frontal view;
(b) enlarged facial view for tooth #8; and (c) enlarged lateral view with gap formation in cement line
between the veneer and surrounding tooth structure. (Patient is author A.T.).

Recent developments in ceramics have made this problem even more pressing.
Stronger ceramics, such as leucite and lithium disilicate reinforced ceramics, and translu-
cent zirconia, have enabled the use of ultra-thin, thin and partial ceramic veneers with
minimal preparations [7], and the creation of occlusal veneers, which do not extend all the
way down the tooth [8]. With conventional crowns, the margin of the crown was mainly
located in the gingival or subgingival area, and thus did not create much of an aesthetic or
wear problem [9]. However, with anterior (three surfaces) or occlusal veneers, the cement
line is visible on the outer surface of the tooth, and thus wear at that location may create
aesthetic problems in addition to clinical issues. Furthermore, the joint line may be more
exposed to wear during mastication, increasing the degree of wear beyond that seen with
conventional crowns. Wear of the cement line on such restorations may also create an
irregularity on the exposed surface of the tooth, which could in turn accelerate the wear of
the antagonist surface.

This has made clinicians more concerned about the wear resistance of resin luting
cements used to secure the ceramic veneer to tooth structures. Generally, the use of
light-cure resin luting cements has been recommended for partial coverage restorations
in order to avoid this kind of problem [2]. Although dual-cure resin luting cements are
similar in many ways to light-cure versions, they are vulnerable to discoloration over the
medium to long term, as most of the materials contain amines for the chemical activation
of polymerization. Therefore, they were not preferred options for use in partial coverage
aesthetic restorations [10]. The wear resistance of restorative resin-based composites has
improved substantially in recent years [11]. Flowable resin-based composites (RBCs) have
also been used [12], but similarly face several problems. First, their viscosity is still often
higher than that of cement, particularly for injectable RBCs, which makes it difficult to
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obtain good adaptations and fill-thickness. Second, it has been generally considered that
their wear resistance is still inferior to that of paste-type RBCs [13]. Third, the use of
flowable RBCs for ceramic restorations generally provides less reliable bonding than that of
a dual-cure resin luting cement [14]. Some clinicians have therefore tried using paste-type
RBCs, but in this case it is necessary to heat the material to around 54 °C in order to reduce
the viscosity to a point where it can be applied [15]. This heating has unknown effects on
the properties of the RBC itself, and is also high enough to potentially have adverse effects
on the pulp through the thin layer of enamel and dentin remaining. Furthermore, RBCs are
not cements, and thus not ideally suited to this role.

These problems could be avoided if there were light-cured resin luting cements with
similar wear resistance to the other classes of material. In the past, the Alabama wear-
testing machine has been used to measure the wear resistance of materials in all these
classes [16-18]. Using the same methodology ensures the comparability of results for
different materials, but there are no reported studies using this technique to investigate the
wear resistance of recently introduced light-cured resin luting cements.

Therefore, the purpose of this study is to evaluate the wear resistance of recently
introduced light-cure resin luting cements through measurements of volume loss and both
mean and maximum depth after simulated wear in an Alabama wear-testing machine,
and compare with the alternative materials to determine whether light-cure resin luting
cements are a reasonable clinical choice.

2. Materials and Methods
2.1. Study Materials

Four veneer cements: (1) G-Cem Veneer (GV, GC, Tokyo, Japan); (2) Panavia V5 LC (PV,
Kuraray Noritake Dental, Tokyo, Japan); (3) RelyX Veneer Cement (RV, 3M ESPE, Seefeld,
Germany); and (4) Variolink Esthetic LC (VE, Ivocla Vivadent, Schaan, Liechtenstein), were
used in this laboratory investigation (Table 1).

Table 1. Composition of tested Light-cure Resin Luting Cements.

Material

s Main Components Manufacture

Study Code

UDMA, Esterification products of 4,4"-isopropylidenediphenol,
ethoxylated and 2-methylprop-2-enoic acid,
(octahydro-4,7-methano-1H-indenediyl)bis(methylene)
bismethacrylate, 2,2-dimethyl-1,3-propanediyl bismethacrylate,

G-Cem Veneer 1,3,5-Triazine-2,4,6-triamine, polymer with formaldehyde, GC

diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide,
2,2'-ethylenedioxydiethyl dimethacrylate, Butylated
hydroxytoluene, 2-(2H-benzotriazol-2-yl)-p-cresol,
6-tert-butyl-2,4-xylenol

GV

Panavia Vene

Silanated spherical silica filler, UDMA, Ytterbium
trifluorideTriethyleneglycol dimethacrylate, Hydrophilic Kuraray
aliphatic dimethacrylate, Hydrophilic amide monomer, Noritake
Accelerators, dI-Camphorquinone, Pigments

er LC

PV

RelyX Veneer Silica, Reacted Polycaprolactone Polymer, Titanium Dioxide

Cement

Silane Treated Ceramic, BISGMA, TEGDMA, Silane Treated

Diphenyliodonium Hexafluorophosphate, 3M ESPE

N,N-DIMETHYLBENZOCAINE, DL-Camphorquinone

RV

Variolink
Esthetic LC

Matrix: urethane dimethacrylate and further methacrylate
monomers.Inorganic fillers: ytterbium trifluoride and spheroid
mixed oxide.Additional: initiators, stabilizers and pigments.

Ivolar
Vivadent

VE
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2.2. Specimen Preparation

Previous research using an Alabama wear testing machine (University of Alabama at
Birmingham, Birmingham, AL, USA) used a range of sample sizes, from 6 to 20 specimens
in each group [16-18] (Figure 2). The sample size was determined based on effect size = 0.25
(medium) or 0.5 (large), a = 0.05, power = 0.8, and number of groups = 4. The result was
that 180 specimens (medium effect size) or 48 (large effect size) were needed. With four
groups, either 12 or 45 specimens were needed in each group, and 12 was selected.

Figure 2. Alabama wear-testing machine in Creighton University School of Dentistry.

The samples were prepared following the methods described by Tsujimoto et al. [16].
Polishing, as described in reference [16], was conducted in order to approximate the clinical
situation, in which these materials are polished.

2.3. Wear Testing

An Alabama wear-testing machine was used in this study [16-18], and the protocol
described by Tsujimoto et al. [16] was followed.

2.4. Measurement of Wear Facet

The wear facets were measured as described in Tsujimoto et al. [16].

2.5. Statistical Analysis

A commercial statistical software package (IBM SPSS version 29.0.2.0, Chicago, IL,
USA) was used. The Shapiro-Wilk test was used to confirm that the data were normally
distributed. A one-way ANOVA (analysis of variance) with Tukey’s post hoc honest
significant difference test was used. VL MD and AD were analyzed with a significance
level of 0.05. Additionally, Pearson correlation analysis was performed for all materials as
well as between the VL, MD, and AD for each material.

2.6. Scanning Election Microscopy (SEM) Observations

Samples were chosen randomly for SEM observation using a Tabletop Microscopes
(TM3000, Hitachi, Tokyo, Japan). A thin coating of an 80/20 gold-palladium alloy was
applied in a sputter coater (Emitech SC7620 Mini Sputter Coaterk, Quorum Technologies,
East Sussex, UK) to prevent accumulation of electrostatic charge at the sample surface. An
operating voltage of 15 kV and magnifications of 100x and 2500 x were used.
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3. Results
3.1. Localized Wear

The results for localized wear (VL, MD and AD (Mean (average) depth)) are presented
in Table 2. The one-way ANOVA among VL, MD and AD showed a significant difference
(p < 0.05) for the material factor. Tukey’s post hoc test for VL, MD and AD showed signif-
icant differences (p < 0.05) in localized wear among the materials tested. The VLs of the
materials evaluated in this study ranged from 0.027 & 0.003 to 0.119 + 0.030 mm?. The VL
of GV was significantly lower (p < 0.05) than that of the other three materials evaluated
in this study. No significant difference (p > 0.05) in VL was found between VE and either
PV or RV, although PV and RV were significantly different (p < 0.05) from each other. The
MDs for materials in this study ranged from 100.439 & 26.534 to 215.958 4= 27.320 um. The
MD of GV was significantly less (p < 0.05) than that of the other three materials evaluated
in this study. The MD of PV was significantly greater (p < 0.05) than that of the other
three materials evaluated in this study. The ADs for materials in this study ranged from
56.053 £ 7.074 to 81.531 £ 7.712 um. The AD of GC was significantly less (p < 0.05) than
that of VE, but there were no significant differences between the other materials.

Table 2. Results for localized wear of light-cure resin luting cements.

Materials Volume Maximum Mean
Loss (mm?) Depth (um) Depth (um)
G-Cem Veneer 0.027 (0.003) 100.439 (26.354) 56.053 (7.074) @
Panavia Veneer LC 0.119 (0.030) @ 215.958 (27.320) 72.398 (20.853) 2P
RelyX Veneer Cement 0.073 (0.012) P 147.316 (29.896) ? 71.900 (12.489) @b
Variolink Esthetic LC 0.096 (0.022) &P 152.051 (10.910) @ 81.531 (7.712) b

Same lowercase letter in same vertical column indicates no significant difference.

3.2. Correlation Analysis

The mean VL of all materials was 0.078 + 0.039 mm?, the mean MD of all materials
was 153.034 + 47.744 um and the mean AD of all materials was 70.182 4+ 15.371 um. VL
and MD showed a significant positive correlation (R = 0.83, p < 0.001). Likewise, VL and
MD showed a significant positive correlation (R = 0.47, p < 0.001). Furthermore, MD and
AD showed a significant positive correlation (R = 0.33, p < 0.02) (Figures 3-5).

; R=0.83
Volume-Max Depth
p<0.001
300
[ ]
250 =
o o
= [ ] @ et
) O @ & et
g 200 L T ——
5 @ et I ®
5 150 ° P e o ° .
] ° P . %
b @ .ottt
Z o~ .
S 100 .‘.:..
[ ]
50
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Volume (mm?)

Figure 3. The correlation of volume and max depth.

119



J. Funct. Biomater. 2025, 16, 5

Volume-Mean Depth g
p<0.001
120
. 100 ° .. .. .
E & ° P P masi
= 80 o Qo ep O5 O T e .
& o0 ."‘ """ S L]
g o ‘. . R °
8 s °
= L]
20
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Volume (mm?)
Figure 4. The correlation of volume and mean depth.
Max Depth-Mean Depth Rr0.40
p<0.02
120
L ]
100 3 -
g ® @
> 80 gl * T g
£ ° !'u' """"""""" .o °
B o0 L et = o % .
(a ®@ g ® s
§ 40 . ¢ °
= .
20
0
0 50 100 150 200 250 300
Max Depth (um)

Figure 5. The correlation of max depth and mean depth.

3.3. Correlation Analysis (Each Material)

The results of the statistical analyses of the various materials are shown in Table 3.
A positive correlation was observed for GV, RV and VE in each comparison. However, in
PV, only volume-max depth showed a positive correlation, while volume-mean depth and
max depth-mean depth showed negative correlations, although these were not significant
(p > 0.05). For GV and PV, there was a significant positive correlation between volume loss
and maximum depth, and no significant correlation between volume loss and mean depth,
or between maximum depth and mean depth for PV. For GV and VE, there was a significant
positive correlation (r = 0.57 (RV), r = 0.64 (VE)) between maximum depth and mean depth.
RV showed no significant correlation (r = 0.26 (max depth), r = 0.44 (mean depth)) between
volume loss and either measure of depth, while VE showed a strong positive correlation

(r = 0.83) between volume loss and mean depth.

Table 3. Results of Pearson correlation analysis for each material.

Volume Volume Max Depth
Material Max Depth Mean Depth Mean Depth
R p-Value R p-Value R p-Value
GV 0.58 0.05 0.16 0.62 0.57 0.05
PV 0.73 <0.01 —0.10 0.76 —0.35 0.26
RV 0.26 0.41 0.44 0.15 0.54 0.07
VE 0.55 0.06 0.83 <0.01 0.63 <0.01

3.4. SEM Observation
Representative SEM images of wear facets after localized wear testing are shown in
Figures 6-9. The lower magnification SEM images show clear differences in wear facet size
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and worn surface characteristics depending on material and also show clear differences
in the form of the wear facets, particularly for GV. The higher magnification SEM images
clearly show that there were differences in the size and shape of fillers in the light-cure resin
luting cement. SEM images of GV showed quite small (<1 pum) irregular particles. SEM
images of PV showed irregular and spherical particles with a broad size range (<1 to 5 pm).
SEM images of RV and VE showed irregular particles with a broad size range (<1 to 15 um).

N TD4.8 x100 1mm N D54 x25k 30 um
Creighton University Creighton University

Figure 6. SEM images of the wear facets of G-Cem Veneer as viewed at (a) 100x and (b) 2500
magnification.

N TD4.9 x100 1mm
Creighton University Creighton University

Figure 7. SEM images of the wear facets of Panavia V5 LC as viewed at (a) 100x and (b) 2500
magnification.

. > ? ¢
N TD6.4 x100 1mm N D64 x25k  30um
Creighton University Creighton University

Figure 8. SEM images of the wear facets of RelyX Veneer Cement as viewed at (a) 100x and (b)
2500 magnification
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N TD6.5 x100 1mm D4.8 x25k  30um

Creighton University Creighton University

Figure 9. SEM images of the wear facets of Variolink Esthetic LC as viewed at (a) 100x and (b) 2500
magnification.

4. Discussion

Our previous study reported that the localized wear of dual-cure resin luting cements
had a volume loss of 0.078-0.126 mm? and a maximum depth of 152.2-187.4 pm [16]. Some
clinicians like to use dual-cure resin luting cements due to their versatile usage even with
their known increase in susceptibility to discoloration. However, in the results of this study,
most of the light-cured resin luting cements tested showed wear susceptibility within the
range measured for dual-cure cements, and GV was clearly superior in this respect. This
suggests that although light-cure resin luting cements may be a better option, when there
is no problem with light irradiation of the material, the careful choice of the cement is still
important to achieve more favorable results.

Flowable resin-based composites (RBCs) are sometimes used as a substitute for light-
cure resin luting cements, because of concerns about the aesthetic quality and wear resis-
tance of cement that is exposed at the margins of a restoration. Our previous study on
the wear resistance of flowable RBCs found values for volume loss of 0.025-0.148 mm3
and maximum depths of 98.1-210.6 um [17]. These values are not significantly different
from the range found in this study. Our recent study of paste-type RBCs found values
for volume loss of 0.034-0.059 mm? and a maximum depth of 110.6-151.5 um [18]. These
values are generally superior to those of light-cured resin luting cements, but in this study
GV showed superior wear resistance to that found for paste-type RBCs in the past. These
results suggest that wear resistance is not a good reason to use an RBC instead of a resin
luting cement, particularly if the RBC must be heated, and that light-cured cements can be
used in cases where adequate irradiation can be achieved, such as with ceramic veneers.

On the other hand, the wide range of wear values indicates that there are substantial
differences between different materials. This was also observed in this study, in which GV
showed superior wear resistance to the other materials. The manufacturer claims that this
material uses 150 nm diameter filler particles, which are smaller than those used in other
resin luting cements [18]. This claim is supported by the SEM images obtained in this study,
which show smaller filler particles for GV than for the other materials investigated. It is
possible that the size of the filler particles contributes to the improved wear resistance.

If the size of the filler particles is influencing the wear resistance, it would also be
expected to affect the shape of the wear facets, and this can be seen in the SEM images. It
is normally assumed that a typical wear facet is roughly hemispherical, with its deepest
point at the center and a uniform reduction in depth towards the edges. However, it is
clear both from the images and the correlations between the various measurements that
things are not so simple. An irregular depression is clearly visible within the wear facet of
GV, and that of PV appears to include an elevated region near the center. The fact that the
overall correlation between the maximum depth and the mean depth is only 0.33 shows
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that the facets cannot, in general, be regularly shaped. Further, neither the mean depth nor
the maximum depth is correlated with volume loss for all the materials, and some do show
a statistically significant correlation for three of the four, in two cases the correlation is
with maximum depth, and in one case it is with mean depth. One material (RV) shows no
statistically significant correlation between volume loss and either measurement of depth
(p > 0.05).

This lack of correlation strongly suggests that the wear facets are irregular in shape,
and that this irregularity differs from one material to another. As the SEM images show
clear differences in the size and shape of the fillers, it is reasonable to hypothesize that
these differences are due to filler loss at the surface of the wear facet leading to irregular
depressions in the wear surface. This hypothesis is qualitatively consistent with the SEM
images of the wear facets, although the irregular depression visible for GV does not appear
to have this cause. These results indicate that it is important to use multiple measures of
localized wear in order to accurately understand the wear properties of a material, because
the correlations between the ways of measuring wear are often weak or non-existent and
may vary depending on the material.

In this study, GV showed superior wear resistance to the other materials, and a
different wear pattern was observed in the SEM imaging. GV uses smaller filler particles
than the other materials, which could plausibly improve wear resistance by reducing the
exposure of softer resin matrix at the surface. However, as this study only considered one
material with smaller particles, other factors cannot be ruled out.

The main limit of this study is that the cements were exposed to wear in isolation from
ceramics and tooth material, a situation that is never found in clinical cases. However, an
earlier study compared results for the wear resistance of blocks of resin luting cement and
narrow samples between other materials, and found a linear relationship, which suggests
that this method is suitable for the comparison of materials [5].

The small number of materials makes it difficult to say anything definite about the
causes of the observed differences in wear resistance, but there are few materials of this
sort on the market, and so a wide comparison is not possible.

The ideal is for clinicians to choose the best resin luting cement for the situation of
each individual patient. However, this requires the clinic to keep a wide range of different
materials on hand, and is often impractical. As a result, there is a trend towards the
development of universal self-adhesive resin luting cements, which may be used with
primer or universal adhesive if necessary to achieve stronger bonding [16]. It is therefore
important to also assess the wear resistance of these materials, and compare them to existing
dual-cure and light-cure resin luting cements, to determine whether it is appropriate to use
them in clinical contexts.

It would also be valuable to perform these tests on experimental versions of these
cements, in which the proportion and size of filler or composition of the resin can be
varied while keeping other factors constant. This would enable a more definite conclusion
on the causes of superior wear resistance, and might contribute to the development of
better materials for the future. The results of this study suggest that filler size might be an
important factor to vary in such research.

5. Conclusions

The light-cure resin luting cements investigated in this study generally show similar
wear resistance to dual-cure cements, and also to flowable resin-based composites, but
certain cements show superior wear resistance to possible alternative materials, includ-
ing most paste-type resin-based composites. This class of materials may be suitable for
consideration for clinical use from a wear perspective.
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Abstract: Background: Advanced platelet-rich fibrin + (A-PRF+) represents a third genera-
tion of autologous platelet derivatives. Appropriate centrifugation conditions cause the
formation of a clot containing platelets, which slowly release growth factors that influence
healing. The objective of this article was to undertake a review of the available literature
on the effectiveness of A-PRF+ use in hard tissue procedures. Materials and methods:
In order to ensure the most accurate and relevant results, only randomized clinical trials
regarding bone regeneration techniques/bone healing that compared the effect of the
A-PRF+ addition in dentistry were included in this study. Articles taken into consideration
for the review were published between the beginning of 2014 and 31 December 2024. The
search of manuscripts for the review was conducted using the PubMed, Scopus, Google
Scholar, and Cochrane databases. For this study, 10 articles focusing on A-PRF+ were
qualified. Results: A-PRF+ was found to increase the post-surgical vertical and horizontal
alveolar ridge dimensions. The bone formed in the surgical site presented a higher vol-
ume of vital and non-vital bone and a more optimal bone composition, at the same time
providing a lower percentage of connective tissue inclusions. When combined with other
grafting biomaterials, A-PRF+ enhanced their performance and integration. A-PRF+ did
not have any significant effect on the mineral bone density compared with other grafting
materials. Compared with PRF and other blood derived plasmas rich in growth factors, the
performance of A-PRF+ was generally better, but often with no statistical significance. The
treatment of periodontal defects measured by the reduction in pocket depth and clinical
attachment level also fared better with the A-PRF+ addition, although there was no dif-
ferences noted between A-PRF+ and biphasic calcium phosphate and xenograft. Finally,
the A-PRF+ addition improved the primary implant stability in the evaluated studies.
Conclusions: The A-PRF+ addition to the surgical protocols significantly enhanced the
healing of the bone and when combined with biomaterials improved their integration and
increased the implant insertion torque, improving the primary and secondary stability. It
may be a viable alternative for patients that express their concern towards human- and
animal-derived biomaterials.

Keywords: advanced platelet-rich fibrin; A-PRF; autografts; dentistry; growth factors;
wound healing

J. Funct. Biomater. 2025, 16, 145 https://doi.org/10.3390/jfb16040145
126



J. Funct. Biomater. 2025, 16, 145

1. Introduction

Dr. Jospeh Choukroun is widely considered as a promoter of the use of blood-derived
platelet-rich biomaterials rich in growth factors. Choukroun, together with his team, devel-
oped and distributed the first protocols for preparation at the beginning of the 21st century.
Studies on blood-derived, platelet-rich preparations enriched with growth factors have
been conducted to improve their biological and physical properties. Researchers aimed to
develop preparations with greater cohesion, allowing for better positioning, particularly
in bone defects during procedures in oral surgery, periodontology, and implantology, for
example, after tooth extraction and in bone regeneration (bone augmentation, sinus lift
procedures, treatment periodontitis, or during implant placement). Additionally, it was
found that the new generations of these preparations contain novel growth factors and
cytokines, which enhance their biological properties. This leads to reduced post-procedure
reactions (such as pain and swelling), faster wound healing, and other benefits [1-4].

Available studies on blood-derived, platelet-rich preparations enriched with growth
factors emphasize their role in enhancing healing and reducing procedural discomfort,
particularly during the first days or up to two weeks after the procedure. This applies to
research on platelet-rich plasma as well as various types of platelet-rich fibrins. This period
is crucial for patient recovery, and minimizing discomfort and potential complications
significantly improves the patient comfort and quality of life post-procedure. Additionally,
combining these preparations with bone-derived and bone substitute materials has been
shown to enhance healing outcomes, such as by increasing the effectiveness of bone
augmentation, sinus lift procedures, and implant treatments. Therefore, incorporating
them into treatment protocols for oral procedures may be a rational approach [4-16].

The advanced platelet-rich fibrin (A-PRF) manufacturing method was first introduced
and described by Ghanaati et al. [5] and Choukroun [6] in 2014, which was further refined
by Kobayashi to create A-PRF+ [7]. A-PRF is a biocompatible material obtained from the
patient’s venous blood. The standard procedure for the production of A-PRF+ entails
the collection of the peripheral venous blood of the patient and then the utilization of
vertical centrifuging at a rotational speed of 1300-1500 rpm for a period of 14 min, as
outlined by Kobayashi. A further variant, designated A-PRF+, has been developed, which
requires a different centrifuging protocol of 1300 rpm for 8 min and was designed to further
enhance the standard A-PRF protocol [7]. The vertical centrifugation process facilitates
the separation and sedimentation of cellular components according to their respective
molecular masses, as proposed by Herrera-Vizcaino [8]. Moreover, a reduction in the
centrifuge speed compared to the standard PRF procedure, which involves speeds between
2700-3000 rpm for a duration of 12 min, allows for a superior release of growth factors.
It has been demonstrated that platelets remain present in the peripheries of the A-PRF+
clot. The discrepancy in processing may be accountable for the enhanced optimization,
longevity, and more uniform distribution and liberation of growth factors from A-PRF
into adjacent tissues, thereby influencing the regeneration and maturation of these tissues.
The lymphocytes, macrophages, and stem cells are concentrated in the proximal part of
the clot, whereas neutrophils are located mainly in the distal part [5,6,8]. A-PRF and
A-PRF+ have been proven to contain cytokines and growth factors such as the following:
bone morphogenetic proteins, fibroblast growth factor, matrix metalloproteinases, platelet-
derived growth factor, transforming growth factors « and 3, and vascular endothelial
growth factor [16-20]. Due to the modified centrifugation parameters, A-PRF+ contains a
higher concentration of growth factors and cytokines compared to A-PRF. This enhances its
angiogenic properties and may improve tissue regeneration during healing. Additionally,
its higher density increases the stability and retention in the wound compared to A-PRF.
The A-PRF+ mesh traps more growth factors and neutrophils. This ensures good cohesion
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and attachment to the wound. The available evidence suggests that A-PRF (and its more
recent iteration, A-PRF+) can release cytokines for up to 10 days. A-PRF+ is an additional
tool that can be used to improve the result of the standard surgery procedure [6,9-12].

The objective of this article was to undertake a review of the available literature on the
effectiveness of A-PRF+ use in hard tissue management procedures. This article provides
a clear and structured summary of the available publications on the improved A-PRF
formula and its role in oral surgery, periodontology, and implantology.

2. Materials and Methods

The review was carried out beginning with the search of the literature, which was
conducted using PubMed, Scopus, Google Scholar, and Cochrane web databases to answer
the questions: ‘Does A-PRF+ addition improve integration of bone grafting materials in
oral surgery procedures?” and ‘Does A-PRF+ addition improve hard tissue healing in oral
surgery procedures?” To search for relevant publications, the following MeSH terms were
used: ‘platelet-rich fibrin’, ‘PRF’, ‘autografts’, ‘dentistry’, ‘growth factors’, and ‘wound
healing’. The search was conducted for manuscripts published between 1 January 2014
and 31 December 2024.

This project was registered in the International Prospective Register of Systematic
Reviews (PROSPERO) and granted the number CRD42023449648.

2.1. Inclusion and Exclusion Criteria

In order to ensure the most accurate and relevant results, only randomized clinical
trials regarding bone regeneration techniques that compared the effect of A-PRF+ addition
were included in this study. The studies were selected from the databases according to the
following inclusion criteria: (1) only studies conducted on human subjects were included,
(2) studies that employed A-PRF+ in conjunction with biomaterials for bone regeneration
techniques, (3) studies that were carried out and published between the 1 January 2014 and
31 December 2024, (4) studies that were published in English, and (5) randomized clinical
studies that included a minimum of 10 patients.

The exclusion criteria included the following: (1) studies not conducted on human
subjects, (2) studies that employed A-PRF (not A-PRF+) in conjunction with biomaterials
for bone regeneration techniques, (3) studies that employed A-PRF+ as an additive in
managing soft tissue surgical protocols, (4) studies that were carried out and published
before 2014 (before the development of A-PRF+), (5) studies that were not published in
English, and (6) case reports and articles that included a less than 10 patients.

2.2. Screening and Data Extraction

Two reviewers (MC and PA) independently performed the data extraction. Any
disagreements during the extraction process were resolved by discussion between the
reviewers. Duplicates from databases were excluded. Lastly, the full-text manuscripts
were subjected to a review in accordance with the established selection criteria. A total of
10 publications were deemed eligible for inclusion in this review.

3. Results

In the initial stages of the selection process, a total of 217 references were identified
through searches of the PubMed, Scopus, Google Scholar, and Cochrane databases. Fol-
lowing the removal of duplicates, 114 articles were retained. Following the screening
of the titles and abstracts, 140 positions were excluded. Full texts were then read, and
only publications that were randomized trials about A-PRF+ were included. Case reports,
reviews, or articles about A-PRF/PRF/PRP (not specifically about A-PRF+) were excluded.
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Ultimately, 10 articles were deemed suitable for inclusion in this systematic review [13-22].
Subsequently, the remaining studies were divided into the appropriate categories according
to the procedures they employed. The initial studies included in the review were published

in 2015 (Figure 1 and Table 1).

| Records identified through databases search (n=375)

!

Identification

| Records after duplicates removed (n=114)

|

| Records screened on the basis of title and abstract (n=261) ‘

Records excluded: completely different subject/
not on humans/not in English (n=140)

Screening

Full-text article assessed for eligibility (n=121)

Articles excluded after full-text reading (n=111): case
reports, reviews, articles about A-PRF/PRF/PRP
(not about A-PRF+)

Studies included in review (n=10)

| Included | | Eligibility | |

Figure 1. PRISMA flowchart.

Table 1. Studies included in review.

No. References Country Number of Patients Preparation of A-PRF
1 Alhaj et al., 2018 [15] Lebanon 20 1300 rpm for 8 min (A-PRF+)
2 Angeloetal, 2015 [22]  Austria 82 A-PRF+ (exact preparation
not specified)
3 Clark et al., 2018 [13] USA 40 (divided into 4 groups) 1300 rpm for 8 min (A-PRF+)
1300 rpm for 5 and 3 min (8 min total)
4 Dragonas et al., 2023 [19] USA 15 with liquid layer removal after 5 min
centrifuge (A-PRF+ modified protocol)
5 Ghonima et al., 2020 [21] Egypt 22 1300 rpm for 8 min (A-PRF+)
6 Hartlev et al., 2020 [18] Denmark 27 (divided into 2 groups) 1300 rpm for 14 min (A-PRF+ modified)
7 Ivanova et al., 2019 [14] Bulgaria 60 (divided into 3 groups) 1300 rpm for 8 min (A-PRF+)
8 Kalash et al., 2017 [17] Lebanon 18 1300 rpm for 8 min (A-PRF+)
1300 rpm for 5 and 3 min (8 min total)
9 Lavagen et al., 2021 [20] France 24 with liquid layer removal after 5 min
centrifuge (A-PRF+ modified protocol)
10 Yewale et al., 2021 [16] India 20 1300 rpm for 8 min (A-PRF+)
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3.1. A-PRF+ Effect on Vertical and Horizontal Alveolar Ridge Dimensions

A total of five randomized clinical trials were conducted to evaluate the alveolar ridge
dimensions following tooth extractions and grafting procedures. In four out of the five
studies, the incorporation of A-PRF+ into the surgical protocol resulted in an improvement
in the clinical outcome or facilitated the use of co-used biomaterials, thereby producing
more favorable results [13-17].

In the study conducted by Clark et al. [13], the blood clot was employed as a control.
The test groups employed a freeze-dried bone allograft (FDBA), A-PRF+, or a combination
of the two materials. Each test group demonstrated a superior performance in maintaining
three-dimensional bone measurements in comparison to the control group. When employed
independently, A-PRF+ demonstrated comparable outcomes to the FDBA with respect to
the vertical and horizontal bone loss. The incorporation of A-PRF+ into the FDBA resulted
in a notable enhancement in the vertical measurements. The incorporation of biomaterials
did not exert a notable impact on the horizontal dimensions in comparison to the control
group at the apical region of the alveolar ridge. However, the test group, comprising the
FDBA and A-PRF+, demonstrated a significantly superior capacity to impede the loss of
the coronal horizontal dimensions in comparison to all other groups.

A comparable trial was conducted by Ivanova et al. [14], in which the test group
that had used the mixture of FDBA and A-PRF+ was omitted. In the study, A-PRF+
demonstrated a comparable performance to the FDBA. The results for both the FDBA
and A-PRF+ groups in terms of the vertical and horizontal dimensions were statistically
significant when compared to those of the blood clot control group. Both the Clark and
Ivanova studies had approximately the same follow-up time of four months. The follow-up
time in the Clark study was 3.75 months, while in the Ivanova study it was 4 months.

In their respective studies, Alhaj et al. [15] and Yewale et al. [16] employed A-PRF+
as an adjunct to the bone biomaterial. A minimal discrepancy between the groups was
observed on the second day of the study by Alhaj et al. [15]. At the six-month mark, the con-
trol and test groups exhibited statistically significant differences in favor of the test group.
Furthermore, Yewale et al. [16] observed that the addition of A-PRF+ enhanced the perfor-
mance of other hard tissue grafting materials. The most significant gains were observed in
the horizontal dimensions, particularly at the 3 mm and 5 mm measuring points.

Kalash et al. [17] employed an xenograft material with (test) and without (control)
A-PRF+. The results of this study differ from those of the others, as the resorption mar-
gin in the test group was found to be higher than in the control group. No statistically

significant difference was observed between the two groups. The results are presented in
Table 2 [13-17].
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3.2. A-PRF+’s Effect on Vital Bone Formation, Grafting Material Turnover, and Percentage of
Connective Tissue in Grafting Site

The grafting material integration, the turnover, and the formation of bone and con-
nective tissue were investigated in five randomized controlled trials. The incorporation of
A-PRF+ into the protocol resulted in an enhanced tissue formation when compared with
the control groups and facilitated a more effective redistribution of the grafting material at
the surgical sites [13,14,18-20].

All of the studies considered reported on the formation of the bone tissue. In the
study conducted by Clark et al. [13], the incorporation of a single biomaterial resulted in a
reduction in the vital bone formation when compared to the other experimental groups
(29% vs. 40-46%). However, when the same biomaterial was combined with A-PRF+, the
percentage of vital bone increased to a level comparable to that observed in the control
group. Furthermore, the incorporation of A-PRF+ resulted in a notable reduction in the
connective tissue percentage; however, in the Clark et al. study, this decline was relatively
minor. Similarly, Ivanova observed a favorable impact of the A-PRF+ supplementation on
the bone vitality in comparison to the control group. No statistically significant difference
was observed between the two test groups. Furthermore, the addition of A-PRF+ has been
observed to significantly influence the quantity of the connective tissue present within
the harvested specimen. The addition of A-PRF+ had a comparable effect to the FDBA,
which inhibited the formation of connective tissue and promoted bone regeneration [13].
Additionally, Hartlev et al. [18] investigated the quantity of non-vital bone. A comparison of
the A-PRF+ and deproteinized bovine bone mineral (DBBM) groups revealed comparable
levels of vital bone. The two groups exhibited notable differences in the non-vital bone
percentage (A-PRF+ 80%, DBBM 63%) and the percentage of connective tissue (5% vs. 22%).
In comparison to the DBBM, the A-PRF+ specimens exhibited a greater proportion of non-
vital bone, accompanied by a reduction in the connective tissue within the bone structure.
Dragonas et al. [19] and Lavagen et al. [20] also employed the DBBM grafting material in
their study, yet no differentiation was made between vital and non-vital bone. The addition
of A-PRF+ in Dragonas et al. [19]’s study resulted in a greater extent of bone formation than
that observed in the sole DBBM control group (20.33 &= 11.5% vs. 32.2 £ 7.29%), although
this was similar to what was observed in another test group that used plasma rich in
growth factors (PRGF) (32.2 == 7.29% vs. 34.8 £ 6.83%). The increase in the bone formation
observed in both test groups in comparison to the control group was statistically significant.
The turnover of the material in the A-PRF+ group was slower than in the control group
(24 £ 7.94% vs. 26 = 7.78%) and in the PRGF group (24 & 7.94% vs. 15.8 £ 8.23%). The
percentage of connective tissue in the A-PRF+ group was found to be lower than that of
the control group (41.4 £ 8.32% vs. 55.66 £ 7.77%) and the PRGF group (41.4 + 8.32%
vs. 49.6 £ 5.68%). The study conducted by Lavagen et al. [20] concentrated exclusively
on the percentage of newly formed bone. In contrast with the findings of other studies,
both the test and control groups employed the use of a blood clot derivative. The control
group employed an older generation of PRF, whereas the test group utilized A-PRF+. The
test group exhibited superior outcomes compared to the control group, with a statistically
significant difference in the formation of new bone, reaching 60.4 £ 10.4% compared to
51.4 & 18.4% for the control group. The mean volume of the newly formed bone for the test
group was 0.29 + 0.09 cm®, while that for the control group was 0.2 & 0.08 cm?, indicating
that the gain in the A-PRF+ group was statistically significant.

In the study by Ivanova et al. [14], there was no statistical difference between the
allograft and A-PRF+ for the vital bone formation. The results were statistically better
compared to the control group. The same observations were made in the case of the
connective tissue graft. The results are presented in Table 3 [13,14,18-20].
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3.3. A-PRF+’s Effect on Obtained Bone Mineral Density

Four randomized controlled trials that focused on bone density were identified. The
incorporation of A-PRF+ into the existing protocols did not yield statistically significant
improvements between the test and control groups [13,15-17].

Clark et al. [13] conducted a measurement of bone density using specimens obtained
during implant placement surgeries and presented the results in mg/cm?. The addition of
A-PRF+ to the FDBA did not result in an improvement in mineral bone density; in fact, it
led to a decrease in this parameter (521 + 58 mg/cm? vs. 551 4 58 mg/cm?). However,
the incorporation of any biomaterial, whether A-PRF+ or FDBA, demonstrated superior
outcomes compared to the control group (487 + 64 mg/cm?).

Alhaj et al. [15] conducted a voxel count analysis on superimposed X-ray images at the
six-month follow-up. The difference between the control group (802.5 voxels) and the test
group (827.5 voxels) was not statistically significant. However, the addition of A-PRF+ to the
autologous bone graft resulted in an increase in the clinical performance (246.5 with A-PRF+
vs. 167.25 without A-PRF+, mean difference between baseline and 6-month follow-up).

Two of the studies [16,17] employed a comparison of bone density in Hounsfield Units
(HUs) at 6-month [16] and 9-month [17] follow-ups. The study by Kalash et al. [17] did not
yield statistically significant results at the 9-month control point. The addition of A-PRF+
to the biomaterial (Xenograft) resulted in only a slight improvement in the mean result
(496.86 + 43.98 HU without A-PRF+ compared with 518.14 + 45.24 HU with A-PRF+).
Furthermore, Yewale et al. [16] did not present a statistically significant difference, with a
total mean difference between the baseline and the 6-month follow-up (1393.1 HU control
vs. 1783.1 HU test group). However, the bone density with the addition of A-PRF+ was
higher. The results are presented in Table 4. The authors corrected to adhere to the one
unit of measurement (HU as most of the X-ray programs enable comparison in these units).
Thanks to this, the studies can be compared. But, the limitation is that the grey values,
HU and histological mg HA cm™3, are not inherently interchangeable. Converting either
HU or CBCT grey values to mg cm 3 requires a scanner-specific hydroxyapatite phantom
calibration, which none of the included studies reported [13,15-17].

Table 4. Differences in mineral bone density.

No References Bone Mineral Density
Autologous bone graft +
Autologous bone graft A-PRF p value
1 Alhajetal. [15] Day 2 635.25 voxel (—388.72 HU) 581 voxel (1024 HU) 0.481
6 months 802.5 voxel (—221.5 HU) 27.5 voxel (996.5 HU) 0.684
A-PRF+ APRE ancll FDBA FDBA Blood clot p value
(1:1 ratio)
2 Clark et al. [13]
493 + 70 mg/cm3 521 + 58 mg/cm? 551 + 58 mg/cm® (751.7 487 + 64 mg/cm? (645 <0.05
(655 HU) (701.7 HU) HU) HU) '
Xenograft Xenograft + A-PRF p value
Baseline 465.71 £ 48.57 HU 471.86 + 51.64 HU 0.823
3 Kalashetal [17] 9 months 496.86 + 43.98 HU 518.14 + 45.24 HU 039
Test group Control group p value
4 Yewale et al. [16]
6 months 1783.1 HU 1393.1 HU 0.005

A-PRF+—advanced platelet-rich fibrin +; FDBA—freeze-dried bone allograft; and HUs—Hounsfield Units (values
inmg/ cm? are shown in brackets for uniformity).

3.4. A-PRF+’s Effect on Pocket Depth (PD) and Clinical Attachment Level (CAL)

Two randomized controlled trials considered the alterations in the pocket depths (PDs)
and clinical attachment levels (CALs) subsequent to surgical procedures [17,21].
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In their study, Ghonima et al. [21] employed biphasic calcium phosphate (BCP),
both with and without the addition of A-PRF+. The changes in the PD and CAL were
monitored at three-month intervals, up until the ninth month of the final follow-up period.
In comparison to the control group, both the BCP and the addition of A-PRF+ demonstrated
significantly superior outcomes. At the initial two check-ups, the incorporation of A-PRF+
resulted in a reduction in PD levels, with no notable differences between the BCP and
BCP + A-PRF+ groups (1.95 &+ 0.9 mm vs. 1.5 £ 0.74 mm at three months, 2.18 £+ 1.27 mm
vs. 1.95 £ 0.56 mm). At the final follow-up, the PD in the BCP group was observed
to be lower than that observed in the A-PRF+ group (2.04 £ 0.96 vs. 2.27 £ 0.71 mm),
though the difference in the results between the two groups was not statistically significant.
Similarly, the initial CALs remained lower in the group that received A-PRF+ (1.63 £ 0.89
vs. 1.36 £ 1.16 mm), before becoming higher than the sole BCP group at the 6- and 9-month
controls (1.68 £ 1.23 vs. 1.77 £ 0.68 mm and 1.68 £ 1.23 vs. 2.13 £ 1.02 mm, respectively).

Kalash et al. [17] only evaluated the PD changes at the 3- and 6-month controls,
without assessing the CAL. The addition of A-PRF+ to the protocol resulted in a decrease
in the average PD at both the three- and six-month follow-ups (3.39 £ 0.4 vs. 2.96 & 0.64
mm and 2.89 £ 0.28 vs. 2.57 &+ 0.51 mm, respectively). The statistical analysis revealed that
the differences between the xenograft and the xenograft + A-PRF+ remained insignificant.
The results are presented in Table 5 [17,21].

Table 5. Effect of A-PRF+ addition on PD and CAL.

No References Pocket Depth (mm) Clinical Attachment Level (mm)
BCP + BCP +
BCP A-PRF p value BCP A-PRE p value
1 Gth(;nif;f]‘ 3months 1.95+09 1.5+0.74 0.93 3months 1.63+0.89 136+ 1.16 0.63
et al.
6 months 218 +1.27 1.95+ 0.56 0.6 6 months 1.68 £1.23 1.77 £ 0.68 0.66
9months 2.04+096 227 £0.71 0.06 9months 1.68+£123 213 +1.02 0.06
Xenograft +
Kalach Xenograft A-PRE p value
2 No data

etal. [17] 3 months 3.39+04 296+ 0.64 0.09
6 months 2.89+0.28 257 +0.51 0.173

A-PRF+—advanced platelet-rich fibrin +; BCP—Dbiphasic calcium phosphate.

3.5. A-PRF+’s Effect on Obtained Implant Stability

Two randomized controlled trials, conducted by Kalash and Angelo, were identified
that measured either the primary or secondary implant stability [17,22].

Kalash et al. employed the PerioTest (PTV—PerioTest value; physiological mobility
PTV —08 to +09; I grade of mobility +10 to +19; II grade of mobility +20 to +29; III grade of
mobility +30 to +50) device to assess the secondary stability at the three- and six-month
follow-up periods. The group that utilized A-PRF+ demonstrated superior outcomes in
both measurement intervals when compared to the group that solely employed xenograft.
At the three-month mark, the xenograft cohort attained a score of —4.14 £ 1.06, while the
combination of xenograft and A-PRF+ reached a score of —5.47 & 1.16. At the final follow-
up, six months after surgery, the PerioTest score for the xenograft group exhibited further
improvement, reaching —4.51 £ 0.94, while the xenograft + A-PRF+ score demonstrated a
similar trend, reaching —6.14 & 1.27. The differences in the PerioTest score between the
groups were statistically significant [17].

Angelo et al. [22] conducted an assessment of the primary stability during the implant
insertion procedure. A comparison was made between the native bone and two variants
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of the EasyGraft product, namely B-TCP Crystal and Classic. Additionally, the Classic
variant was augmented with A-PRF+, thereby facilitating a comparison between the sole
EasyGraft Classic. The lowest mean torque values for implant insertion were observed
in the native bone (control) group (27.87 & 6.66 Ncm). All biomaterials demonstrated
significantly higher average results, with the highest observed in the EasyGraft Crystal
group (52.5 £ 8.15 Ncm). The difference between the EasyGraft Classic (42.51 £ 7.03 Ncm)
and Crystal (52.5 & 8.15 Ncm) variants was found to favor the latter. The incorporation
of A-PRF+ into the EasyGraft Classic resulted in an enhanced primary implant stability
(42.51 £ 7.03 Ncm vs. 46.89 & 4.57 Ncm). The results are presented in Table 6.

Table 6. Differences in implant stability and insertion torque.

No References Implant Stability and Insertion Torque
PerioTest (PTV) Xenograft Xenograft + A-PRF+ p value
1 Kala[sl};]et al. 3 months —4.14+1.06 547 +£1.16 0.045
6 months —4.51 £ 094 —6.14 £1.27 0.018
) ) Native bone Easy Graft = Easy Graft  Easy Graft Classic + value
5 Angelo etal. Implant insertion Crystal Classic A-PRF p
[22] torque (Ncm)
2787 £6.66 525+815 4251 +7.03 46.89 £ 4.57 <0.05

A-PRF+—advanced platelet-rich fibrin plus; PTV—PerioTest value.

4. Discussion

The primary objective of this systematic review was to evaluate the effectiveness of
A-PRF+’s addition to surgical protocols aimed at managing hard tissues in the oral cavity,
both as a sole material and as an additive to grafting materials used for bone augmentation.
The present study was conducted based on the premise of randomized clinical trials, which,
given their meticulous methodology, yield results that present the highest clinical value.
However, it should be noted that such trials can impose certain limitations [23]. One such
limitation that was present in our study was the size of the study group of participants, with
the lowest patient count being 15 in total. Only two studies presented large patient study
groups of over 60 patients. However, it is noteworthy that other studies have amassed
sufficient patient counts, thereby mitigating potential biases associated with inadequate
participant numbers (328 patients in total across ten studies incorporated in this systematic
review). The collective evidence was appraised to be of a moderate to high quality. A
notable limitation pertains to the utilization of diverse protocols, each tailored to address
the unique requirements of the patient undergoing the respective procedures. Despite the
maintenance of the general protocol of A-PRF+ creation, as suggested by Fujioka-Kobayashi
et al. [7], there were slight variations in the intraoperative and post-operative methods
among the studies. As in daily practice, every surgeon follows a protocol that has been
adapted to suit the operator’s needs in order to achieve the best possible outcome. This
discrepancy complicates the direct comparison between the studies, underscoring the
necessity for further research in this area to establish clear guidelines. The post-operative
care regimen differed most often during the early healing process, with subsequent follow-
ups and clinical /radiological evaluations scheduled at 3 and 6 months.

In the studies presented, A-PRF+ was most frequently utilized as a singular bioma-
terial in the post-extraction socket, with the objective of preserving its three-dimensional
characteristics. The results obtained from the patients’” follow-up clearly demonstrated
the superiority of the A-PRF+ addition into the protocol. When compared with other
blood-derived platelet-rich fibrins, A-PRF+ did not yield any statistically significant results.
However, it is noteworthy that A-PRF and A-PRF+ exhibit the highest growth cytokine
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concentrations among all blood derivatives. Consequently, a comparison with L-PRF can
only be made in terms of clinical outcomes in bone management [24]. The increase in the
growth cytokines concentration is attributable to the increased neutrophil levels trapped
in the fibrin scaffolding during a slower and shorter centrifugal process [5], with A-PRF+
demonstrating superiority over conventional A-PRF. The increased growth cytokines con-
centration translates to a higher and faster response for the neoangiogenesis and mRNA
response, with VEGF highlighted as a main factor for this response [25,26].

In many cases, surgical protocols incorporated the utilization of A-PRF+ in conjunction
with bone grafting materials. The rationale for the incorporation of A-PRF+ in bone grafting
materials is consistent with the rationale for its sole use, i.e., to maintain the dimensions of
the alveolar ridge at the extraction site. The rationale for this choice is based on the density
and availability of growth factors provided by the fibrin, which promote the angiogenesis
process and mobilize the cellular response to utilize the grafting material as efficiently
as possible [27]. The protocol employed by clinicians has been found to influence the
grafting material’s turnover rate and the subsequent formation of vital and non-vital bone.
While the studies have demonstrated a general trend in favor of A-PRF+ utilization, further
research is necessary to ascertain its optimal application. In a similar vein to studies solely
employing A-PRF+, no statistically significant difference was observed between other
blood-derived biomaterials.

The most contentious issue that emerged from the collective analysis of the studies was
the assessment of the benefits associated with the collection of patient blood during surgical
procedures. This is the one common concern for all of the blood derivatives. In particularly
complex cases, heightened scrutiny was applied, given the A-PRF+ preparation’s necessity
for additional procedures (e.g., blood drawing, centrifugation, and blood clot separation),
instruments (e.g., centrifuge machine, glass/plastic tubes, and PRF box), and expenses.
As is often the case in clinical practice, the decision regarding the use of A-PRF+ must
be made in consultation with the patient, after a thorough discussion of the potential
benefits and drawbacks of its implementation in the specific clinical context. As surgical
procedures become increasingly intricate, concerns regarding the utilization of A-PRF+ may
diminish, as its benefits for bone and grafting material management are indisputable. In
such cases, the financial implications, when considered in relation to the overall treatment
costs, become a relatively less significant factor.

During the preparation of this systematic review, the primary concern for future
studies was the focus on larger study groups and the use of various grafting materials in
surgical protocols to better evaluate their effectiveness in oral surgery and implantology. In
this study, the bone grafting materials exhibited substantial heterogeneity, as xenografts,
allografts, and alloplastic materials were utilized. The paucity of studies conducted on
limited study group populations engenders a considerable difficulty in comparing the
effects of A-PRF+’s addition to different bone grafts and bone substitute materials. The
wide range of clinical protocols created by clinicians to best suit their needs and the various
methods of testing the effectiveness of the procedure (CBCT measurements, bone density
measurements using grey point or Hounsfield Units, bone sample collections and their
immunohistographic evaluation) create another layer of comparative difficulty for the
results. For procedures necessitating flap reopening and bone access, the acquisition and
subsequent immunohistographic evaluation of bone samples would provide the most
bias-proof evidence regarding the clinical outcome, grafting material incorporation and
turnover, and bone behavior. For the least invasive approach, it would be valuable to assess
the therapeutic success using Hounsfield Units on CBCT and CT and compare their quality,
as the procedure of choice to evaluate any three-dimensional changes at the follow-up visit
is taking the CBCT or CT.
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5. Conclusions

In summary, the analyzed studies suggest that A-PRF+ provides a superior stabi-
lization of ridge dimensions following tooth extraction compared to a natural blood clot.
Furthermore, when combined with xenografts or alloplastic materials, A-PRF+ may en-
hance periodontal tissue regeneration, facilitate bone augmentation, and contribute to
improved implant stability.
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Abstract: Background: Medication-related osteonecrosis of the jaw (MRON]) is drug-
induced bone destruction that is exposed for a minimum of 6 to 8 weeks in patients
who have not received head and neck radiotherapy and who have not been diagnosed
with facial bone metastases. MRON] treatment outcomes are unpredictable. Therefore,
alternative treatment methods are being explored, such as blood-derived platelet-rich
preparations enriched with growth factors, including advanced platelet-rich fibrin (A-
PRF). The presence of growth factors may enhance healing and reduce post-procedure
complications. There are no studies examining the effect of A-PRF on the healing of patients
with MRON]J. The aim of this study was to retrospectively evaluate treatment outcomes of
patients with MRON] surgically treated without and with the use of A-PRF. Materials and
methods: This retrospective study included 28 patients who suffered from osteomyelitis
due to MRON]J and underwent surgical treatment between 2019 and 2024. The patients
were divided into two groups: the first group received surgical treatment without A-PRF,
and the second group received surgical treatment with the application of A-PRF. This
study analyzed demographic and clinical data, as well as treatment outcomes. Results:
The patients were aged from 43 to 82 years. The most common cause of MRON]J was
the administration of zoledronic acid for oncological reasons (22 patients, 78.6%), given
intravenously. In 20 patients (71.4%), the antiresorptive treatment lasted longer than three
years. The obtained healing distribution was binomial (presence or absence of healing).
Estimation of the probability of healing using the maximum likelihood method provided a
result of approximately 64%. The probability of ten or more healed patients in the A-PRF
group was 41%. A-PRF helps with a probability of 59%, and without A-PRE, it was lower.
Concomitantly, the differences between the group with A-PRF and without A-PRF were not
statistically significant. Conclusions: The patients with MRON] should have regular check-
ups with radiological examinations at least every six months to detect possible recurrence.
Treatment for MRON] is long and difficult. Treatment of non-advanced lesions, without
additional risk factors (such as treatment with zoledronate intravenously for oncological
purposes for 3 years), showed a better prognosis. Sometimes, in addition to surgery, it is
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necessary to consider alternative methods. A-PRF may enhance MRON] healing. However,
there is no evidence of a significant effect of A-PRF on the healing of MRONJ.

Keywords: advanced platelet-rich fibrin; A-PRF; autografts; bisphosphonate-associated
osteonecrosis of the jaw; bone disease; dentistry; growth factors; osteonecrosis of the jaw

1. Introduction

Medication-related osteonecrosis of the jaw (MRON]) refers to the destruction of jaw-
bones caused by certain drugs. It occurs in patients undergoing or following treatment with
antiresorptive or antiangiogenic drugs (e.g., bisphosphonates (BPs; alendronate, etidronate,
ibandronate, clodronate, medronate, oxydronate, pamidronate, risedronate, tiludronate,
and zoledronate), corticosteroids, denosumab (anti-RANKL), bevacizumab and afliber-
cept (anti-VEGFR), sunitinib, sorafenib, cabozatinib (tyrosine kinase inhibitors), sirolimus,
everolimus (anti-mTOR), and adalimumab (anti-TNF)). In the early stage, avascular necro-
sis may occur and can only be detected by radiological examination. MRON] involves the
destruction of exposed bone (not covered by oral mucosa), with the exposure persisting for
at least 6-8 weeks [1-15]. It develops in patients who have not undergone head and neck
radiotherapy and do not have facial bone metastases (Figure 1) [1-3,10-12]. In patients
receiving antiresorptive or antiangiogenic drugs, delayed wound healing in the oral cavity
and osteonecrosis may occur after surgical procedures or due to other irritating factors, such
as sharp edges of teeth or fillings, prosthetic restorations, tooth decay, periodontitis, bone
fractures, exostoses, or a pronounced mylohyoid ridge. These complications are most often
observed after teeth extractions. Drugs affecting bone turnover are used in the treatment of
patients with bone metastases (most frequently for breast or prostate cancer), osteoporosis,
fibrous dysplasia, osteogenesis imperfecta, otosclerosis, or multiple myeloma [2,4,7]. The
risk of MRON] is significantly higher in the cases undergoing treatment for tumor metas-
tases when antiresorptive drugs are administered intravenously over 3 years and in those
patients receiving additional therapies, such as chemotherapy, steroids, or thalidomide.
Additional risk factors are comorbidities (e.g., diabetes, rheumatoid arthritis, calcium

deficiency, and hyperparathyroidism) and tobacco smoking [7,10-12].

Figure 1. Intraoral photographs (A,B): (A) MRON] located in the maxilla on the left side; (B) MRON]
located in the central part of the mandible.

Oral irritants should be eliminated prior to initiating treatment with drugs that affect
bone turnover. Dental caries must be treated, dentures adjusted, and damaged teeth
removed to prevent MRON]. Patients should undergo regular clinical and radiological
examinations [10-12].
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Osteonecrosis occurs approximately in 2/3 of cases in the mandible and in 1/3 in
the maxilla. The main symptoms include exposed bone, often accompanied by purulent
exudate, pain, soft tissue swelling, an active fistula (intra- or extraoral), halitosis, loosening
or loss of teeth, numbness of the lip, a feeling of heaviness, and changes in tactile sensations.
In advanced stages, pathological fractures of the mandible may occur. For an extended
period, the affected area may remain asymptomatic [2,9,10,16-21].

The presence of osteonecrosis and other MRON] signs can be assessed in radiolog-
ical examinations, including dental X-rays, orthopantomography, cone beam computed
tomography (CBCT), computed tomography (CT), scintigraphy, single-photon emission
computed tomography (SPECT/CT), and positron emission tomography/computed tomog-
raphy (PET/CT). Non-ionizing diagnostic methods, such as magnetic resonance imaging
(MRI), are also utilized. Lesions may appear as radiolucent areas with osteolysis and
osteosclerotic defects (commonly referred to as sequestrum with peripheral radiolucency).
Unhealed tooth sockets are frequently observed. Pathological cracks, fractures, narrowing
of the marrow space, cortical and trabecular bone destruction, and, sometimes, thickening
and swelling of the periosteum and soft tissues can be identified on CBCT, CT, or MRI.
On T1-weighted MRI, a loss of the fat signal in the bone marrow (typically present in
the mandible) may be observed. In contrast, T2-weighted sequences show hypointensity
in the bone marrow. Bone scintigraphy shows increased radionuclide uptake at the pe-
riphery of the lesion. Similarly, SPECT/CT reveals abnormal radionuclide uptake, such
as technetium-99m methylene diphosphonate (99Tcm-MDP) or technetium-99m dicar-
boxypropane diphosphonate DPD (99Tcm-DPD). However, no uptake is observed in areas
of necrosis. In PET/CT imaging, the uptake of fludeoxyglucose F18 (18F-FDG) is higher in
inflamed areas compared to necrotic regions. In cases of aseptic necrosis, the affected area
cannot be assessed due to the lack of inflammatory processes, which are essential for an
accurate analysis [20,22-26].

Histopathological specimens reveal fragments of necrotic bone tissue containing bac-
teria. Necrotic bone is most commonly infected with Actinomyces sp., which are commensal
bacteria in the oral cavity. The development of infections and actinomycosis is often as-
sociated with a decrease in the host’s immunity, commonly observed during oncological
treatment. Actinomycetes sp. are Gram-positive (+) anaerobes. Bone necrosis creates an
anaerobic environment because of vascular degradation and the formation of clots. Actino-
myces sp. receive an ideal anaerobic environment for their existence. Other bacteria that
have been successfully cultured from MRON] include Staphylococcus aureus, Escherichia coli,
Streptococcus anginosus, and Pseudomonas mendocina [19,27,28].

Treatment is mainly based on prevention, the elimination of risk factors, and, in ad-
vanced stages, on surgical treatment. MRON] treatment outcomes are unpredictable [1,2,5].
Therefore, alternative treatment methods are being explored, such as blood-derived platelet-
rich preparations enriched with growth factors, including advanced platelet-rich fibrin
(A-PRF). A-PRF is a blood-derived platelet-rich preparation enriched with growth factors.
It belongs to the third generation of preparations derived from blood. A-PRF was devel-
oped to obtain advanced blood derivatives rich in growth factors. Compared to classic PRF
or L-PRF (leukocyte platelet-rich fibrin), its preparation involves a reduction in the cen-
trifugation speed and a slight increase in the centrifugation time (A-PRF: 1500 rpm /14 min
vs. PRF: 3000 rpm /12 min vs. L-PRF: 2700 rpm /12 min). As a result, the biological and
physical properties of A-PRF are altered. It contains a greater number of leukocytes and
platelets, and the resulting fibrin matrix is more cohesive and exhibits improved adhesion.
Additionally, A-PRF is enriched with higher concentrations of cytokines, such as vascular
endothelial growth factor (VEGF) and transforming growth factor beta (TGF-f3), which
enhance healing and stimulate tissue regeneration. An advancement of A-PRF is A-PRF+,
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which is produced at even lower speeds (1300 rpm/8 min), yielding a preparation with
an even higher concentration of growth factors and neutrophils. The presence of growth
factors may enhance healing and reduce post-procedure complications, which has been
proven in many oral surgery procedures [29-35].

The aim of this study was to retrospectively evaluate the treatment outcomes of
patients with medication-related osteonecrosis of the jaw, both without and with the use of
advanced platelet-rich fibrin.

2. Materials and Methods

The retrospective study included 28 patients (43-82 years old) who suffered from
osteomyelitis due to medication-related osteonecrosis of the jaw and underwent surgical
treatment at the Division of Oral Surgery, University Dental Center of Medical University
of Gdansk, Poland, between 2019 and 2024. The retrospective research was carried out
following the Declaration of Helsinki principles. Approval from the institutional ethics
committee was obtained (Independent Bioethics Commission for Research, Medical Uni-
versity of Gdarisk, number of approval KB/510/2024). The patients signed an informed
written consent to the surgical procedures.

The analysis considered several factors, including the patients” age, gender, primary
disease, duration of antiresorptive or antiangiogenic drug use (less than 3 years or 3 years
and above), and route of drug administration (intravenous or oral). Additional factors
included the presence of triggers for necrosis development (e.g., tooth extraction, peri-
apical lesion), stage of the disease as classified by the American Association of Oral and
Maxillofacial Surgeons (AAOMS, Table 1), and the extent of the lesions in the clinical and
radiological imaging (less than 3 cm and 3 cm and above). The analysis also evaluated the
type of treatment applied: either surgical removal of the necrotic bone alone or combined
with the local administration of growth factors derived from the patient’s blood. Treatment
success and the duration of the follow-up were assessed. Additionally, several factors influ-
encing a worse prognosis were evaluated, including the use of zoledronic acid, intravenous
administration, treatment duration of at least three years, a previous episode of jawbone
necrosis, and oncological treatment.

Table 1. Classification of MRONJ] by the American Association of Oral and Maxillofacial Surgeons.

- Nonexposed bone

- Non-specific clinical symptoms (odontalgia, dull pain in maxilla-facial
bones/sinuses, altered neurosensory function, teeth loosening, intra-
or extraoral swelling)

- Changes in radiography (bone resorption not compared with
periodontal disease, osteosclerosis)

Stage 0

- Exposed bone or the presence of a purulent fistula

- Presence of clinical symptoms

- Radiographic changes (bone resorption not attributable to periodontal
disease or areas of osteosclerosis)

Stage 1

- Exposed bone or purulent fistula

- Presence of clinical symptoms

- Changes in radiography (bone resorption not compared with
periodontal disease, osteosclerosis)

Stage 2

- Exposed bone or a purulent fistula extending to the alveolar bone
- Pathological fractures

- Oroantral or oronasal communications or fistulas

- Osteolysis extending to the inferior border of the mandible

Stage 3
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Two groups of patients were compared. The first group comprised patients who
received surgical treatment involving the removal of necrotic lesions. The second group
included patients who, in addition to the removal of necrotic lesions, received advanced
platelet-rich fibrin.

2.1. Inclusion Criteria

The study included adult patients with MRON]J who had been treated with antiresorp-
tive or antiangiogenic drugs. The eligibility criteria required bone exposure persisting for a
minimum of 6-8 weeks, the absence of prior head and neck radiotherapy, and no diagnosis
of facial bone metastases. Surgical procedures were performed only on patients in good
general condition with normal results in basic diagnostic tests (e.g., blood morphology).

2.2. Exclusion Criteria

The study excluded patients with osteonecrosis of the jaw who had not been treated
with antiresorptive or antiangiogenic drugs, whose bone exposure persisted for less than
6-8 weeks, who had undergone head and neck radiotherapy, or who were diagnosed with
facial bone metastases. Additionally, underage patients and those who did not provide
consent for treatment were excluded.

2.3. Surgical Procedure

Before the treatment, extraoral and intraoral examinations and radiological diagnostic
imaging were performed. Orthopantomography or cone beam computer tomography
was assessed using the CS 3D Imaging v3.5.18 software (Carestream Health Inc., Trophy,
Croissy-Beaubourg, France). Each patient received 1 g of amoxicillin with cluvuate acid
(0.875 g + 0.125 g; Augmentin, GlaxoSmithKline, London, UK) every 12 h one day before
the procedure. In patients with allergies, 300 mg of clindamycin was administered ev-
ery 8 h starting the day before the surgery (Dalacin C, Pfizer, Brooklyn, NY, USA). The
antibiotic therapy protocol was implemented according to the Recommendations of the
Working Group of the Polish Dental Association and the National Antibiotic Protection
Program regarding the use of antibiotics in dentistry [36]. Additionally, the patients rinsed
their mouths with a 0.1% chlorhexidine solution (Eludril Classic, Pierre Fabre Oral Care,
Lavaur, France).

In the group of patients who received A-PRF before the surgery, 4 tubes of 10 mL
venous blood were collected into sterile, anticoagulant-free, glass-coated plastic tubes.
After that, the tubes were immediately centrifuged (All Centrifuge, Scilogex, LLC, Rocky
Hill, CT, USA). The blood was centrifuged at 1500 rpm for 14 min. Then, the A-PRF clots
were put into a PRF box (Quadrostom, Krakéw, Poland), and A-PRF plugs were made.

The surgical procedure was performed under local anesthesia administered via in-
jection (Figures 2 and 3). The type of anesthesia depended on the location of the lesion.
The nerves were blocked using 4% articaine hydrochloride with 1:100,000 epinephrine
(Septodont, Lancaster, PA, USA). A 15c¢ scalpel blade (Swann-Morton, Sheffield, UK) was
used, and the mucoperiosteal flap was raised. The epithelialized edges of the mucosa
were prepared and debrided. The necrotic bone was curetted, fixed in 10% formalin, and
submitted for histopathological examination. The bottom of the lesion was cleaned down
to the bleeding bone using a rose head bur (Meisinger, Hager, and Meisinger GmbH, Neuss,
Germany) mounted on a surgical straight handpiece (S-11 L G, W&H Dentalwerk Biirmoos
GmbH, Biirmoos, Austria) at 40,000 rpm, with abundant irrigation using 0.9% NaCl. The
wound was rinsed with 20 mL of 0.5% metronidazole solution (Polpharma SA, Starogard
Gdanski, Poland). In the A-PRF group, four wound plugs were placed at this stage. The
wound was sutured without tension, and hemostasis was achieved. A gauze pad was
applied, and the patient was instructed to bite on it and hold it in place for 20 min.
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Figure 2. Treatment without A-PRF. Radiological diagnostic imaging of MRON]J (A-E).
(A) Orthopantomography—area with osteolysis and osteosclerosis located in the mandible on
the anterior area; CBCT (B-E). (B) Axial view—area with osteolysis and osteosclerosis on the anterior
area of the mandible. (C) Orthopantomographic reconstruction—area with osteolysis and osteoscle-
rosis on the anterior area of the mandible. (D) Pseudo-3D reconstruction—area with osteolysis and
osteosclerosis on the anterior area of the mandible. (E) Cross-sectional view—area with osteolysis
and osteosclerosis on the anterior area of the mandible. Intraoral photographs (F-H). (F) Visible
necrotic bone after mucoperiosteal flap elevation. (G) After suturing the wound without tension. (H)
Healing after 2 weeks (red line—panoramic reconstruction site; yellow line — cross-sectional area line;
blue line—cross-sectional area line).
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Figure 3. Treatment with A-PRF. (A) Orthopantomography—area with osteolysis and osteosclerosis
on the left and right sides of the mandible. Intraoral photography (B-D). (B) Exposed necrotic bone
on the right side of the mandible. (C) Intraoral purulent fistula on the left side of the mandible.
(D) Visible necrotic bone after mucoperiosteal flap elevation on the left side of the mandible. A-PRF
preparation (E-G). (E) A-PRF clot. (F) A-PRF in a PRF box. (G) A-PRF plug. Intraoral photographs
(H-M). (H,I) Necrotic tissue was removed, and the bone was bled. (J) A-PRF plug placed intra-wound.
(K) Wound was sutured. (L) Healing after 2 weeks. (M) Healing after 6 weeks.
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Patients continued antibiotic therapy for 14 days in the high-risk group (defined as
receiving zoledronic acid, intravenous bisphosphonates, or the drug for at least 3 years, or
those with a previous episode of jawbone inflammation or necrosis) and for 7 days in the
low-risk group (not meeting these criteria) [36]. The sutures were removed after 14 days.

2.4. Post-Operative Evaluation and Follow-Up

Patients attended regular follow-up appointments: initially at 2 and 6 weeks, then
every 3 months, and annually if the lesions healed properly. For non-healing lesions, the
frequency of visits was adjusted on an individual basis.

2.5. Statistical Analysis

A statistical analysis was performed using the R software (version 4.4.2, the R Founda-
tion for Statistical Computing Platform, Boston, MA, USA). Patients’ age, gender, primary
disease, duration of antiresorptive or antiangiogenic drug use (less than 3 years or 3 years
and above), route of drug administration (intravenous or oral), the presence of triggers
for necrosis development (e.g., tooth extraction, periapical lesion), stage of the disease as
classified by the AAOMS, the extent of the lesions in the clinical and radiological imaging
(less than 3 cm and 3 cm and above), the type of treatment applied, treatment success,
and the duration of follow-ups were quantitatively summarized. Statistical analyses were
performed using the maximum likelihood method. The non-parametric ANOVA test was
used for a comparative analysis. Statistically significant results were accepted for p < 0.05.

3. Results

3.1. Patient Characteristics

A total of 28 patients with MRON] were included in this study. At the time of the
MRON] diagnosis, the patients were aged between 43 and 82 years, with a mean age of
70.2. The female group was larger than the male group (n = 21, 75% vs. n =7, 25%).

Eleven patients (39.3%) had multiple myeloma, seven (25%) had breast cancer, four
(14.3%) had prostate cancer, four (14.3%) had osteoporosis, and two (7.1%) had other. All
patients were treated exclusively with bisphosphonates—either zoledronic acid or alen-
dronic acid. The most common cause of MRON] was the administration of zoledronic acid
for oncological indications (1 = 22, 78.6%). Zoledronic acid was administered intravenously
(100% of cases), and alendronic acid was given only orally. In 20 patients (71.4%), the
antiresorptive treatment lasted longer than 3 years.

The factors contributing to MRON] included surgical procedures or infection in the
oral cavity. These were tooth extraction (n = 25, 89.3%), inflammatory lesions such as
periapical lesions or periodontal disease (11 = 2, 7.1%), or the presence of dental implants
(1/3.6%).

The location in the mandible was more common than in the maxilla (7 = 24, 82.1%
vs. n =5,17.9%). All patients were diagnosed with stage 3 according to the AAOMS
classification. All patients had an intraoral fistula, and two also had an extraoral fistula. In
most cases, the lesion size was up to 3 cm (n = 22, 78.6%). Among the oncological patients,
lesions up to 3 cm occurred in 100% of the patients in the A-PRF group, and in the group
without A-PRF, they were 73%.

Among the non-oncological patients, lesions up to and above 3 cm occurred in the
same number of patients in both groups (three patients each). In the A-PRF group, healing
was complete in 100% of the patients, and in the non-A-PRF group, it was 66.8%. The
average follow-up period was 14.79 months. The demographic and clinical characteristics,
divided into groups with and without A-PRF treatment, are presented in Table 2.
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Table 2. Demographic and clinical features divided into two groups: surgically treated and surgically

treated with A-PRF application.

Surgical

Surgical Treatment

Features and Application of p Value
Treatment A-PRE
Female 12 (42.9%) 9 (32.1%)
Gender 0.2043
Male 2 (7.1%) 5 (17.9%)
) . Female 72.3 years 79.6 years
Average age at MRON] diagnosis -
Male 71 years 64.1 years
Mean age at MRON] diagnosis 72.07 years 68.29 years 0.3928
Oncological disease 11 (39.3% 11 (39.3%
Primary disease & (39.3%) (39.3%) 0.6369
Other diseases 3 (10.7%) 3 (10.7%)
Multiple myeloma 3 (10.7%) 8 (28.6%)
Breast cancer 5 (17.9%) 2 (7.1%)
Type of disease Prostate cancer 3 (10.7%) 1 (3.6%) 0.0383
Osteoporosis 2 (7.1%) 2 (7.1%)
Other 1(3.6%) 1(3.6%)
Zoledronic acid 11 (39.3%) 11 (39.3%)
Type of drug Alendronic acid 3 (10.7%) 3 (10.7%) 0.1708
Other 0 (0(70) 0 (00/0)
Duration of antiresorptive or Less than 3 years 6 (21.4%) 2(7.1%) 0.3097
antiangiogenic drug use 3years and above 8 (28.6%) 12 (42.9%) ‘
Intravenous 11 (39.3%) 11 (39.3%)
Route of administration 0.7993
Oral 3 (10.7%) 3 (10.7%)
Presence of triggers for Yes 14 (100%) 14 (100%) 0.4490
necrosis development No 0 (0%) 0 (0%) '
Mandible 12 (42.9%) 11 (39.3%)
Localization of MRON]J 0.6369
Maxilla 2 (7.1%) 3 (10.7%)
Less than 3 cm 10 (35.7%) 12 (42.9%)
Size of lesion 0.3757
3 cm and above 4 (14.3%) 2 (7.1%)
Yes 8 (28.6%) 10 (35.7%)
Treatment success 0.4489
No 6 (21.4%) 4 (14.3%)
Mean follow-up period 11.1 months 18.1 months 0.0521

3.2. Comparison of the Impact of A-PRF Use in Relation to Demographic and Clinical Features

The use of A-PRF was compared in relation to demographic and clinical features.
No statistical significance was found for the healing and location of lesions (mandible
vs. maxilla, p = 0.4373) or the size of the lesion (less than 3 cm vs. 3 cm and above,
p = 0.8957). Statistical significance was obtained only for the presence of healing and the
number of additional risk factors (1-5), including zoledronic acid use, intravenous drug
administration, drug use for at least three years, a previous episode of jawbone necrosis, or
oncological treatment (p = 0.006989).

The obtained healing distribution was binomial (presence or absence of healing). Esti-
mation of the probability of healing using the maximum likelihood method provided a result
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of approximately 64%. The probability of ten or more healed patients in the A-PRF group
was 41%. A-PRF helps with a probability of 59%. Concomitantly, the differences between the
group with A-PRF and without A-PRF were not statistically significant (p = 0.449).

4. Discussion

For patients planned to receive oncological or osteoporosis treatment with drugs
associated with MRON], prophylactic management should be pivotal. Therapy with antire-
sorptive and antiangiogenic drugs should be started only after eliminating the infection foci
in the oral cavity. The patient should undergo a clinical and radiological evaluation or at
least an orthopantomographic examination. In complex cases, such as previous endodontic
treatments, periodontal disease assessments, or completely impacted teeth, additional
tissue evaluation in CBCT may be necessary [10-12].

Due to the challenges in treating medication-related osteonecrosis of the jaw, various
therapy approaches are undertaken, including non-surgical and surgical treatments, as
well as a combination of both. Alternative techniques are also explored. According to
the American Association of Oral and Maxillofacial Surgeons, in the initial stage (stage 0)
of the disease, the primary goal is to eliminate irritating factors. Patients are advised to
rinse their mouths with 0.12% chlorhexidine. Antibiotic treatments, typically amoxicillin
with clavulanic acid or clindamycin, are recommended in the cases of infection. Pain and
inflammation management includes analgesics and anti-inflammatory medications. For
patients with mucosal damage but no symptoms of infection (stage I), treatment follows
the same protocol as in stage 0. In the case of pain, low-level laser therapy (LLLT) can
be introduced for biomodulation. In stage II, where bone exposure is accompanied by an
active infection, antibacterial, anti-inflammatory, and antiseptic rinses are necessary. At
this stage, radiological examination often reveals bone lysis with sequestration. Surgical
treatment should be considered as a last resort, as it may exacerbate the lesion progression.
Alternatively, a superficial MRON] debridement can be performed. In the advanced stage
(II), surgical treatment is necessary. In stage III, intraoral and extraoral purulent fistulas and,
in some cases, pathological fractures are observed. Surgical procedures include sequestrum
removal, bone debridement down to healthy bone, or segmental resection [1,2,4,34,35]. In
addition to LLLT, other supportive therapies include hyperbaric oxygen therapy (HOT),
photobiomodulation, ozone therapy, blood-derived platelet-rich preparations enriched
with growth factors, and recombinant human bone morphogenetic proteins (rhBMP).
Additional pharmacological treatments involve teriparatide, pentoxifylline, and vitamins E
and D. However, alternative methods should not be used as monotherapy but rather as
part of a multimodal treatment approach [34,35,37-44].

A-PRF is an autogenous, non-allergenic, and non-immunogenic blood-derived platelet-
rich preparation enriched with growth factors. Due to the presence of growth factors, it
promotes healing and helps reduce postoperative complications. Wound healing is sup-
ported by the gradual release of growth factors (for up to 4 weeks), which enhances
regenerative processes, such as cell proliferation and differentiation—particularly of fibrob-
lasts, endothelial cells, and osteoblasts—crucial for both soft and hard tissue regeneration. It
also stimulates neovascularization, modulates inflammation, and accelerates the formation
of epithelium and connective tissues [29-35].

The available studies about platelet-rich preparations are case reports [45-49] or
were used in prophylaxis (e.g., filling the post-extraction socket) [50-55] or other blood
products—PREF [46,51,53,56-58] and L-PRF [45,47,48,52,54,59—-64]. A-PRF has been used in
an animal model [65] and in one case report article [66]. Three original publications analyzed
A-PRF+, not A-PRF, as it differs in the production process compared to A-PRF [49,67,68].
In the available studies, the authors reported that the addition of blood-derived agents
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was a valuable addition, supported healing, and even led to the complete healing of le-
sions. In a study using PRF, de Almeida Barros Mourao et al. [56] achieved complete treat-
ment success, while in the case of L-PRF, Zelinka et al. [59]—85-94%, Ozalp et al. [60]—69%,
Aslam et al. [62]—100%, and Yalcin-Ulker [63] achieved a success rate of 80%.

To date, our study is the only one to have investigated A-PRF and its effect on healing
in patients with MRON]J. More than 85% of the study participants were oncology patients
treated with zoledronic acid administered intravenously. Moreover, the lesions were highly
advanced, classified as stage III according to AAOMS. This could have influenced the
treatment outcomes. In our study, whether the patient was an oncology patient or not
had no impact on the healing process at such advanced stages, regardless of the use of
A-PRF. Referring to studies analyzing A-PRF+ (not A-PRF), Giudice et al. [49] reported
that 74.5% of their study group consisted of oncology patients, with a predominance of
stage 1I cases according to AAOMS (53%) over stage III (47%). Their findings indicated
that A-PRF+ improved the patients” quality of life in the first month after the procedure,
reducing both pain and the risk of post-procedure infections. This relationship was not
observed in later follow-up periods. Blatt et al. [68] also primarily evaluated oncology
patients (84.7%); however, the majority (78.8%) had AAOMS stage I disease, while only
1.9% had stage III disease. Their study found no statistical correlation between healing and
the use of A-PRF+. Roman et al. [67] had a heterogeneous study group, including patients
with MRON] who had undergone radiotherapy and cases with a combination of MRON]
and radiotherapy. Among patients with MRON], 60.5% were taking oral antiresorptive
drugs, which is considered a lower-risk group for MRON] based on current knowledge.
Regarding MRON] staging, 42.5% of patients were classified as AAOMS stage II, 18.5% as
stage I, and 3.7% as stage III. This study concluded that A-PRF+ may serve as an adjunctive
method to support wound healing; however, no correlation was found with reductions in
disease severity, pain, or oral health-related quality of life.

The early and accurate diagnosis of medication-related osteonecrosis of the jaw is
pivotal. Our article broadens the knowledge to include the latest advances in diagnosis
and treatment of MRON]. This article presents diagnostic methods as well as a simple and
cheap technique of treating MRON] using A-PRF. Most importantly, it is non-allergenic
and does not cause immunological reactions. Biocompatible healing and the pursuit of
nature is called biomimetic treatment. Many patients may require this type of treatment
from their doctor due to their beliefs or religion.

The study was limited by the relatively small study group, and the treatment was
used only in the advanced stages (which could have resulted in worse treatment results). It
would be valuable to compare two groups that are homogeneous in terms of the number of
participants and the stage of disease progression but differ in the indication for antiresorptive
therapy—oncologic versus non-oncologic patients. A significantly better response to A-PRF
treatment was observed in the case of small lesions. Some patients experienced progression
of the neoplastic disease, which resulted in a deterioration of their general condition and
could have contributed to possible healing failure in the group with or without A-PRF.

Future research directions should focus on large cohort studies. It is important to
remember to support the treatment with antibiotic therapy. An interesting solution would
be a combined treatment with pentoxifylline and tocopherol, then performing a surgi-
cal procedure—bone debridement with additional bone ablation with a laser and the
application of growth factors in an antibiotic cover, followed by laser biostimulation.

5. Conclusions

The patients with medication-related osteonecrosis of the jaw should undergo regular
check-ups, including radiological examinations, at least every six months to detect possible
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recurrence. MRON] treatment is prolonged and challenging. Non-advanced lesions, in the
absence of additional risk factors (such as zoledronate treatment administered intravenously
for oncological reasons over a period of more than 3 years), tend to have a better prognosis.
In some cases, alternative therapies may support surgical treatments. A-PRF may enhance
MRON] healing. However, there is no evidence of a significant effect of A-PRF on the healing
of MRON]J. We believe that increasing awareness and understanding of these therapeutic
approaches is essential. Further studies on the use of A-PRF in the treatment of MRON] are
needed in a homogeneous, large study group in oncological and non-oncological patients.
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Abbreviations

99Tem-DPD  technetium-99m dicarboxypropane diphosphonate

99Tcm-MDP  technetium-99m methylene diphosphonate

A-PRF advanced platelet-rich fibrin

A-PRF+ advanced platelet-rich fibrin +

AAOMS American Association of Oral and Maxillofacial Surgeons
anti-mTOR anti-mammalian target of rapamycin

anti-RANKL  anti-receptor activator of nuclear factor-kappaB ligand antibody
anti-VEGFR  anti-vascular-endothelial growth factor receptor

BPs bisphosphonates

CBCT cone beam computed tomography

F18-FDG fludeoxyglucose F18

HOT hyperbaric oxygen therapy

L-PRF leukocyte platelet-rich fibrin

LLLT low-level laser therapy

MRI magnetic resonance imaging

MRON]J medication-related osteonecrosis of the jaw

PET/CT positron emission tomography/computed tomography
PRF platelet-rich fibrin

rhBMP recombinant human bone morphogenetic proteins
SPECT/CT single-photon emission computed tomography
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