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Abstract: Periodontitis is a disease of inflammation that affects the tissues supporting the periodontium. It is triggered by an
immunological reaction of the gums to plaque, which leads to the destruction of periodontal attachment structures. Periodontitis is one
of the most commonly recognized dental disorders in the world and a major factor in the loss of adult teeth. Scaling and root planing
remain crucial for managing patients with persistent periodontitis. Nevertheless, exclusive reliance on mechanical interventions like
periodontal surgery, extractions, and root planning is insufficient to halt the progression of periodontitis. In response to the problem of
bacterial resistance, some researchers are committed to finding alternative therapies to antibiotics. In addition, some scholars focus on
finding new materials to provide a powerful microenvironment for periodontal tissue regeneration and promote osteogenic repair.
Nanoparticles possess distinct therapeutic qualities, including exceptional antibacterial, anti-inflammatory, and antioxidant properties,
immunomodulatory capacities, and the promotion of bone regeneration ability, which made them can be used for the treatment of
periodontitis. However, there are many problems that limit the clinical translation of nanoparticles, such as toxic accumulation in cells,
poor correlation between in vitro and in vivo, and poor animal-to-human transmissibility. In this paper, we review the present
researches on nanoparticles in periodontitis treatment from the perspective of three main categories: inorganic nanoparticles, organic
nanoparticles, and nanocomposites (including nanofibers, hydrogels, and membranes). The aim of this review is to provide
a comprehensive and recent update on nanoparticles-based therapies for periodontitis. The conclusion section summarizes the
opportunities and challenges in the design and clinical translation of nanoparticles for the treatment of periodontitis.
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¢ Discussing the pathogenic factors and clinical treatment of periodontitis.

¢ Emphasizing the role played by nanoparticles in periodontitis therapy: antibacterial, anti-inflammatory, or period-
ontal regeneration.

e Reviewing the present and future research on the application of nanoparticles in periodontitis treatment from the
perspective of three main categories: inorganic nanoparticles, organic nanoparticles, and nanocomposites.

¢ Presenting the challenges and prospects of nanoparticles in periodontitis therapy.

Introduction
Periodontitis is a complex inflammatory disease that occurs in periodontal supporting tissue.' In a statistical analysis
investigating the occurrence of periodontitis in 17 nations over the course of the last decade, it was found that the
prevalence of periodontitis was approximately 60%. Furthermore, the proportion of severe periodontitis reached
a significant 24%.>

Periodontitis is often referred to as a “silent” disease because it is seldom associated with obvious signs and
symptoms unless the disease has progressed to an advanced stage.’* Untreated periodontitis may end up in the
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destruction of the supporting tissue of the teeth, potentially causing tooth loss and diminished quality of life, particularly
in severe instances.” However, periodontitis is not only a local phenomenon, periodontal pathogens and their metabolites
and inflammatory mediators can enter the bloodstream, thus causing the development of systemic diseases.®’ Such as,
there is an established link between periodontitis with diabetes, metabolic syndrome, cardiovascular disease, and chronic
kidney disease.® ' In addition, associations to be confirmed exist between periodontitis and several other diseases, such
as adverse pregnancy outcomes,'' Alzheimer’s disease,'? and cancer."?

Scaling and root planing (SRP) is the prevailing treatment for periodontitis,'* with the goal of eliminating both
supragingival and subgingival plaque and tartar. For the clinician, proper execution of SRP is an effective but challenging
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process that requires a rigorous, meticulous approach.'>'® Mechanical treatment alone cannot stop progressive period-
ontitis because of periodontitis is driven by bacteria that cannot be removed thoroughly by mechanical instruments. This
requires some complementary treatment to improve, such as mouthwash, antibiotics, probiotics, and so forth.'” '’
However, in recent years, periodontal pathogens have also developed antibiotic resistance, which has affected the success
of periodontitis treatment. Hence, alternative antibacterial approaches are required to effectively manage and cure
periodontal disease.’® In addition, guided tissue regeneration/guided bone regeneration (GTR/GBR) seems to be
a favorable alternative for some patients with severe periodontitis who continue to have unsatisfactory results after the
completion of basic periodontal treatment.”’ However, no GTR/GBR membrane meets all the requirements of good
mechanical strength, suitable degradation rate, satisfactory osteogenesis, and clinical operability at the same time.*
Therefore, it is crucial to pursue more efficient therapies to tackle these issues.

Nanomaterials have been widely noticed in many biomedical fields, particularly in the realm of cancer research.? =
In the past few years, therapeutic nanoparticles (NPs), as a developing engineering solution for treating periodontitis,
have received extensive attention.”’ >* NPs possess distinct therapeutic qualities, including exceptional antibacterial,
anti-inflammatory, and antioxidant properties, immunomodulatory capacities, and the promotion of bone regeneration
ability. These attributes are a result of the material’s inherent characteristics and its combination with various medica-
tions. Silver NPs have excellent antimicrobial activity against periodontitis pathogens.*® The combination of silver
nanoparticles with the anti-inflammatory drug ebselen improves biosafety and provides synergistic anti-inflammatory and
antibacterial effects.® Bai et al delivered minocycline hydrochloride (MH) using polydopamine (PDA)-functionalized
mesoporous silica. The remodeling of the periodontitis microenvironment by the synergistic action of PDA and MH
resulted in a decrease in ROS levels and the conversion of macrophages to an anti-inflammatory phenotype.*> According
to the latest research, we are of the opinion that NPs have the potential to be crucial in the future management of
periodontitis.

There are few reviews about nanoparticles in the treatment of periodontitis. Previously, the role of some single classes
of nanoparticles in periodontitis treatment has been summarized in the literature, such as metal nanoparticles.>® Several
studies have also investigated nanoparticles for use in periodontal delivery systems.’” ** Shawky et al presented the
application of periodontal membranes loaded with antibiotics, metal nanoparticles, and metal oxides for topical period-
ontal drug delivery.*' In conclusion, the current study lacks a systematic introduction of nanoparticles for the treatment of
periodontitis. This article examines the NPs currently employed in the treatment of periodontitis. These NPs vary in size
from 1 to 1000 nm>*®*?

(including nanofibers, hydrogels, and membranes) (Figure 1). The objective of this review is to offer a more thorough

and are categorized into three groups: inorganic NPs, organic NPs, and nanocomposites

analysis of the present research progress on the use of NPs in managing periodontitis. This review summarizes the

challenges and future directions of NPs in the treatment of periodontitis.

Nanomaterials, A New Strategy Treating Periodontitis

Pathologic Mechanisms and Treatment of Periodontitis

Periodontal disease is an infectious disease involving multiple pathogenic factors and risk promoters. Conventional
wisdom suggests that penetration of periodontal tissues by specific bacteria and/or their metabolites is a key step in the
pathogenesis of periodontitis.*> For instance, Porphyromonas gingivalis (P. gingivalis) has been recognized as such a key
pathogen.** However, monocausal ideas lack support from in vivo or situ evidences. Instead, more evidence suggests that
periodontitis is associated with ecological disorders.* Ecological dysbiosis refers to changes in the quantity or influence
of specific species within a diverse microbial community, which disrupts the homeostasis of the host microorganisms and
leads to immune-related destructive inflammation.*® Periodontal health requires a controlled state of immune inflamma-
tion capable of maintaining a state of host-microbe homeostasis within the periodontium.*” Plaque biofilms, believed to
be the causative agent of periodontitis, are organized aggregates of microorganisms that exist within a complex
intercellular matrix.*® Once the host-microbe homeostasis is disrupted, periodontal inflammation (unattached loss and

resorption of alveolar bone) occurs. When ecologically dysfunctional microbiota act on the periodontal tissue of
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Figure | Classification and structural description of nanoparticles for the treatment of periodontitis. Created with BioRender.com.

a susceptible host. Plaque microorganisms are pathogenic either directly by damaging periodontal tissues through their
metabolites or indirectly by causing an immune response in the host.*’

Host susceptibility is also essential in the progression of periodontitis. In individuals who are susceptible, the host
response is dysregulated and destructive. Although bacteria are necessary for disease pathogenesis, it is primarily an
excessive inflammatory response of the host to this microbial challenge that ultimately leads to periodontal tissue
damage. In turn, the tissue breakdown products caused by inflammation can serve as nutrients for bacteria. Thus,
inflammation and ecological disorders are mutually reinforcing.*”>' Neutrophils are the first line of defense against
pathogens and employ many defense mechanisms such as degranulation, chemotaxis, phagocytosis, neutrophil extra-
cellular traps, and the generation of reactive oxygen species (ROS).>? Normally, ROS are produced primarily to act as
antimicrobials, but excessive ROS can lead to an increased oxidative load. When the balance between antioxidants and
ROS is disrupted, oxidative stress is generated within the affected tissues, resulting in pathological change that ultimately
leads to the destruction of host tissues.

The primary objective of periodontal therapy is to remove inflammation while promoting the restoration and
regeneration of periodontal tissues, thereby restoring the physiology and function of periodontal tissues. Current clinical
treatments focus on eliminating bacteria, but regeneration of periodontal tissues remains a challenge. Periodontal tissues
have limited regenerative capacity and do not restore their function on their own after disease.’>>* Scholars have been
trying to explore more effective therapeutic strategies to restore periodontal tissue function to address the shortcomings
and deficiencies of existing treatments. The progress in nanotechnology has enabled the creation of nanomaterials with
diverse functional characteristics for the supplementary treatment of periodontitis and the regeneration of periodontal
tissues.>>>3%36 Nevertheless, these endeavors are currently in the exploratory phase. It will be a great breakthrough in
periodontitis treatment if solving the problems of tissue regeneration after periodontitis.
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Adjunctive pharmacotherapy aims to inhibit “periodontal pathogens” and the pathological process of periodontitis,
including inhibition of reactive oxygen species production, excessive inflammatory reaction, and apoptotic cell death.
Improvement of the microenvironment in periodontitis protects both the undamaged tissues from damage and some of
the already damaged tissues from further deterioration. In addition, the combination of nanoparticles and scaffolds has
the characteristics of both. The integration of nanoparticles’ functional properties with the scaffold material’s exceptional
mechanical characteristics and biocompatibility holds promise for addressing the limitations in bioactivities and
physicochemical functions observed in current tissue-engineered membranes, which will offer a fresh approach to
therapy for periodontal tissue regeneration.

Nanoparticles Improve the Periodontal Microenvironment

Based on the above characteristics, functional nanomaterials ameliorate these pathological processes of periodontitis.
More precisely, these methods can be classified into the subsequent three domains. The first method is directly impeding
the formation and maturation of periodontally relevant pathogenic bacteria and plaque biofilms. For instance, silver
NPs>’ and iron oxide NPs*® with magnetic fields can kill bacteria, platinum NPs are both antibacterial and biofilm-
eliminating,”® and carbon quantum dots can penetrate biofilms.®™®' Due to its different antibacterial mechanism in
comparison to antibiotics, the main advantage of NPs is their ability to slow down the emergence of antimicrobial
resistance.

The second approach involves mitigating tissue damage by improving the periodontitis microenvironment and
utilizing the tissue’s own reparative and regenerative capacity. For example, cerium oxide NPs®* and polydopamine
NPs® have antioxidant and ROS scavenging effects. In addition, some nanomaterials are used for drug transportation.
Including inorganic NPs such as hydroxyapatite NPs (deliver tetracycline and ibuprofen),®* silver NPs (deliver chlorhex-
idine or metronidazole),*> and mesoporous silica NPs (deliver chlorhexidine and silver ions);°® organic NPs such as
chitosan (deliver minocycline),®’ poly lactic-co-glycolic acid NPs (deliver metformin).®®

In addition, a third approach is to promote periodontal tissue regeneration, using NPs by themselves or in combination
with other active ingredients as scaffolds to treat periodontitis and achieve substantial functional recovery. For example,
AuNPs can promote osteogenic differentiation by activating autophagy and other pathways.® Incorporation of MgONPs
into scaffold materials enhances membrane tensile strength and modulates degradation rate, while small-dose release of
magnesium ions promotes osteogenic differentiation.”

Inorganic NPs

Inorganic nanoparticles can be readily constructed, engineered, and fabricated into a variety of sizes, structures, and
geometries, such as nanospheres, nanorods, and nanostars.”'’* The nanomaterials synthesized typically exhibit consis-
tent dimensions, primarily in the range of tens of nanometers, and possess excellent dispersibility. The inherent
characteristics of certain inorganic elements, such as the osteogenic differentiation-promoting effect of Au, may help
to treat periodontitis.”>’® Appropriate modifications can make them easier to internalize and improve bioavailability.””-”®
It is widely acknowledged, therefore, that studies are necessary to ensure the safety of inorganic nanoparticles for in vivo

applications.

Metallic NPs
Silver NPs
Silver NPs (AgNPs) with a size of less than 100 nm and a uniform spherical shape have high and broad-spectrum
antimicrobial activity.”” Antibacterial mechanisms of AgNPs include but are not limited to, the released silver ions can
disrupt the cell walls and cell membranes, denature ribosomes, interrupt adenosine triphosphate production, and interfere
with DNA replication.”” Beyond the common roles of antibacterial, antifungal, and drug carriers, AgNPs have been
observed to enhance human periodontal ligament fibroblasts (HPDLFs) osteogenic differentiation in a dose-responsive
way at the concentration range of 25-100 pM.*°

The biosynthetic approach offers significant advantages over physical and chemical synthesis methods as it represents
a non-toxic and more sustainable approach to the synthesis of NPs. The green chemistry approach focuses on
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environmental concerns, efficiency, and economy.®' Prapaipittayakhun et al biosynthesized AgNPs using the stem bark
extract of Oroxylum indicum (L.) Kurz (OI) as a reducer. They then investigated the biological properties of OI/Ag NPs
on human periodontal ligament stem cells (hPDLSCs). Acquired materials enhanced the proliferation of H,O,-treated
hPDLSCs and reduced the production of interleukin 1 beta (IL-1B) in lipopolysaccharide (LPS)-treated hPDLSCs. LPS,
also known as endotoxin, which is a crucial constituent of the outermost membrane of gram-negative bacteria, might
activate the immune system and cause severe infectious diseases.® OI/Ag NPs improved the alkaline phosphatase (ALP)
activity and calcium concentration of hPDLSCs, which was beneficial for osteoblast differentiation.®

In another study, Steckiewicz et al created AgNPs that were combined with chlorhexidine (AgNPs-CHL) or
metronidazole (AgNPs-PEG-MET). Compared to AgNPs-PEG-MET, AgNPs-CHL had greater antibacterial efficacy
despite having higher cytotoxicity. Anyway, both NPs showed beneficial properties at non-toxic concentrations. They
both decreased the levels of the pro-inflammatory cytokines such as IL-1f, IL-6, IL-8, and TNF-a and the metallopro-
teinases MMP3 and MMPS8 which suggests that they hinder tissue breakdown.®’

AuNPs
The first biomedical applications of AuNPs occurred in the 1970s.** Since then, different modified AuNPs have been
employed to make progress in the management of periodontitis. It reported that 45 nm AuNPs could induce human
periodontal ligament cells (hPDLCs) differentiation and regulate the periodontitis microenvironment by modulating the
phenotype of macrophages. In vivo, treatment with 45 nm AuNPs showed a significant increase in newly developed
periodontal tissues.® Their capacity to stimulate differentiation may rely on the initiation of the autophagic pathway by
upregulating the expression of microtubule-associated protein light chain 3 (LC3) and downregulating the expression of
sequestosome 1/p62.°° In another study, Zhang et al effectively synthesized L/D-cysteine-anchored AuNPs (L/D-Cys-
AuNPs). In vitro experiments showed that more L-type NPs tended to be internalized in hPDLCs than D-type NPs and
had a more noticeable effect on the osteogenesis of hPDLCs. Moreover, animal experiments indicated that L-type NPs
could activate the autophagy of cells, leading to the greatest effect on cell differentiation and periodontal regeneration.”

The researchers found that treatment with AuNPs repaired the autophagic lysosomal system damaged by inflamma-
tion. As a result, the ability of bone formation in periodontal ligament stem cells (PDLSCs) nurtured under inflammatory
circumstances was restored.®® Transcriptional factor EB (TFEB), a key controller of autophagy and the creation of
lysosomes, is commonly recognized as a component that promotes cell survival.®” The collapse of TFEB in PDLSC
rendered AuNPs ineffective. Meanwhile, human B-defensin 3 (hBD3), a peptide with wide-ranging antibacterial proper-
ties, has been demonstrated to possess diverse biological activities in periodontitis.*® The combination of hBD3 and
AuNPs has a notable effect on enhancing the process of osteogenic differentiation in hPDLCs inside inflammatory
microenvironments by stimulating the Wnt/B-catenin signaling pathway.’® Additionally, AuNPs can enhance the process
of bone-forming differentiation in hBD3 gene-modified hPDLCs and contribute to periodontal regeneration through the
activation of the p38 MAPK pathway.®

In addition to the above-mentioned applications of AuNPs in promoting osteogenic differentiation, AuNPs have also
been employed as photothermal therapeutic agents in the treatment of periodontitis. Using near-infrared (NIR) light as an
excitation source is preferred because red light can penetrate deeper compared to other lasers.”® AuNPs have favorable
photothermal and antibacterial characteristics when exposed to NIR radiation.”’ Among AuNPs, metal-phenolic networks
(MPNs) are versatile hybrid nanomaterials created through the binding of metal ions with polyphenols. These nanoplat-
forms have a diverse array of potential uses in the field of pharmaceuticals.”> Wang et al prepared a novel photothermal
nanocomposite by encapsulating MPNs onto the surface of branched AuAg NPs. The photothermal characteristics of
AuAg NPs (AuAg@PC-Fe) were enhanced by this method, along with a decrease in oxidative stress and inflammation.
AuAg@PC-Fe demonstrated the ability to efficiently eradicate periodontal bacteria when exposed to 808 nm near-
infrared light. In addition, AuAg@PC-Fe inhibited the nuclear factor kappa-B signaling pathway to treat periodontitis.”>
Dong et al incorporated epigallocatechin gallate (EGCG) into a hydrogel modified with gold nanoparticles (E-Au@H) to
enable NIR photosensitization, antibacterial activity, and regeneration of periodontal tissue (Figure 2A). The E-Au@H
was quickly heated to a temperature of 50.7°C in under 5 minutes when exposed to NIR light, demonstrating
a remarkable photothermal effect (Figure 2B and C). Moreover, the release of EGCG was effectively controlled by
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Figure 2 (A) Schematic of near-infrared-triggered tea polyphenol-modified gold nanoparticle-loaded hydrogel for the treatment of periodontitis. The E-Au@H was rapidly
heated under NIR irradiation to release EGCG, which sterilizes the bacteria, enhances vascular development, and accelerates the regeneration of periodontal bone tissue.
(B) Thermal image of the sample captured after 5 minutes of exposure to infrared radiation. (C) The temperature variation profiles of various materials following 5 minutes
of 808 nm NIR irradiation. (D) Quantification of CEJ-ABC distance in maxillary molars. (E) Quantitative results of the bacterial standard plate counting method. **P < 0.01,
and ***P < 0.001. Reprinted from Materials & Design, 225, Dong Z, Lin Y, Xu S, et al. NIR-triggered tea polyphenol-modified gold nanoparticles-loaded hydrogel treats
periodontitis by inhibiting bacteria and inducing bone regeneration, |11487. Copyright 2023 with permission from Elsevier.”

Abbreviations: NaBH,, sodium borohydride; EGCG, epigallocatechin gallate; Alg, sodium alginate; PVA, polyvinyl alcohol; NIR, near-infrared; E-Au@H, EGCG was loaded
into gold nanoparticle-modified hydrogels; PTT, photothermal therapy; BMP2, bone morphogenetic protein2; Runx2, runt-related transcription factor 2; OCN, osteocalcin;
OPN, osteopontin; ALP, alkaline phosphatase; CEJ-ABC, from the cementoenamel junction to the alveolar bone crest; CFU, colony-forming unit; HL (Red), healthy group;
Control (Yellow), periodontitis untreated group; E-Au@H (Blue), periodontitis treated with E-Au@H; E-Au@H+NIR (Green), periodontitis treated with E-Au@H+NIR.

NIR irradiation, and the released EGCG could enhance the antibacterial impact, stimulate angiogenesis, and improve the
process of osseous regeneration. In a rat periodontitis model, after a 4-week treatment, the E-Au@H+NIR group
inhibited 87% of plaque biofilms and reduced the distance between the cementoenamel junction and the alveolar bone
crest (CEJ-ABC distance) by approximately 38% compared to the periodontitis group (Figure 2D and E). Based on the
experimental findings, this hydrogel including a NIR responsive composite nano platform presents novel prospects for

the management of periodontal disease.”

Platinum NPs
Platinum NPs (PtNPs) are agglomerations of platinum atoms that measure between 1 to 100 nanometers in size. PtNPs
exhibit exceptional biocompatibility, remarkable durability, and possess surface chemistry, and are widely applied in the
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biomedical domain, particularly in the areas of cancer treatment and photothermal therapy. However, relatively few
studies have been conducted on the application of PtNPs in periodontal treatment.

Itohiya et al examined the antimicrobial properties and potential for decomposition of organic matter of PtNPs made
by infrared pulsed laser irradiation methods.>® Colony formation of P. gingivalis was completely inhibited at concentra-
tions of PtNPs greater than 5 ppm. Results proved that PtNPs could deactivate LPS by decomposing it. In short, PtNPs
are promising for use in periodontal therapy.

Wau et al prepared an injectable ointment using Pt nanoclusters (PtNC) modified graphitic carbon nitride (CN) and
PEG400/PEG4000. The ointment (named CN-PtNCs) showed oxidase-like or peroxidase-like abilities and could produce
ROS to kill pathogens. Experiments showed that CN-PtNCs exhibited strong biofilm elimination against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli). The results showed that CN-PtNC groups reduced the CEJ-ABC
distance and probing depth (distance from the gingival margin to the bottom of the periodontal pocket) (P < 0.05), which
means that periodontal inflammation was relieved and the results were better than the clinical standard drug. Finally, the
CN-PtNCs, characterized by good biocompatibility, high bioavailability, and anti-inflammatory and analgesic properties,
demonstrated good therapeutic effects on periodontitis in rats.”

Metal Oxides NPs

With the development of nanomaterials, some nanomaterials, such as metal oxides, have been found to have efficient
catalytic activity similar to that of natural enzymes. Nanomaterials with enzyme-like properties are called
“nanoenzymes”.”®®” Since the first report of Fe;0, nanoenzymes in 2007, many kinds of nanoenzymes have been
developed and have shown great potential for applications in biochemical testing, environmental management, and
disease diagnosis. Metal oxide nanoenzymes, which avoid the instability and low yield of natural enzymes, also
demonstrate significant promise for utilization in the field of periodontitis treatment.

Cerium oxide NPs (CeO,NPs) are typical and widely explored nanoenzymes with multiple enzymatic activities,
including superoxide dismutase (SOD) and catalase (CAT)-like activities, oxidase mimetic activity, and hydroxyl radicals
(‘OH) scavenging capacity. Yu et al investigated the impact of CeO,NPs on ameliorating the microenvironment of
periodontitis, and the mechanism by which it exerts anti-inflammatory effects. The findings from both in vitro and in vivo
provided evidence of the ability of CeO,NPs to scavenge various types of ROS and suppress inflammatory responses
induced by ROS in the presence of LPS. Furthermore, CeO,NPs could hinder the MAPK-NF-«B signaling pathway, so
effectively suppressing pro-inflammatory factors’ production. CeO,NPs have been found to effectively reduce alveolar
bone resorption, osteoclast activity, and inflammation in a rat model of periodontitis.®” Ren et al synthesized
a multifunctional nanocomposite (MSN@Ce@PEG NPs) by loading CeO, onto the surface of mesoporous silica
(MSN) and then being modified with PEG (Figure 3A). The authors explored the anti-oxidative stress damage and
in vivo therapeutic effects of the obtained NPs in a rat model, as well as potential biotoxicity. The results of the
experiment showed that the obtained NPs exhibited good biocompatibility. The materials were able to prevent the
inflammatory destruction of periodontal tissues in addition to effectively regulating intracellular ROS and enhancing the
differentiation of hPDLSCs. The levels of bone loss and BV/TV ratios indicated that injection of MSN@Ce@PEG
inhibited bone resorption (Figure 3B-D).”®

Engineered magnetic nanoparticles (MNP) have a unique design and precision for a range of medical uses in the
environmental and biomedical fields.”>*'® Sun et al co-loaded Ce6 and Coumarin 6 (C6) into Fe;O4-silane core-shell
structures to form multifunctional NPs (Fe;O4-silane@Ce6/C6 MNPs). The multifunctional NPs are non-cytotoxic and
have a range of characteristics, such as chemical stability, water solubility, and superparamagnetic qualities. Compared to
the control, Fe;Oy4-silane@Ce6/C6-mediated antimicrobial PDT demonstrated a significantly higher reduction in biofilm.
The reduction of biofilm colony-forming units by Fe;O4-silane@Ce6/C6-mediated antimicrobial PDT was about 4-5
orders of magnitude. The co-loading of Ce6 and C6 allowed real-time monitoring of antimicrobial PDT by ratiometric
emission at the same wavelength. Fe;O, with the magnetic field was able to kill bacteria by the magnetic field and thus
target the site of infection. All things considered, Fe;O4-silane@Ce6/C6 MNPs showed strong anti-biofilm action against
pathogens linked to periodontitis while maintaining good biocompatibility, time-monitoring, and magnetic localization
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Figure 3 (A) Synthesis and application of MSN@Ce@PEG NPs in the treatment of periodontitis. (B-D) Quantitative measurements of alveolar bone loss of both buccal and
palatal areas. *P < 0.05, **P < 0.01, **P < 0.001, and N.S. means P > 0.05. Reprinted from Chemical Engineering Journal, 423, Ren S, Zhou Y, Fan R, et al. Constructing biocompatible
MSN@Ce@PEG nanoplatform for enhancing regenerative capability of stem cell via ROS-scavenging in periodontitis, 130207. Copyright 2021 with permission from Elsevier.”®
Abbreviations: MSN, mesoporous silica nanoparticles; CeO,, cerium oxide; MSN@Ce, CeO, onto the surface of MSN; MSN@Ce@PEG, MSN@Ce modified with PEG;
ROS, reactive oxygen species; BV/TV, bone volume/tissue volume; Control, no periodontitis group; P+Saline, periodontitis with saline; P+MSN, periodontitis with MSNs; P
+MSN@Ce@PEG, periodontitis with MSN@Ce@PEG NPs.

capability. The use of multifunctional nanoparticles in antimicrobial applications to stop the progression of periodontitis

shows considerable promise.®

Research on magnesium oxide nanomaterials in periodontitis treatment has focused on periodontal tissue regeneration.
The findings demonstrated that adding magnesium oxide NPs (MgONPs) to poly (L-lactic acid) (PLA)/gelatin considerably
enhanced the membranes’ overall performance. This included boosting the membranes’ tensile strength to preserve structural
stability and modifying their rate of degradation to account for periodontal tissue. In vitro, studies have shown that the
multifunctional membranes have considerable antimicrobial and osteogenic properties and are of great value for the
regeneration of tissues. In a model of periodontal defects in rats, the MgO-embedded membranes effectively guided the
regeneration of periodontal tissues.”® Peng et al prepared polycaprolactone (PCL)/gelatin core-shell nanocellulose mem-
branes doped with MgONPs, called Coaxial-MgO, using the coaxial electrostatic spinning technique.'®' The obtained films
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have better hydrophilicity and can consistently release Mg®" at a concentration of about 5 mM. It has been indicated that
5-10 mM Mg*" has a mild toxic effect on cells and can enhance the development of bone cells.'** Coaxial-MgO membranes
showed an improved proliferation rate of hPDLSCs in comparison to Blending-MgO and Blending-Blank and significantly
enhanced the adhesion of hPDLCs. In vitro, Coaxial-MgO membranes enhanced ALP activity, mineralized nodule forma-
tion, osteogenesis-related genes [runt-related transcription factor 2(Runx2), type I collagen (Col I), ALP], and high

antimicrobial effects against E. coli and S. aureus in comparison to controls.

Hydroxyapatite NPs

Hydroxyapatite, calcium-deficient hydroxyapatite (CDHA), and B-tricalcium phosphate (B-TCP) are often utilized in
calcium phosphate cements (CPCs) in the field of biological applications.'® HA is highly regarded as a ceramic
biomaterial for the replacement and regeneration of bone and hard tissues. This is because it possesses exceptional
biocompatibility, osteoconductivity, and a composition that closely resembles that of bone.'® Madhumathi et al devel-
oped a dual topical drug delivery system consisting using calcium phosphate bioceramic nanocarriers. CDHA and B-TCP
were synthesized using a microwave-accelerated wet chemical method. The drug transporter CDHA was selected for
tetracycline, meanwhile, TCP was chosen as the carrier for ibuprofen. The CDHA/TCP (CTP) system exhibited a better
regulated drug release profile in comparison to the HA/TCP (BCP) biphasic system. The in vitro biological investigations
demonstrated that the CTP system exhibits biocompatibility and possesses notable antimicrobial and anti-inflammatory
properties. In a rat model of cranial defects, the drug-loaded CTP system demonstrated superior bone repair and fresh
bone production when compared with the control group (without carrier) after 12 weeks.**

Xiang et al exploited a bioactive dual-functionalized apatite nanocrystal. In short, a biomimetic nanohydroxyapatite
material was created by employing a polydopamine structure as a template, which was termed tHA. This material was
then changed on its surface with bone-forming peptide-1 (BFP-1) and vascular endothelial growth factor-mimicking
peptide (QK) using a single step of catechol chemistry. In vitro experiments showed that the synthesized apatite
nanocomposites, particularly tHA-BFP/QK, enhanced the cytocompatibility of the original apatite. The nanocomposites
have unaffected BFP-1 and QK activities, which can accelerate the biological activity proliferation and development of
PDLSCs. The tHA-BFP/QK NPs group significantly enhanced periodontal bone formation in animal experiments.'®

Excessive activation of toll-like receptor 9 (TLRY), a component of the immune system, plays a key role in the
progress of numerous inflammatory disorders.'°® Elevated levels of TLRY are also linked to the destruction of the tissues
of periodontal disease. Studies on animals have demonstrated that immunological responses mediated by TLR9 result in
the development of inflammatory periodontal bone loss. Additionally, mice lacking TLR9 have been found to be resistant
to periodontitis.'°”'*® Cell-free DNA (cfDNA), a ligand for TLRY, refers to the release of nuclear and mitochondrial
DNA from injured host cells, and it also includes the presence of bacterial or viral DNA.'" Previous studies have
demonstrated that positively charged nanomaterials can effectively treat several inflammatory illnesses in animal models

by removing negatively charged cfDNA.''°

Huang et al explored the correlation between cfDNA levels and the intensity
of periodontitis. They utilized selenium-doped hydroxyapatite NPs (SeHAN) with the cationic polyamidoamine den-
drimers (PAMAM-G?3) to create cationic NPs ¢fDNA scavengers (G3@SeHANSs). Figure 4A illustrates the process by
which ¢fDNA contributes to bone loss. Figure 4B-D show the size, SEM and Zeta potential changes of SeHANs before
and after coating with PAMAM-G3. The researchers then explored the therapeutic potential of this nanoparticle in
periodontitis treatment. The results indicated that both G3@SeHANs and PAMAM-G3 effectively suppressed the
proinflammatory response associated with periodontitis in laboratory experiments by eliminating cfDNA. Additionally,
both substances were able to reduce the extent of bone loss caused by inflammation in a mouse model of periodontitis
generated by ligation. G3@SeHANs also modulated macrophage polarization and promoted M2 over M1 macrophage
phenotype. Furthermore, G3@SeHANs exhibited superior therapeutic efficacy compared to PAMAM-G3 in vivo,
specifically in terms of decreasing pro-inflammatory responses and alveolar bone loss. The expression of TLRY in
periodontal tissues epithelium, as well as the levels of pro-inflammatory factors, were reduced after treatment with
nanoscavengers (Figure 4E-G).'!!
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Figure 4 (A) The diagram illustrates the process by which cfDNA contributes to bone loss. The cfDNA-scavenging nanoparticles can prevent bone loss and reduce the
symptoms of periodontitis. (B) Size measurement of nanoparticles. (C) Scanning electron microscopy imaging of SeHANs before and after coating with PAMAM-G3. (D)
Zeta potential of nanoparticles. PBS, PAMAM-G3, or G3@SeHANs were injected on both sides of mice into six sites around the ligature on days 0, 3, 6, 9, and 12;
samples were collected on day 15. (E) Expression of TLRY in periodontal tissues epithelium. (F) TNF-a and (G) IL-6 levels in periodontal tissues. *P < 0.05, **P < 0.01,
and ***P < 0.0001. Reproduced from Huang H, Pan W, Wang Y, et al. Nanoparticulate cell-free DNA scavenger for treating inflammatory bone loss in periodontitis. Nat
Commun. 2022;13(1):5925. Published 2022 Springer Nature. Available under a CC-BY license.'"'

Abbreviations: TLRY, toll-like receptor 9; cfDNA, Cell-free DNA; SeHANSs, selenium-doped hydroxyapatite nanoparticles; G3@SeHANs, SeHANs with the cationic
dendrimer PAMAM-G3.; Normal, healthy group; Untreated, periodontitis treated with phosphate-buffered saline; PAMAM-G3, periodontitis treated with PAMAM-G3;
G3@SeHAN:Ss, periodontitis treated with G3@SeHANs.

Mesoporous Silica NPs

Mesoporous silica NPs (MSNs) are commonly used as nanocarriers. It has unique physicochemical properties such as
high porosity, large surface area, and pore volume, functionalization, tunable pore, and particle size, biocompatibility, and
high-loading cavity.''?

Silver ion has been used in antibacterial experimental studies to address the problem of bacterial resistance arising
from the application of conventional antibiotics. However, it has also been reported that silver ions can induce resistance
in bacteria.''®> Meanwhile, the development of nanoparticles containing antimicrobial compounds with mutually enhan-
cing properties can prevent this resistance.''® Lu et al utilized mesoporous silica nanoparticles as carriers of chlorhex-
idine (CHX) and silver ions to exert synergistic antimicrobial activity while preventing the development of drug
resistance. The effective antimicrobial concentration of Ag-MSNs@CHX was less cytotoxic to normal cells. Due to
their synergistic bactericidal properties and favorable biocompatibility, these nanoparticles have the potential for wide-
spread and effective use in treating bacterial infections in clinical settings. In another research, the authors synthesized
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redox/pH dual-responsive MSNs (Ag-MSNs@CHX) to inhibit microbial film formation by controlling the release of
CHX and Ag"."" The results indicated that the Ag-MSNs@CHX remarkably inhibited the growth of Streptococcus
pyogenes and their biofilms. Importantly, Ag-MSNs@CHX was more effective than equivalent amounts of free CHX in
limiting Streptococcus pyogenes biofilm formation via causing the demise of bacterial cells, especially in the long run. In
addition, Ag-MSNs significantly reduced the toxicity of CHX to mouse oral epithelial cells. The authors have developed
a safe and highly effective method of combating biofilms, which shows promise for use as an oral biofilm therapy.®®

Apart from the application of MSNs for the delivery of antimicrobial materials and drugs, a series of studies have
been carried out by authors using them as delivery systems in the promotion of osteogenic differentiation. Li et al
successfully synthesized quaternary ammonium salts-modified core-shell mesoporous silica containing AgNPs
(Ag@QHMS). Ag@QHMS demonstrated more effective and consistent concentration-dependent antimicrobial effects
compared to QHMS’s single-contact antimicrobial activity. The lowest inhibitory concentration was within 100 pg/mL.
In addition, AG@QHMS could promote the production of osteogenic-related factors such ALP, bone sialoprotein (BSP),
Col I, osteocalcin (OCN), Runx2, and osteopontin (OPN), apoptosis does not occur. Within safe concentrations of
Ag@QHMS stimulate the deposition of cellular alkaline phosphatase and stromal calcium salts.''® In another study,
Casarrubios et al demonstrated that hollow mesoporous nanospheres in SiO,-CaO (nanoMBGs) systems loaded with
isoflavones (IPs) enter preosteoblasts mainly through clathrin-dependent mechanisms. The present study demonstrates
the positive binding of MC3T3-E1 osteoprogenitor cells to nanoMBG-IPs, stimulating their differentiation into a mature
osteoblast phenotype and increasing alkaline phosphatase activity.''’

Mitochondrial dysfunction in mesenchymal stem cells (MSCs) of chronic inflammatory bone disease origin is due to
excessive intra-mitochondrial calcium and accumulation of damaged mitochondria due to inhibition of mitosis.''®!!"?
Mitochondrial dysfunction is involved in the pathogenesis and progression of periodontitis by influencing oxidative stress
and modulating inflammatory responses.'?*'?! Based on this finding, Zhai et al designed novel precision-engineered
NPs. Figure 5 illustrates the composition of the NPs. They consist of a core made of mesoporous silica NPs (TMAMSN)
with a positive charge. These nanoparticles act as carriers for loading siRNA and releasing it in a targeted manner in
MSCs. The NPs also have a shell made of a composite of ethylene glycol tetraacetic acid (EGTA), which is a calcium
chelator, and triphenylphosphine (TPP), which targets mitochondria. This shell is responsible for trapping calcium ions
associated with mitochondria. Additionally, the NPs have a PEG corona, which is attached to EGTA fragments through
ester bonds. The METP NPs are composed of core-shell structured corona NPs, specifically TMA-MSN-EGTA/TPP-
PEG. The obtained METP NPs possess mitochondrial targeting and intracellular microenvironment (esterase and low
pH) responsiveness to regulate mitochondrial calcium flux in MSCs by trapping calcium ions around mitochondria in
MSCs with mitochondrial dysfunction and transporting small interfering RNA to tissue-specific MSCs to inhibit the Wnt/
B-catenin pathway, regulate mitosis and remove damaged mitochondria. These bifunctional METP NPs are anticipated to
serve as effective treatments for various chronic inflammation-related bone disorders, such as periodontitis and
osteoarthritis.'** In a separate study, calcium, magnesium, and strontium co-doped MSNs were prepared using the sol-
gel method by Pouroutzidou et al Upon immersion in simulated body fluids, all co-doped MSNs exhibited the
development of hydroxycarbonate apatite on their surface. This, in turn, enhanced the activity of mitochondria and the

proliferation of cells.'**

Upconversion NPs

Upconversion NPs (UCNPs) are inorganic crystalline nanomaterials that possess several notable benefits. These include
a prolonged fluorescence lifetime, minimal potential for toxicity to living organisms, the ability to penetrate deeply into
biological tissues, and the absence of background light interference. Recently, they have been widely used in the fields of
PDT, bioimaging, and bio-detection. They are capable of producing visible or NIR emissions when continuously
stimulated by NIR.'?*'?*> The large depth of light penetration of UCNPs can be used to address the problem of depth
of tissue penetration that exists in conventional photodynamic therapy. Zhang et al used the hydrophobic chains of silane
to attach to the hydrophobic groups of UCNPs via hydrophobic-hydrophobic interactions, then loaded Ce6 molecules
within this hydrophobic layer. Given that the Ce6 molecule is excited in the red area, the addition of Mn ions (doping
content was 30%) was implemented to amplify the red light, hence enhancing the function of PDT. The final composite
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Figure 5 Diagram illustrates the structure and function of METP NPs, along with the process by which sif-catenin loaded METP NPs (METP/sif-catenin) remove
malfunctioning mitochondria and restore the functionality of both mitochondria and MSCs. Reprinted from Zhai Q, Chen X, Fei D, et al. Nanorepairers Rescue
Inflammation-Induced Mitochondrial Dysfunction in Mesenchymal Stem Cells. Adv Sci (Weinh). 2021;9(4):e2103839. Published 2021 Wiley-VCH GmbH. Available under
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Abbreviations: MSCs, mesenchymal stem cells; ER, endoplasmic reticulum; EGTA, Ethylenebis(oxyethylenenitrilo)tetraacetic acid; METP/siB-catenin, sif-catenin loaded
METP NPs; siRNA, siB-catenin.
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(NaYF4@Ce6@silane NPs) with extremely effective red upconversion luminescence, demonstrated notable therapeutic
properties against P. gingivalis, Prevotella intermedia, and Fusobacterium nucleatum (F. nucleatum) and their respective
biofilms when exposed to 980 nm irradiation, with superior biocompatibility and low cytotoxicity (90% cell viability at
the concentration of 200 pg/mL). Moreover, NaYF,-Mn@Ce6@silane NPs showed more than 2 log reduction in the
number of colony-forming units (CFU) for all three bacterial 4-day biofilms and significantly decreased the production of
polysaccharides generated by live bacteria.'*°

Qi et al obtained a NIR-triggered core-shell nanostructure (UCNPs@TiO,) of which the p-NaYF,:Yb*>", Tm>" core
was synthesized by thermal decomposition and the TiO, shell further modified by hydrothermal method. UCNPs@TiO,
was hexagonal with an average diameter of 39.7 nm and had a positive surface charge (+12.4 mV). The UCNPs@TiO,
were biocompatible and non-cytotoxic. NIR light (980 nm) can excite the core NaYF4:Yb*", Tm>* UCNPs to emit
intense ultraviolet (UV) light, which further triggers aPDT function of the shell TiO, through energy transfer, thus
achieving significant antibacterial effects. NIR-triggered aPDT exhibited strong inhibition of Streptococcus sanguinis,
P. gingivalis, and F. nucleatum, resulting in 3—4 orders of magnitude reduction in biofilm CFU that was remarkably
greater than that of control groups.'?’

In another study, Hu et al developed a NIR light-responsive nanodelivery system based on carvacrol (CA). The
system consists of UCNPs that upconvert 808 nm NIR light to blue light (BL), mesoporous silica (mSiO,, carrier
channel), and hydrophobic CA (BL responsive properties). Under NIR light (808 nm), UCNPs@mSiO,-CA (UCMCs)
exhibited antimicrobial, anti-inflammatory, and immunomodulatory properties due to the synergistic effect of CA and
upconverted BL. Significantly, the results of high-throughput sequencing showed that several well-known signaling
pathways associated with inflammation and the immune response, such as the MAPK signaling pathway, TNF signaling
pathway, and IL-17 signaling pathway, were found to be more prevalent in the altered immunological microenvironment.
In a rat periodontitis model induced by ligation, the group of UCMCs irradiated by NIR 808 nm exhibited significant
antibacterial and reduced inflammatory factor production. In addition, The 3D reconstructed images show that the
UCMCs group irradiated by NIR exhibited better periodontal restorations, which was also demonstrated by the
quantitative results of CEJ-ABC distance and BV/TV.'*®

Although studies have shown that surface-modified UCNPs are biocompatible and not biotoxic within a certain
dosage range, the potential toxicity of UCNPs over a long period has not been monitored. A lot of systematic
investigations need to be done before they can be applied to the clinic.

Organic NPs

Organic NPs can be constructed with diverse shapes to maximize drug loading, reduce adverse effects, or slow down the
pace of drug release. They are mostly made of polymers with a variety of components and functionalities. Organic NPs
can also be equipped with active and targeted delivery capabilities by connecting particular functional groups. The
biosafety is significantly higher, the raw ingredients are less expensive, and the physicochemical properties are easier to
manage when compared to inorganic NPs. Certain organic polymers, such as ZIF-8 for its antibacterial and osteogenic
properties'>” and polydopamine for its antioxidant properties,®® can also be therapeutically effective against periodontitis
in and of themselves.

Polydopamine NPs

Polydopamine (PDA) and its derivatives are extensively utilized in biomedical applications as they possess exceptional
NIR absorbance, strong chelating ability for metal ions, and high biocompatibility. These properties make them
valuable for uses such as photoacoustic contrast agents, photothermolysis, and chelating agents.'**™'** To address
the low operational stability and difficult reusability of natural enzymes and antioxidants, this work employed PDA
NPs as scavengers of ROS to scavenge multiple ROS and inhibit ROS-induced inflammatory responses.®® Figure 6A
shows the general synthesis process of PDA NPs and a schematic diagram of its application as an effective scavenger
of ROS for periodontitis treatment. Figure 6B presents an SEM image of the PDA NPs. PDA NPs effectively reduced
the expression of inflammatory mediators in LPS-treated HGE cells (Figure 6C and D) and led to a significant
reduction in ROS levels (Figure 6E). In a mouse periodontitis model, PDA NPs were used as powerful antioxidants to
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Figure 6 (A) Synthesis process of PDA NPs and its application as an effective scavenger of ROS in periodontitis treatment. (B) Scanning electron microscopy image. (C and D)
Expression of inflammatory mediators in LPS-treated HGE cells in the absence or presence of PDA NPs (***P < 0.001). (E) Fluorescence images of HGE cells upon various
treatments. (Scale bar = 100 pm.) (F) The results of in vivo fluorescence imaging and relative quantification showed that the fluorescence signal gradually diminished when PDA
NPs were injected in situ in the LPS-treated group (***P < 0.001). Adapted with permission from Bao X, Zhao }, Sun J, Hu M, Yang X. Polydopamine Nanoparticles as Efficient
Scavengers for Reactive Oxygen Species in Periodontal Disease. ACS Nano. 2018;12(9):8882-8892. Copyright 2018 American Chemical Society.®®
Abbreviations: LPS, lipopolysaccharides; PDA, polydopamine; ROS reactive oxygen species; NPs, nanoparticles; HGE, human gingival epithelia.
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scavenge ROS and reduce periodontitis without causing any adverse effects (Figure 6F). Doping polymeric PolymP-n
Active NPs with Ag, and doxycycline (Dox) demonstrated strong antimicrobial effects in in vitro subgingival biofilm

model tests.'>*

ZIF-8
Zinc ions (Zn*") have a connection by imidazolate (Im) ligands to form the metal-organic framework which is also called
zeolitic imidazole framework-8 (ZIF-8). ZIF-8 is promising for use in a variety of biological fields because of its
prolonged release of Zn>", which is essential for osteogenic and antibacterial activities. Antimicrobials encapsulating
ZIF-8 exhibit higher biological activity compared to free antimicrobials.'* Li et al doped cerium (Ce) into ZIF-8 to
produce a novel nanoparticle (ZIF-8:Ce) with antibacterial and anti-inflammatory properties. The findings showed that
the regular and homogenous structure of ZIF-8 was unaffected by the addition of 1% to 10% of Ce. At concentrations
lower than 30 pg/mL, ZIF-8:Ce demonstrated strong catalase and superoxide dismutase activity, as well as prolonged
release of Zn>" and Ce®*/Ce*". When it came to periodontitis pathogens, ZIF-8 had higher anti-biofilm activity. Although
the antibacterial effect of ZIF-8 decreased slightly after the incorporation of Ce at 10%, the reduction of CFU remained at
about 2 orders of magnitude. More crucially, the anti-inflammatory properties of the novel nanoparticles became stronger
with the increase of Ce doping. Furthermore, ZIF-8:Ce10% demonstrated superior anti-inflammatory actions by inhibit-
ing the expression of pro-inflammatory factors by suppressing the translocation of the NF-xB/p65 subunit (p < 0.05). In
the meantime, ZIF-8:Cel0% increased macrophage M2 phenotypic polarization and stimulated the release of anti-
inflammatory cytokines.'>

Gelatin methacrylate (GelMA) is a gelatin derivative, first introduced by Van den Bulcke and colleagues in 2000."3°
Liu et al loaded ZIF-8 NPs into GelMA to obtain an injectable photopolymerizable composite hydrogel (GelMA-Z). The
gel exhibits a liquid form when exposed to body temperature and can transition into a gel state upon exposure to UV
irradiation (Figure 7A). GeI]MA-Z exhibits sustained release of Zn>" ions for a duration exceeding 7 days, while also
demonstrating favorable compatibility with living cells. In vitro experiments indicated that GeIMA-Z up-regulated the
expression of osteogenic-related genes and proteins, increased ALP activity, and promoted extracellular matrix miner-
alization. Moreover, GeIMA-Z exhibited notable antibacterial efficacy against P. gingivalis. The hydrogel containing
0.2% w/v ZIF-8 NPs was named GeIMA-ZH. The reduction of CEJ-ABC distance in the GeIMA-ZH group was seen on
both 3D reconstructed images and 2D images of the rat maxilla (Figure 7B and C), which was also demonstrated by the
quantification results in CEJ-ABC distance and BV/TV index (Figure 7D and E). Overall, GelMA-Z was shown to

promote alveolar bone regeneration in the rat model.'*’

Chitosan Polysaccharides
Chitosan is a polysaccharide biopolymer with diverse functional properties, including biocompatibility, biodegradability,
antibacterial and antioxidant effects.'*® The degradation by-products of chitosan are non-cytotoxic. Chitosan and its
derivatives have extensive applications in biomedical applications.'** Carboxymethyl cellulose (CMC), the same as
chitosan (Chi), is an adhesive biopolymer that has become an important biomaterial for oral mucosal drug delivery
because of its ability to interact well with living organisms and lacks harmful effects. Alvarez Echazl et al combined the
two with silica to develop a pH-responsive biopolymer-silica composite (Chi-SiO,, Chi-CMC-Si0,). In addition, a plant
extract with antioxidant properties, Larrea divaricata Cav. aqueous extract (Ld), was added to the composite. The Chi-
CMC-Si0O, composites indicated the maximum binding rate and reached 100% extract release in nearly 4 days while they
maintained their properties that prevent or inhibit oxidation. The results of cytotoxicity tests on 3T3 fibroblasts showed
the addition of Ld to the composites increased the proliferation of fibroblasts. Only Chi-SiO, composites in simulated
bodily fluids facilitate potential biomineralization, but the inclusion of CMC in the composites hinders calcium
buildup.'*°

In addition to utilizing chitosan’s properties, some studies have also used it as a carrier for some antibiotics in
research on periodontitis treatment to improve biocompatibility and drug utilization. For example, Xu et al prepared
polyelectrolyte complex NPs (CS/CMCS-NPs) using chitosan (CS) and carboxymethyl chitosan (CMCS) by ionic
gelation, and then used them as Dox carriers (Dox: CS/CMCS-NPs). The results showed that the synthesized complex
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Figure 7 (A) Synthesis and characterization of composite hydrogels. (B) 3D reconstruction images of maxillary alveolar bone. (MI: the first maxillary molar, M2: the second
maxillary molar). (C) 2D images of maxillary alveolar bone. (D and E) Quantification of CEJ-ABC distance and BV/TV index after treatment. *P < 0.05, and **P < 0.01.
Reprinted from Acta Biomaterialia, 146, Liu Y, Li T, Sun M, et al. ZIF-8 modified multifunctional injectable photopolymerizable GelMA hydrogel for the treatment of
periodontitis, 37-48. Copyright 2022 with permission from Elsevier.'>’

Abbreviations: ZIF-8, zeolitic imidazolate framework-8; GelMA, gelatin methacryloyl; GelMA-Z, ZIF-8/GelMA composite hydrogel; GelMA-ZH, the hydrogel contains 0.2%
w/v ZIF-8 nanoparticles; CEJ-ABC, from the cementoenamel junction to the alveolar bone crest; BV/TV, bone volume/tissue volume.

nanoparticles had an ordered morphology and good cytocompatibility. The obtained NPs showed strong inhibition of
P. gingivalis in comparison to the control group. Furthermore, the NPs effectively reduced the expression of NLRP3
inflammasome and IL-1f at both the gene and protein levels in human gingival fibroblasts (HGFs).'*! In another study,
Martin et al developed chitosan nanoparticles that contained minocycline (MH-NPs) to be administered directly into
periodontal pockets (Figure 8A). The findings indicated that MH-NPs were cytocompatible enough for HGFs to be
internalized by cells through macrophagocytosis and clathrin-mediated endocytosis (Figure 8B and C). P. gingivalis LPS-
stimulated fibroblasts cultured with MH-NPs showed dramatically decreased expression of inflammation-related markers
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Abbreviations: HGFs, human gingival fibroblasts; P. gingivalis, Porphyromonas gingivalis; LPS, lipopolysaccharide; MH, minocycline hydrochloride; b-NPs, Chitosan blank
nanoparticles; MH-NPs, chitosan-nanoparticles loaded with minocycline; NFkBI, Nuclear factor kappa-B p 105 subunit; IL-1, Interleukin | beta; IL-6, Interleukin 6; CXCL-8,
Interleukin 8.

such as TNF-a, IL-1B, NF«xB1, and CXCL-8 (Figure 8D). In conclusion, MH-NPs possess the capability to specifically
deliver drugs to the interior of cells and exhibit notable anti-inflammatory properties.®’

Poly Lactic-Co-Glycolic Acid (PLGA)

Nanomedicine has extensively investigated the use of polymers. Among these options, PLGA stands out as a synthetic
polymer that is both biocompatible and biodegradable. It has been approved by the United States Food and Drug
Administration (USFDA). PLGA may be fabricated into many forms and dimensions, exhibits excellent water solubility,
and allows for adjustable drug release.'*'*?

BAR (SspB Adherence Region) is a region of streptococcal antigens that suppresses P. gingivalis or Streptococcus
gordonii (S. gordonii) interaction and biofilm formation.'** BAR-encapsulated PLGA and methoxy-polyethylene glycol
PLGA (mPEG-PLGA) NPs not only effectively inhibited biofilm formation (IC50 = 0.7 pM) but also presented a dose-
dependent disruption of pre-existing biofilms (IC50 = 1.3 uM). Moreover, the nanoparticles were effective in inhibiting
biofilm formation by releasing BAR within the first 2 h of administration, whereas it took 3 h to disrupt pre-existing
biofilms. These NPs provide a platform for encapsulating BAR to ensure high local concentrations of BAR and
prolonged exposure to exert inhibitory and disruptive effects on biofilms.'*> On this basis, Mohamed et al modified
the surfaces of PLGA NPs with BAR, and results showed that the BAR-modified NPs (BNPs) were more effective in
disrupting P. gingivalis/S. gordonii biofilms than free peptides. BNPs-treatment could inhibit the alveolar bone loss and
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IL-17 expression. The vitality of telomerase immortalized gingival keratin-forming cells (TIGKs) treated with BNPs or
free BAR was above 90%, and no significant signs of lysis or apoptosis were observed. Both BNP and free BAR did not
exhibit hemolytic activity, indicating good biocompatibility.'*®

Cohesion factor A (CafA) is a fibronectin expressed by early colonizer actinomycetes.'*” Desai et al modified BAR-
encapsulated NPs with CafA, which was able to increase the adhesion of nanoparticles to S. gordonii, thus prolonging the
retention time of nanoparticles in the oral cavity. The synthesized nanoparticles effectively inhibited the formation of
biofilms by P. gingivalis/S. gordonii for a duration of 12 hours."*®

Metformin (MET) is an antidiabetic drug that possesses properties that can reduce inflammation and prevent bone
loss. Treatment of periodontitis in diabetic rats with MET-loaded PLGA (10 mg/kg) reduced bone loss by increasing
osteocalcin immunoblotting and decreasing RANKL reduction, which implies an increase in mature osteoblasts and
a decrease in the number of osteoclasts. Additionally, there were decreased levels of pro-inflammatory factors such as IL-
1B and TNF-a. The study determined that the administration of MET-loaded PLGA resulted in a decrease in inflamma-
tion and bone loss in diabetic rats with periodontitis.®®

In addition, PLGA was able to improve the photodynamic effect of methylene blue. The photodynamic effect of
PLGA NPs loaded with methylene blue on bacteria was superior to that of free methylene blue. And the results of
a 3-month clinical trial in patients with chronic periodontitis showed that SRP + aPDT improved the gingival bleeding

index more than SRP alone.'*’

Other Organic NPs

In addition to the organic NPs described above, several nanostructures also have been used to treat periodontitis. Qiu et al
developed a nano-platform (PEG-ss-PCL NPs) that can scavenge ROS. They achieved this by encapsulating
N-acetylcysteine (NAC), a compound known for its ROS scavenging properties, within specifically designed polymeric
NPs that can be cleaved by ROS. These NPs were used as a delivery system to transport NAC into cells. ROS in the
inflammatory microenvironment could promote polymer degradation by disrupting thiocondone bonds, which then led to
the release of encapsulated NAC. NAC eliminated all LPS-induced ROS, while PssL-NAC regulated ROS levels slightly
higher than controls. However, this study demonstrated that a suitable level of intracellular ROS was a benefit for the
osteogenic differentiation of hPDLSCs. PssL-NAC NPs could inhibit the LPS-induced apoptosis of hPDLSCs, and
reverse the inhibitory effect of LPS on osteogenic differentiation of hPDLSCs. The results showed that the microenvir-
onment controlled by PssL-NAC NPs was well suited for osteogenic differentiation, as seen by elevated levels of bone
morphogenetic protein 2 (BMP2), Runx2, and protein kinase A system expression. Furthermore, the administration of
PssL-NAC into the region affected by periodontitis reduced the damage to the tissues induced by the ligation of
maxillary second molars. PssL-NAC exhibited superior efficacy in suppressing osteoclast activity and inflammation in
periodontitis, thus promoting the repair of damaged tissues.’®

Dendrimers are synthetic molecules that have a highly branching and spherical structure, and they exhibit low
dispersibility. The macromolecules possess a very accurate and manipulable structure, allowing for customization of their
molecular weights and exceptional capability for drug delivery.””® An innovative nanocarrier system that is self-
assembled and capable of responding to two different stimuli has the ability to carry two different drugs. The compound
consists of 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly (ethylene glycol) (DSPE-PEG) loaded with alpha-
lipoic acid (ALA). The DSPE-PEG is electrostatically adsorbed with Mino contained in a PAMAM structure, which has
a hydrophilic shell. The nanocarriers controlled release of Mino and ALA in reaction to lipase stimulation caused by
periodontal pathogens and low pH levels in the inflammatory microenvironment. In vitro and in vivo studies have shown
that diabetic pathological conditions, prevent the growth of microbial colonies below the gum line while stimulating the
development of bone cells and enhancing the process of bone loss in the gums.'!

The liposome is a man-made spherical vesicle consisting of a bilayer structure mostly made up of phospholipids and
related lipids that have both hydrophilic and hydrophobic properties. This shape allows for the separation of the inner
core and the outer layers.'>* Hu et al synthesized novel pH-activated nanoparticles (TMC-Lip-Dox NPs) using quaternary
chitosan, liposomes, and Dox. TMC-Lip-Dox NPs demonstrated remarkable suppression of both planktonic bacteria and
the production of biofilms and showed a strong affinity with fibroblasts in the human periodontal ligament. Animal
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investigations demonstrated that NPs exerted a potent inhibitory effect on biofilm formation and effectively stopped the

. 1
resorption of alveolar bone.'>

Nanoparticulate Composites: Association of NPs with Scaffolds

In periodontal tissue engineering, GTR/GBR membranes have been devoted to periodontal bone regeneration. The
majority of these barriers consist of polytetrafluoroethylene and collagen, serving solely as physical obstacles that cannot
fulfill the diverse needs of periodontal regeneration. Therefore, scholars have encapsulated active ingredients such as
antibiotics and growth hormones in these membranes to obtain multifunctional materials for promoting periodontal bone
regeneration.

Nanofibrous Structure

Nanofibers are ultrafine fibers with a fiber diameter of less than 1000 nm. The fabrication of nanofiber-based scaffolds in
dentistry involves many techniques such as electrostatic spinning, emulsion method, hybrid method, coaxial process, and
surface modification method.'>* These techniques were employed to incorporate therapeutic compounds into the
scaffolds, aiming to obtain the desired clinical outcomes. Among them, the electrostatic spinning method is widely
used for its advantages of simple operation, wide range of applications, and relatively high production efficiency.

Over the past few years, electrostatically spun materials have been endowed with “smart” properties, expanding their
range of applications to include bone regeneration.'>>'*® An inherent drawback of electrostatically spun scaffolds for
bone regeneration and repair is their intrinsically feeble mechanical qualities, which restrict the potential clinical
applications of these materials. Li et al designed an electrically conductive alginate/gelatin (AG) scaffold composed of
polydopamine-mediated graphene oxide (PGO) and hydroxyapatite nanoparticles (PHA), which together can scavenge
ROS, reduce inflammation, and modulate the immune system. Figure 9A to C illustrate the synthesis schematic of PHA,
PGO, and the PGO-PHA-AG scaffold. The inclusion of PHA in the PHA-AG scaffolds resulted in an increase in
compressive strength from around 30 kPa to 50 kPa. Similarly, the addition of PGO in the PGO-PHA-AG scaffolds led to
a rise in compressive strength from roughly 0 kPa to 10 kPa as the PGO concentration was raised from 50 to 140 wt %o.
The presence of catechol groups on the surface of the PGOs contributes to their favorable mechanical properties. These
groups interact with the scaffold network and enhance the density of crosslinks. Although the shape of the scaffold
cannot be changed after crosslinking, the PGO-PHA-AG scaffolds can be cut into different shapes as needed in clinical
applications due to their good elasticity and cutability. PHA endowed the scaffolds with osteoinductive ability, while
PGO endowed the scaffolds with electrical conductivity. Conductive scaffolds encourage bone repair by activating Ca**
channels and delivering endogenous electrical signals to cells (Figure 9E). Scaffolds made of polydopamine-mediated
nanomaterials also have anti-inflammatory and ROS-scavenging properties. Additionally, via influencing glycolysis and
the RhoA/ROCK pathways in macrophages, it has immunomodulatory properties, prevents M1 macrophage polarization,
and stimulates M2 macrophages to produce cytokines linked to osteogenesis (Figure 9F). Electrical conductivity and
immunomodulatory properties promote diabetic periodontal bone regeneration (Figure 9D and G). This study provides
significant insights into the collective influence of electrical conductivity, osteoinductivity, and immune-modulation
capacity on the process of bone regeneration. It also presents a new approach for developing biomaterials with
immunomodulatory properties for tissue regeneration.'>’

Sprio et al developed a novel multifunctional hybrid scaffold by integrating biomineralization processes, as well as
tape casting and electrospinning techniques. The presence of the superparamagnetic apatite phase in the scaffold provides
it with the ability to respond to remote magnetic signals and enhance the formation of new bone tissue. In this case,
alveolar bone is developed by biomineralization. Alveolar bone develops through biomineralization. Col I can self-
assemble in the presence of Ca®’, Fe*'/Fe’" and PO, ions for heterogeneous nucleation of iron-doped hydroxyapatite
(FeHA) with a FeHA/Collde weight ratio of 70:30. Cementum is electrospun with FeHA mineralized biodegradable
polymers to create extremely thin layers of mineralized fibers. The periodontal ligament is fabricated by pH-driven self-
assembly and supramolecular organization of Col I nanofibers, followed by cross-linking reactions and freeze-drying
processes to obtain fibrous scaffolds with mechanical properties. The periodontal ligament is fabricated by self-assembly
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Figure 9 The Diagram depicts the process of creating the PGO-PHA-AG scaffold, which possesses several functions and has the potential to be used in the regeneration of
periodontal bone in individuals with diabetes. (A-C) Schematic diagrams of PHA, PGO and PGO-PHA-AG scaffold synthesis. (D) ROS, M| macrophages, and inflammatory
cytokines are overexpressed in the local diabetic periodontal microenvironment. (E) The scaffold promoted cell adhesion and transferred the endogenous electrical signals
to cells, activating Ca®" channels. (F) PDA endowed the scaffold with an immunomodulatory activity that reduced M| macrophage polarization and activated M2
macrophages polarization. (G) The conductivity and immunomodulatory activity synergistically promoted periodontal bone regeneration. Reproduced from Li Y, Yang L,
Hou Y, et al. Polydopamine-mediated graphene oxide and nanohydroxyapatite-incorporated conductive scaffold with an immunomodulatory ability accelerates periodontal
bone regeneration in diabetes. Bioact Mater. 2022;18:213-227. Published 2022 Elsevier. Available under https:/creativecommons.org/licenses/by-nc-nd/4.0/.'>’
Abbreviations: HA, hydroxyapatite; DA, polydopamine; PHA, polydopamine-modified hydroxyapatite nanoparticles; GO, graphene oxide; PGO, polydopamine-mediated
graphene oxide; ROS, reactive oxygen species; BMSCs, bone marrow mesenchymal stem cells.

and supramolecular organization of Col I nanofibers (driven by pH) followed by cross-linking reactions and freeze-
drying to create fibrous scaffolds. A novel periodontal scaffold exhibits excellent cytocompatibility in vitro.'*®
Regulatory T cells (Tregs) are key regulators of the immune system’s ability to maintain tolerance to autoantigens and
alleviate the symptoms of autoimmune diseases by reducing the activity of additional immune cells.'"*® Liu et al
integrated poly (lactic acid) (PLLA) nanofiber sponge microspheres (NF-SMS), PLLA/ PEG co-functionalized MSNss,
and PLGA microspheres (PLGA MS) into a multi-bio-delivery vehicle to enrich Tregs in situ. MSNs and PLGA MS
were employed to effectively release IL-2/TGF-f and miR-10a, which served to attract T cells and promote their

transformation into Tregs. On the other hand, PLLA NF-SMS acted as a scaffold that could be injected to facilitate
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the attachment and growth of these Tregs. Using the mouse periodontitis model, we administered PLLA NF-SMS
through injection and biomolecular delivery. This led to an increase in Treg cells, their growth, and the application of
Treg-mediated immunotherapy to combat bone loss.'®"

To address the constraints of existing scaffold materials with regard to their osteogenic and antibacterial character-
istics, Qian et al created a new type of scaffold called PP-pDA-Ag-COL, which is made of electrospun PLGA/PCL and
covered with collagen. The creation of this unique scaffold involved the electrospinning of a basic PLGA/PCL matrix,
subsequent in situ reduction impregnation with AgNPs, followed by a coating of polydopamine, and finally a coating of
Col I. PP-pDA-Ag-COL scaffold greatly improved the attachment of MC3T3 cells after 12 and 24 hours of incubation, in
comparison to the control scaffold. Additionally, it exhibited the highest levels of 1 integrin expression at both the
mRNA and protein levels. The ALP activity, BMP2, and Runx2 expression levels were markedly elevated in MC3T3
cells cultivated on PP-pDA-Ag-COL scaffolds in comparison to the control. Meanwhile, the scaffolds exhibited a larger
antibacterial zone compared to the control group. PP-pDA-Ag-COL scaffolds showed a 31.8% improvement in alveolar
bone regeneration and proved to be a successful treatment for periodontitis in a mouse model of the illness."®

Alipour et al fabricated PCL-PEG-PCL nanofibrous scaffolds bound to zeolites by electrospinning method. Both
nanofiber scaffolds with or without zeolite showed bead-free structures with average diameters of 437 nm and 430 nm,
respectively. The results showed that PCL-PEG-PCL/Zeolite nanofiber scaffolds could support better cell attachment,
multiplication, and osteogenic differentiation of hDPSCs.'®* In another research, Shoba et al prepared a bilayer func-
tional gradient scaffold mimicking the periodontal extracellular matrix, functionalizing the polymeric scaffold with
bromelain and magnesium-doped hydroxyapatite nanoparticles. The findings demonstrated that the scaffold supported the
release of bromelain and hydroxyapatite nanoparticles doped with magnesium and improved angiogenesis, cell migra-
tion, proliferation, and antimicrobial potential—all crucial elements of the healing process. The in vivo experiments
conducted on the Wistar rat model, along with the enhanced protein production of wound-healing markers, provided
evidence for the scaffold’s efficacy in treating oral wounds.'®’

To tackle the issue of insufficient release and effectiveness caused by the limited loading of bioadhesive nanoparticles
in the oral cavity and their poor retention, Mahmoud et al developed a rapid-release platform consisting of polymer
electrospun fibers (EFs) encapsulating BAR. To obtain a high loading of BAR and a fast release, PLGA, PLLA, and PCL
were electrospun individually or in combination with polyethylene oxide (PEO). The combination of 10:90 PLGA: PEO
EFs resulted in a 95% release of BAR after 4 hours. It also showed a dose-dependent suppression of biofilms, with an
IC50 value of 1.3 uM, and disrupted established P. gingivalis/S. gordonii biofilms, with an IC50 value of 2 uM.
Furthermore, it maintained high levels of cell viability.'®* In another study, Shen et al fabricated a nanofibrous scaffold
based on pure PLA and chitosan/polylactic acid blends by emulsion electrospinning. The results show that the average
diameter of nanofibers is approximately 200 nm. The average diameter of chitosan nanoparticles was around 50 nm.
Chitosan NPs were added to pure PLA nanofibers, resulting in improved mechanical characteristics and increased cell
adhesion. Additionally, it stimulated the process of bone formation in BMSCs, leading to an increase in the expression of
genes that indicate bone formation, such as BSP, OCN, Col I, and OPN. Furthermore, it improved the mineralization of
the extracellular matrix. Nevertheless, it resulted in a significant upregulation of inflammatory mediators and TLR4 in
hPDLCs.'® Abdelaziz et al prepared an electrospun nanofiber scaffold based on poly lactic acid/cellulose acetate (PLA/
CA) or PCL polymers. The scaffolds were supplemented with varying amounts of Ag NPs (1-2% w/v) and HANPs (10—
20% w/v). Experiments conducted in a controlled laboratory environment showed that the incorporation of HANPs into
the scaffold resulted in a 50% increase in cell survival. The use of 10% HANPs enhanced the tensile characteristics,
whereas a higher concentration of 20% had a detrimental effect. AgNPs greatly improved the antimicrobial activity, with
a 40 mm zone of inhibition still present after 32 days. Furthermore, the degradation curve results showed that the
nanofiber scaffolds lost about 40-70% of their mass within 8 weeks.'®®

Data from other studies explored the finer structure. Lian et al fabricated a novel multifunctional bilayer “GBR
scaffold” by incorporating copper-containing MSNs (Cu@MSNs) into a PLGA/gelatin (PLGA/Gel, labeled PG) fiber
matrix to construct a composite PG-Cu@MSNs fiber scaffold (Figure 10A and B). The scaffold combines solution
electrospinning (SES) and solution electrospinning writing (SEW) methods for specific printers. The porous and loose
SEW layer supports and promotes cell growth. In addition, the compact and dense SES layer resists interference from
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Figure 10 (A) Schematic illustrations demonstrate the method of preparing and applying the bi-layered electrowritten PG-Cu@MSNs scaffold. (B) The diagram depicts the
use of a two-layered GBR scaffold in the regeneration of maxillofacial and alveolar bone. (C) In vitro release behavior of Cu ions from the PG-Cu@MSNs composite scaffold.
(D) In vitro degradation profiles of the bi-layered scaffolds incubated in artificial saliva. (E and F) Quantitative evaluation of CEJ-ABC distance, and the BV/TV values of the
regenerated bone tissues. *P < 0.05, and **P < 0.01. Reprinted from Acta Biomaterialia, | 18, Lian M, Han Y, Sun B, et al. A multifunctional electrowritten bi-layered scaffold
for guided bone regeneration, 83-99. Copyright 2020 with permission from Elsevier.'®®

Abbreviations: PG, Poly (lactic-co-glycolic acid) and gelatin composite; CEJ-ABC distance, the vertical distance between the cemento—enamel junction and the alveolar
bone crest; BV/TV, bone volume/tissue volume.

non-osteoblasts and stays away from non-physiologic barriers. The scaffold has superior mechanical properties to the
Bio-Gide®membrane'®” and can already release copper ions in a sustained manner to induce osteogenesis and exert
antimicrobial activity (Figure 10C). In vitro, the PG-Cu@MSNs composite scaffold has good osteogenic and antimicro-
bial characteristics. In artificial saliva, the degradation rate of the obtained GBR scaffolds was around 40% in the initial
month, 57% in the following month, and about 70% in the third month (Figure 10D). In addition, the effectiveness of PG-
Cu@MSNs scaffolds in promoting bone regeneration was validated by conducting experiments on live rats with
periodontal defects (Figure 10E and F).'®®

Ekambaram et al prepared SPEEK, SPEEK + NH,-ZrO, and SPEEK + NH,-ZrO, + Cur nanoscaffolds using
electrostatic spinning technique. The SPEEK + NH,-ZrO, + Cur nanoscaffolds were immersed in PBS solution at pH
7.4, and the results showed that the nanofibers exhibited about 20% curcumin release within 0 ~ 5 h. The release
increased sharply after 18 hours, reaching 70%, followed by sustained release. In addition, this nanofiber scaffold
enhanced the survival of cells, the ability to combat bacteria, and the growth of cells, all of which are crucial for the
process of mending periodontal wounds. The matrix, which is coupled with zirconia and functionalized with amines, is
expected to promote favorable cell adhesion and perhaps induce electrical stimulation in cells. The incorporation of
SPEEK with aminated zirconia and curcumin enhanced bioactivity, ultimately leading to higher cell survival and

regenerative periodontal regeneration applications.'®’
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Hydrogels

Hydrogels are three-dimensional polymer networks that are interconnected through physical interactions or covalent
bonding. Hydrogels have found extensive application in various domains, including experimental research, biological
studies, and clinical trials. These applications encompass areas such as contaminated wound healing, tissue regeneration
engineering, and the development of cellular microenvironments.'’®"'”> Undoubtedly, there exist numerous applications
within the realm of dentistry. Hydrogels possess the benefits of having a high level of porosity, a large amount of water
content, the ability to degrade, and the capacity to self-repair. These qualities allow hydrogels to imitate the natural
cytoplasmic matrix. Moreover, hydrogels exhibit exceptional properties for drug administration and controlled release, as
well as serving as a biotherapeutic framework for tissue regeneration. Precision in situ treatment of disease areas is
crucial in the dentistry sector. Adequate therapeutic platforms are necessary for complex wound morphologies and
medication delivery systems. Regarding the development and progression of periodontitis, effective management of early
inflammation necessitates the precise and continuous delivery of medications to regulate the immune system. Conversely,
in cases of severe periodontitis, a platform that promotes cell growth and specialization is needed to facilitate the
regeneration of periodontal tissue. Hydrogels offer a superior option for attaining the aforementioned goals of inflamma-
tion control and tissue restoration.'”

The targeted use of hydrogel-based pharmaceutical formulations in periodontal pockets and lesions has demonstrated
the ability to administer therapeutic agents with precision and consistency. This can effectively aid in managing the
progression of periodontitis. Hydrogel-loaded drugs are usually released slowly and continuously. Mou et al prepared
serum albumin microspheres that contain 0.06% minocycline and 0.025% zinc oxide NPs (ZnONPs) and incorporated
them into Carbopol 940® hydrogel. The hydrogel showed significant therapeutic effects and self-healing ability of the
gingival tissue compared to 2% minocycline ointment (Bio-Gide® Perio). Minocycline had an encapsulation efficiency of
99.99%, a duration of release exceeding 72 hours, and qualities that are sensitive to changes in pH. The greatest
bioadhesive force observed in vitro was 0.35 N. The hydrogel demonstrates a wide range of antibacterial resistance and
favorable biocompatibility.'”*

To improve the release of two insoluble drugs, Aminu et al used triclosan (TCS) and flurbiprofen (FLB) to exploit
a nanogel (NG) with dual action (antibacterial and anti-inflammatory effects). The authors prepared NPs using triclosan
(an antibacterial drug) and PCL, while flurbiprofen (an anti-inflammatory drug) was directly loaded in chitosan
hydrogels. The NPs and hydrogel loading system were entwined to form the NG. In vitro, the antibacterial effect of
NG against E. coli and S. aureus exceeded that of the pure TCS and FLB mixture, with the diameter of the inhibitory
circle being almost twice as large as that of the pure mixture. In vivo, the anti-inflammatory effect of NG was
demonstrated in studies on rats with experimental periodontitis.'”

Compared with typical hydrogel molding processes, smart hydrogels which are capable of adapting to varied external
environments to satisfy different therapeutic needs are garnering more and more attention. Thermosensitive hydrogels are
extensively researched intelligent hydrogels for dental purposes. When in the solution condition, these substances can
conform to irregular and deeper wound defects in periodontal pockets to the greatest extent feasible. The gel solidifies
when the surrounding temperature reaches a physiological level, which makes it easier to fill the bracket and extends the
duration of drug release. In this study, Soe et al developed a thermo-responsive in situ gel containing asiaticoside (AS)/
cyclodextrin (CD) complexes for enhancing the bioavailability of AS. Non-encapsulated formulations consisting of AS/
hydroxypropyl B-CD (HPBCD) complexes and encapsulated formulations containing AS loaded sulfobutylether 3-CD
/chitosan NPs (SBEBCD/CS NPs) were prepared. When in contact with simulated saliva at body temperature, all
formulations achieved a sol-to-gel transition within 50-100 s. The in vitro gel formation time was longer and the
mechanical strength of the encapsulated formulations was higher compared to the non-encapsulated formulations. In vitro
adhesion and release studies showed good adhesion and sustained release of AS from the nano-encapsulated in situ gels
(plateau levels were not reached during the 48h of the experiment). These formulations did not exhibit cytotoxic effects
on HPDCLs. SBEBCD/CS NPs containing low AS content could express the synthesis of Col I.'7°

In a separate study, the authors addressed the need for multifunctionality in periodontal therapy by adding drugs with
multiple functions within the hydrogel. Johnson et al developed an antimicrobial agent-loaded hydrogel consisting of

6880 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

cellulose nanofibers (CNF) and k-carrageenan oligosaccharides (CO) NPs. The authors chose two antimicrobial agents
(surfactin and Herbmedotcin) as therapeutic agents. This material showed strong antimicrobial activity against S. mutans,
P gingivalis, P. nucleatum, and P. aeruginosa. Furthermore, in the presence of hydrogel, a notable increase in
malondialdehyde (MDA) production, biofilm formation, and reduction of bacterial metabolic activity were observed.
Furthermore, it decreased the synthesis of ROS, transcription factors, and cytokines in human gingival fibroblasts during
inflammatory circumstances. To summarize, the hydrogel exhibits both antibacterial and anti-inflammatory
characteristics.'”” Li et al integrated the advantages of MOFs and hydrogels by incorporating dexamethasone-loaded
zeolitic imidazolate frameworks-8 (DZIF) NPs into a photocrosslinking matrix of methacrylic polyphosphoester
(PPEMA) and GelMA, resulting in an injectable nanocomposite hydrogel (Figure 11A-E). The injectable hydrogel
was capable of being administered into deep periodontal pockets to attain elevated local concentrations without inducing
antibiotic resistance (Figure 11B). The hydrogel has high antimicrobial activity, has a stable microenvironment construct
that maintains cell viability, proliferation, proliferation, and osteogenesis, and downregulates inflammatory gene expres-
sion in vitro. The findings from an experiment conducted on rats with experimental periodontitis demonstrated that the
nanocomposite hydrogel successfully decreased inflammation in the gums (Figure 11F) and mitigated the loss of bone
caused by periodontitis (Figure 11G and H).'”®

Some of the previously mentioned nanoparticles with ROS scavenging effects were also doped into hydrogels after
modification to form antioxidant hydrogels for periodontitis treatment. Ou et al developed a triple antioxidant hydrogel
by doping puerarin (PUE) and ferulic acid (FA) into PEG but acrylate (PEG-DA) hydrogel using PDA nanoparticles. The
FA loadings for PDA/FA NPs and PDA/PUE/FA NPs were 9.45 + 0.89% and 6.09 + 2.31%, respectively. The PUE
loadings for PDA/PUE NPs and PDA/PUE/FA NPs were 7.93 + 1.77% and 5.67 + 1.89%, respectively. An initial rapid
release of the medication within 12 hours, followed by a consistent and sustained release. Furthermore, the drug release
in PEG-DA hydrogels without PDA was much faster than the drug release profile of other hydrogels. The maximum
clearance of -OH- and DPPH- by PEG-DA/PDA/PUE/FA hydrogels was 79.27+2.20 and 52.55+2.98%, respectively.'”’

If early periodontal inflammation is not well managed, unregulated immune reactions and proliferating bacteria can
lead to the destruction of periodontal tissue. The patient’s needs cannot be adequately addressed by antibacterial and anti-
inflammatory medications alone. It is crucial to have the ability to enhance the growth, specialization, and restructuring
of periodontal tissues. Xu et al proposed an injectable sodium alginate hydrogel composite (CTP-SA) for GTR. Cu,O and
PDA-coated TiO,(TiO,@PDA) NPs were incorporated into this hydrogel. CTP-SA converted from liquid to solid state
after injection, which could automatically match the site of the metaphyseal defect. Furthermore, CTP-SA demonstrated
a wide range of antibacterial effectiveness when exposed to BL irradiation. Furthermore, the emission of ROS upon
exposure to BL excitation accelerated the oxidation of Cu® to Cu®*. The stimulation of freshly generated Cu®" and the
photothermal response of CTP-SA under NIR light simultaneously enhance the osteogenic effect of this hydrogel. In
conclusion, with this dual-light (BL and NIR) non-invasive modulation, CTP-SA can switch between antimicrobial and
osteogenic modes to cater to the specific needs of the patient, thus enabling customized GTR procedures.'®°

Qu et al designed and fabricated metformin (MF)-loaded MSN-containing GelIMA photo-crosslinked hydrogels.
GelMA doped with 1.5 mg/mL of MSNs-COOH showed the greatest compression modulus and swelling ratio. The
introduction of MSNs-COOH (at concentrations of up to 3 mg/mL) into GeIMA did not have any impact on the viability
of the cells. MF in MSN-COOH / gel MA greatly enhanced cell growth. The expression of osteogenesis-related genes,
with the exception of OCN, was significantly increased in modified hydrogels (MSN-COOH and MF-MSNS-COOH)
compared to GelMA.'®!

Wau et al uniformly introduced ZnONPs into chitin hydrogel (ChT-1%ZnO) using a one-step dissolution regeneration
technique with an alkali/urea solution. Following a 5-week period of immersion, the remaining weight of ChT-1%ZnO in
a solution containing 150 pg/mL of lysozyme was determined to be 52%. ChT-1%ZnO showed significant antibacterial
efficacy against P. gingivalis and S. aureus after 6 h, 12 h, and 24 h. Furthermore, the osteogenesis-promoting effects of
ChT-1%Zn0O were observed in laboratory conditions and subsequently evaluated in a live rat model with periodontal
defects. At 8 weeks postoperatively, the ChT-1%ZnO group showed a value of 1.608 mm for osteoid-enamel bonding,

which was statistically different compared to the membrane-free group (1.825 mm) and the ChT group (1.685 mm).'*?
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Figure Il (A) Schematic illustration showing the synthesis processes for DZIF NPs. (B) Schematic showing nanocomposite hydrogel preparation by PPEMA (C) and GelMA (D).
(E) Injection into periodontal pockets. The hydrogel decreased inflammation in the gums (F) and mitigated the loss of bone caused by periodontitis (G and H). *P < 0.05, and
##+P < 0.001. Reprinted from Materials Today Bio, 16, Li N, Xie L, Wu Y, et al. Dexamethasone-loaded zeolitic imidazolate frameworks nanocomposite hydrogel with antibacterial and
anti-inflammatory effects for periodontitis treatment, 100360. Copyright 2022 with permission from Elsevier.'’®

Abbreviations: DEX, dexamethasone; DZIF, dexamethasone-loaded zeolitic imidazolate frameworks-8; PPEMA, photocrosslinking methacrylic polyphosphoester; GelMA,
methacrylic gelatin; HGFs, human gingival fibroblasts; ABC-CEJ, the vertical distance between the alveolar bone crest and the cemento—enamel junction in maxillary second molar.

Films and Membranes

Tissue engineering techniques can reconstruct new microenvironments and lead to the formation of functional tissues.'®*

Scaffolds (biomaterials, stem cells, and scaffold fabrication methods) and controlled drug delivery strategies
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(biomolecules, drug release methods, and their appropriate concentrations) are two important factors that must be talked
about in tissue engineering.'**'®¢ In most of the studies, polymers have been used to provide the essential features of
complex structures and layered scaffolds of periodontal tissues.'®” Depending on the main polymer components,
experimental studies have been divided into three main categories: natural (collagen, hyaluronic acid, chitosan, and
lignin), synthetic polymers including PCL, PEG, acrylates, PTFE, PLGA, and combinations of natural and synthetic
polymers. Table 1 shows the application of nanocomposites (a combination of nanoparticles and membranes) in the
treatment of periodontitis.

Vale et al developed a novel antimicrobial free-standing (FS) film using chitosan, hyaluronic (HA), and catechol-
functionalized hyaluronic acid (HA-DN). HA-DN provided wet bonding properties. Silver doped bioactive glass (BG)
NPs (Ag-BGs) were incorporated into the composite film to promote bactericidal properties and bioactivity. Bioactivity
tests showed the formation of a bone-like apatite layer after immersion in simulated body fluids. Furthermore, these FS
membranes exhibited significant antibacterial effects after 16 hours of direct contact with S. aureus and E. coli
cultures.'®® In another study, Shah et al developed a novel three-layer functionally graded chitosan membrane (FGM)
by a lyophilization method. Gradient gradations of chitosan, BG, and Pluronic F127 were incorporated into the
membrane, where each layer has a distinct surface function. The lowest layer is designed to mimic the structure of
alveolar bone and consists of 50% weight percent BG. SEM analysis shows that the surface of the bottom FGM exhibits
a porous structure containing embedded BG particles. The middle layer consists of 25% weight percent of BG, whereas
the upper layer is composed of a non-porous material devoid of BG and exhibits interconnected structures. Contact angle
measurements verified that the surface coated with BG exhibited hydrophilic properties (=00), whereas the opposing
surface had hydrophobic characteristics (910 + 3.840). Osteoblasts and fibroblasts both exhibit optimal adhesion at
contact angles.'®’

Soltani Dehnavi et al synthesized nanocomposite films using PCL, PEG, and BG nanopowder by solvent casting
method for the regeneration of periodontal tissues in vitro. Although the percentage of copper incorporated into the BGs
was insignificant, this insignificant amount produced significant cytotoxic effects on cells. The study indicated that hybrid
membranes containing 7 wt% copper-free BGs showed optimal mechanical properties, biodegradable properties, a more
wettable surface, higher proliferation rates of adipose-derived stem cells (ADSCs), superior ALP activity, and excellent
bone mineralization capacity.'°

Using an electrospinning technique, Ghavimi et al created an asymmetric GBR membrane containing curcumin and
aspirin. The prepared GBR membrane had monodisperse nanosized fibers, a homogeneous network-like morphology, and
a negative surface charge. The release curve results indicate that the initial release concentration of aspirin was high
(20% from the first to the fifth day), in contrast to a lower concentration at a later stage, but aspirin continued to be
released until the 30th day. The membrane was also antimicrobial effective against all bacteria tested, including
S. aureus, E. coli, and Enterococcus faecalis. Curcumin and aspirin enhanced osteogenic capacity at both the transcrip-
tional and translational stages. During animal trials, the test area exhibited rapid ossification within only 28 d, but the
commercial membrane area showed no signs of bone formation. Additionally, there was a layer of soft tissue present
above the newly formed bone region on the test side.'”!

Toledano-Osorio et al fabricated a non-absorbable composite nanofibrous membrane using NanomyP® (Granada,
Spain) functionalized with Zn or Dox. The results showed that doping membranes with Dox and Zn increased ALP
activity by 70% and 30%, respectively. Dox-doped membrane upregulated several antigenic markers with immunomo-
dulatory potential, such as CD54, CD80, CD86, and HLA-DR."? In another study, Dox-doped membrane exhibited
upregulation of BMP-2, ALP, OPG, TGF-B1, and TGF-BR1. Zinc-functionalized membrane induced a significant
increase in the expression of Col I, ALP, and TGF-B1. In addition, both films greatly decreased the expression of
RANKL. However, mechanical testing of the composite film was not performed in either article.'*?

Nardo et al developed an antibacterial coating of AgNPs on polytetrafluoroethylene (PTFE) membranes using a green
and simple method. The antibacterial activity of the PTFE-DOPA-Ag membrane was demonstrated in vitro against
S. aureus and E. coli. In vitro cytometric assays using NIH 3T3 fibroblasts showed limited viability and proliferation
despite cell adhesion to PTFE-DOPA-Ag membranes, again demonstrating the antibacterial activity of PTFE-DOPA-Ag

membranes.'**
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Table | Nanoparticulate Composites (Association of NPs with Membranes) in Periodontal Tissue Engineering

Name Components Functions References
Antibacterial free-standing (FS) Chitosan, hyaluronic, catechol-functionalized FS films containing Ag-BGs, upon immersion in simulated body fluid for 14 days, revealed the [188]
films hyaluronic acid, Ag-BGs formation of a bone-like apatite layer. In addition, upon 16 h in direct contact with S. aureus and
E. coli cultures, these FS films exhibited a clear inhibition zone of bacterial growth
Functionally-graded chitosan Chitosan, BG, and Pluronic F127 The lower layer was designed to replicate alveolar bone and contains 50%wt. BG, the middle layer | [189]
membrane (FGM) contains 25%wt. BG, while the upper layer was non-porous without BG and it did not support cell
growth. The cells attachment and proliferation was seen for lower surface, while no cells adhesion
was observed for the upper layer
Nanocomposite membranes PCL, PEG, and BGs The blended-membrane contained 7 wt% copper-free BGs indicated higher proliferation rates of [190]
adipose-derived stem cells, superior ALP activity and brilliant bone mineralization capacity
Asymmetric GBR membrane Collagen nanofibers, curcumin, aspirin The results of the animal test showed that the test area was completely filled with new bone after | [191]
just 28 days
Nanostructured polymeric NanomyP® (Granada, Spain) functionalized Osteoblasts cultured on Dox functionalized membranes presented higher expression of CD54, [192]
membranes with Zn or Dox CD80, CD86, and HLA-DR, indicating a beneficial immunomodulation activity
Nanostructured polymeric NanomyP® (Granada, Spain) functionalized Dox doping of experimental scaffolds attained the best results, encountering up-regulation of BMP- | [193]
membranes with Zn or Dox 2, ALP, OPG, TGF-B1 and TGF-BRI. Membranes with zinc induced a significant increase in the
expression of Col I, ALP and TGF-BI. Both, zinc and doxycycline functionalized membranes
enormously down-regulated the expression of RANKL
PTFE-DOPA-Ag PTFE, DOPA, AgNPs PTEF-DOPA-Ag showed significant antibacterial activity against both E. coli and S. aureus, with higher | [194]
bactericidal activity against S. aureus
PLGA/MOX-MSNs MSNs, PLGA, MOX The use of MSN as MOX nanocellulars in fibrous PLGA membranes appears to improve drug [195]
release by creating a more controlled and longer release curve and enhancing its hemolytic behavior
COL-CS-FN-nAg Collagen (COL), chondroitin sulfate (CS), and | Anti-inflammatory activity (the inhibition rates of IL-1B, TNF-a and IL-6 were 73%, 62% and 40%, [196]
fibronectin (FN), silver nanoparticles (nAg) respectively) and antibacterial activity (against F. nucleatum and P. gingivalis) in vitro. In vivo
experiments showed that the hybrid material was colonized by cells and blood vessels, initiating
synthesis of new ECM
AMP@PLGA-MS@GIn/CS/nHAp | Gelatin (Gln), chitosan (CS), hydroxyapatite Enhance the process of osteogenic differentiation in rBMSCs; bactericidal activity for more than | | [197]
NPs (nHAp), antimicrobial peptide (AMP), week and long-term antibacterial activity against S. aureus and E. coli.
PLGA
Asymmetric barrier membranes Hollow carbonated hydroxyapatite, agarose, Excellent osteoconductivity and antibacterial characteristics [198]
e-poly-lysine
PCL-G-Zn membranes PCL, gelatin, ZnO-NPs Antibacterial properties against S. aureus and its biofilm. [199]

Abbreviations: NPs, nanoparticles; CS, chitosan; BG, bioactive glass; Ag-BGs, silver doped bioglass nanoparticles; PCL, poly-g-caprolactone; PEG, polyethylene glycol; BGs, bioactive glass nanopowders; GBR, guided bone regeneration;
MOX, moxifloxacin; MSNs, mesoporous silica nanoparticles; Zn, zinc; Dox, doxycycline; PTFE, polytetrafluoroethylene; DOPA, self-polymerized 3.4-dihydroxy-DL-phenylalanine; PCL, polycaprolactone; ECM, extracellular matrix; PLGA,
poly lactic-co-glycolic acid; rBMSCs, rat bone marrow mesenchymal stem cells; ZnO-NPs, zinc oxide nanoparticles; ALP, alkaline phosphatase; HGFs, human gingival fibroblast.
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Pouroutzidou et al created the drug-carrying composite fibrous membranes (PLGA/MOX-MSNs) utilizing an
electrostatic spinning process. While the encapsulation of moxifloxacin (MOX) has a protective impact on red blood
cells, the usage of MSNs as MOX nanocarriers in fibrous PLGA membranes appears to promote drug release by
establishing a more regulated and longer release profile and boosting its hemolysis activity. In addition, improved fiber
dispersion, more porosity, and larger fiber diameter were produced by the increase in polymer concentration. The tensile
and eclongation strength, however, was constrained by the presence of MSNs. Additionally, as MSNs concentration
increased, hydrophilicity and degradation rate also rose. However, without the inclusion of MSNs, the drug’s rate of
membrane encapsulation was greater. Additionally, the neat polymeric fibers that formed following the addition of the
medication reduced fiber cross-linking while the MSNs added after MOX encapsulation had no effect on the morphology
of the fibers. As they regulate the release of moxifloxacin and ensure antibacterial efficacy with adjustable degradation
rates against a variety of periodontal pathogens, the suggested composite electrostatic spinning membranes may be
a successful alternative method for periodontitis treatment. Such barrier membranes could stimulate osteogenic and
angiogenic potential while overcoming the drawbacks of hydrophobicity and constrained bioactivity.'®”

Craciunescu et al developed a multifunctional three-dimensional hybrid biomaterial containing extracellular matrix
components, collagen, chondroitin sulfate, and fibronectin, functionalized with AgNPs. The material has a microstructure of
interconnected pores, with two-dimensional culture conditions, and exhibits significantly higher cell viability and proliferation
within the three-dimensional hybrid biomaterial, and no genotoxic effects. In vivo experiments showed that cells and blood
vessels colonized the hybrid material and synthesized a new extracellular matrix. The use of silver nanoparticles enhanced the
anti-inflammatory efficacy of the hybrid biomaterials. The antibacterial activity of the silver nanoparticles persisted even after
being incorporated into the polymer scaffold, effectively suppressing the development of £ nucleatum and P. gingivalis."*®

He et al prepared gelatin (Gln) and chitosan composite GBR films containing hydroxyapatite NPs (nHAp) and
antimicrobial peptide (Pac-525)-loaded PLGA microspheres (AMP@PLGA-MS) using sequential layer-by-layer electro-
spinning and electrospraying techniques, which should have osteogenic and antimicrobial activities. The diameter of
nHAp-containing fibers was 359 + 174 nm, in contrast to 409 + 197 nm for electrospun fibers without nHAp. nHAp
involvement and chemical cross-linking were both able to improve their tensile strength. The GIn/CS composite
membranes exhibited excellent biocompatibility in vitro, characterized by favorable cell adhesion, diffusion, and
proliferation. Furthermore, membranes composed of GIn/CS and containing nHAp have the ability to enhance the
process of osteogenic differentiation in BMSCs. The GBR membranes, which incorporated AMP@PLGA-MS, demon-
strated prolonged and controlled release of Pac-525 in laboratory conditions. These membranes exhibited bactericidal
effects within a week and maintained antibacterial activity against S. aureus and E. coli for a duration of 1 month."®’

In another study, He et al developed a novel asymmetric barrier membrane composed primarily of agarose hydrogel.
The hydrothermal process was used to prepare hollow carbonated hydroxyapatite (CHA), which was then precipitated in
agarose and exhibited an asymmetric structure. The antimicrobial agent e-poly-lysine (e-PLL) was used to provide the
membrane with a durable antibacterial effect. Increasing the amount of CHA additive resulted in improved biocompat-
ibility and enhanced mechanical qualities of the barrier membranes. We have shown the osteoconductivity and
antibacterial characteristics of the membranes through both in vitro and in vivo experiments.'®

To address the problem of treatment failure due to bacterial colonization of GTR membranes, Prado-Prone et al
fabricated composite membranes with topical antimicrobial properties by electrospinning technique. In this study, acetic
acid was used as the only common solvent to improve the miscibility of PCL and Gel in the electrospun solution,
resulting in homogeneous fiber films. The composite films showed adequate mechanical properties and degradability. The
mechanical strength was better at 55:45 than at 70:30 for the same ZnO-NPs content; the higher the percentage of ZnO-
NPs was for the same PCL to Gel ratio, the higher the mechanical strength was. The presence of ZnO-NPs in the
composite membrane significantly reduced the growth of S. aureus and its biofilm, but this inhibition was independent of
the concentration of ZnO-NPs, and the cytotoxicity increased with the increase of the concentration. The composite films

containing 1 and 3 wt% ZnO-NPs were biocompatible with human osteoblasts and HGFs.'*”
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Conclusion

Advances in nanotechnology provide promising solutions for the treatment of inflammatory diseases such as period-
ontitis. The development and approval of immunomodulatory nanomedicines by the FDA marks a breakthrough in this
field. However, there are some criterions should be addressed when preparing NPs for the treatment of periodontitis.

Nanomaterials must meet biosafety standards when applied to periodontal tissue to ensure that they do not cause any
harm to healthy tissue structures. In order to achieve the goal of inhibiting bacterial growth using the nanoparticles
themselves or loaded drugs, the drug release concentration must also exceed the minimum inhibitory concentration. This
requires nanomaterials to be able to control the rate and concentration of drug release to ensure that the antimicrobial
effect is sustained over the course of treatment. Many studies have evaluated the dispersion effect of NPs on biofilms, but
this dispersion effect has not been confirmed in clinical trials.**

As discussed above, periodontal tissue destruction is associated with hyperinflammation of the host. NPs can alleviate
this chronic inflammation by delivering active pharmaceutical ingredients, thereby facilitating the process of tissue repair.
A moderate inflammatory response can stimulate the local immune system, promote wound healing and neovasculariza-
tion, and remove waste material from the injured site.”*’ However, it is important to note that both the absence of any
inflammation and the presence of excessive inflammation can adversely affect the tissue.”°? Therefore, how to produce
and maintain the optimal “ideal” level in the tissue environment, which can effectively resist external invasion without
causing obvious damage to the normal tissue structure is a big challenge.

The application of NPs in periodontal tissue regeneration necessitates excellent biological absorption characteristics.
If the material does not degrade on its own, the patient may need to undergo a secondary operation to remove the
remaining material, which increases the patient’s suffering and recovery time. Hence, it is crucial to identify nanoparticle
materials capable of self-degradation at an appropriate time. Moreover, the development of reliable techniques to track
the distribution of NPs and assess their effects on the organism will help to understand their mechanisms of action and
optimize therapeutic strategies.

Unfortunately, at present, there are few clinical studies on NPs in the treatment of periodontitis, and most of them are
still in the preclinical stage. This indicates there are some challenges hinder the transition from academic success to
clinical implementation. First, while encouraging preclinical results demonstrate the effectiveness of nano-formulations
for the treatment of periodontitis, it is critical to conduct rigorous clinical trials to evaluate their performance under “real-
world” conditions, which is absent in most currently researches. Second, the long-term toxicity of some NPs is unknown.
Although numerous studies have explored the short-term toxicity of their NPs, there is a limited understanding of the
accumulation in crucial organs or tissues might cause unforeseen toxic effects. Therefore, investigating the behavior of
NPs (absorption, distribution, metabolism, and excretion) within the human body over extended periods, and monitoring
the related potential side effects remain a challenge but need to be addressed. Third, and most important, strengthen the
interdisciplinary collaboration between chemist and dentist is essential for the clinical usage of NPs for periodontitis
treatment. The dentist provides crucial perspectives on clinical challenges and offers valuable requirements, while
chemist specializes in synthesizing superior NPs accordingly.

Anyhow, advances in nanotechnology have provided us with an exciting new tool. We believe that safe and effective
NPs will become a widely available option for patients suffering from periodontitis in the future. With the continued
efforts of chemists and dentists, we may see a paradigm shift towards more effective treatments that offer hope to those
affected by chronic inflammation-related diseases.
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