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Abstract: Periodontitis is an inflammatory disease of the gums characterized by the degeneration of
periodontal ligaments, the formation of periodontal pockets, and the resorption of the alveolar bone,
which results in the destruction of the teeth’s supporting structure. Periodontitis is caused by the
growth of diverse microflora (particularly anaerobes) in the pockets, releasing toxins and enzymes
and stimulating the immune system. Various approaches, both local and systemic, have been used to
treat periodontitis effectively. Successful treatment depends on reducing bacterial biofilm, bleeding
on probing (BOP), and reducing or eliminating pockets. Currently, the use of local drug delivery
systems (LDDSs) as an adjunctive therapy to scaling and root planing (SRP) in periodontitis is a
promising strategy, resulting in greater efficacy and fewer adverse effects by controlling drug release.
Selecting an appropriate bioactive agent and route of administration is the cornerstone of a successful
periodontitis treatment plan. In this context, this review focuses on applications of LDDSs with
varying properties in treating periodontitis with or without systemic diseases to identify current
challenges and future research directions.

Keywords: local delivery drugs; pharmaceutics; natural drugs; antibiotics; controlled released drugs;
inflammation; periodontitis; nutraceutical agents; drugs; agents

1. Introduction

Periodontitis is a chronic inflammatory disease affecting tooth-supporting tissues,
manifesting by probing depths (PD), loss of clinical attachment level (CAL), and alveolar
bone resorption. It is a multifactorial disease caused by an alteration of the microbiota of
the gingival pockets and an abnormal immune response of the host. It can get worse in the
presence of other factors, such as systemic diseases, such as diabetes, or bad habits, such as
smoking. It is spread worldwide, affecting 10-15% of the world’s population, according
to WHO's estimations. Due to its multifactorial etiology, patients must be treated with
personalized therapy, having control of the infection as the main objective.

According to the guidelines by Sanz et al. [1], the current standard treatment of stages
I, II, and III of periodontitis is based on the following steps: motivation and education
of the patient to improve domiciliary oral hygiene; control of other factors that enhance
the periodontal disease, including diabetes, cardiovascular disease, and /or smoking ces-
sation; and subgingival instrumentation performed by the clinician. In addition to the
above-mentioned therapeutical interventions, according to Herrera et al. [2], Stage IV of
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periodontitis requires surgical correction of the bone defects and multidisciplinary inter-
vention, such as temporary control of secondary occlusal trauma, orthodontic therapy,
rehabilitation of the edentulous spaces, and tooth-supported or implant-supported dental
prostheses (Table 1).

Table 1. Stages of Periodontitis with associated therapy and the studied adjunctive therapeutical

agents with relative LDDSs.

Periodontitis Thera Studied Adjunctive LDDS for Adjunctive
Py Therapeutical Agents Therapeutic Agents
Anti-bacterial and anti-septic
SRP, motivation and education for er}gs (tetracychnes, .
. . metronidazole, azithromycin, . . .
domiciliary oral hygiene, metronidazole, chlorhexidine) Fibers, Strips and Films,
Stage L, I, IIT correction of bad habits (ex. inflammation m;) dulators (statir;s Microparticles, Nanosystems,
Smoking), control of systemic .. .. RN Gels. [31,32]
diseases (ex. Diabetes). [1] lipoxin, aspirin, erythropoietin),
’ ’ natural agents (TP, curcumin,
TGEC, mangosteen) [3-30]
SRP, motivation and education for
domiciliary oral hygiene, Antibiotic (amoxicillin), alveolar
Stage IV correction of bad habits (ex. bone and tissue repairing agents Membranes, Scaffolds. [31]

Smoking), control of systemic
diseases (ex. Diabetes), surgical
correction of bone defects. [2]

(inhibitor SP600125, BMP-2,
rhAm, GAL, MSCs) [33-37]

Supragingival and subgingival instrumentation, also known as scaling and root plan-
ing (SRP), and rigorous home dental care are essential to control the infection. In fact, since
the pathogenic bacteria are organized in biofilm, the above-mentioned procedures remove
the etiological microbiological factor of periodontitis. In addition to the mechanical removal
of the biofilm, adjunctive systemic or local host-modulating agents can help in the treatment
of periodontal disease [1]. To obtain the best results associated with the lowest risk from
the adopted pharmacological therapy, it is important to modulate the molecule release.
For this reason, a local drug delivery system (LDDS) has been suggested to be adopted
in association with SRP (Table 1). The use of LDDSs is a promising therapeutic strategy
applied in a variety of medical fields, including the treatment of local infections of the
vagina, nose, eye, and skin [38]. In the treatment of periodontitis, it has been demonstrated
that it is very important to maintain an effective drug concentration in the periodontal
pockets for a sufficient timespan [39]. For this reason, an LDDS is a precious tool for local
adjunctive pharmacological periodontal therapy.

The aim of this review is to identify current challenges and future research directions
focusing on applications of LDDSs with varying properties in the treatment of periodontitis
with or without systemic diseases.

2. Materials and Methods

To include articles in this review, we used the following search engines: PubMed
and Google Scholar. We used the following keywords: local drug delivery, LDDS, and
periodontitis. The total amount of articles found were: 868 on PubMed and 142 on Google
Scholar, which were published from 1979 to 2022. Among the founded articles, we included
131 in this review, after excluding papers that did not respect the criteria for selection of
papers and duplicate papers. At least two independent researchers reviewed titles and
abstracts for inclusion. After the first analysis, full texts of the articles were requested,
which were evaluated by two researchers to assess final inclusion/exclusion. If there was
disagreement between the two researchers, a third researcher’s opinion was requested,
and the decision was taken by consensus. The first analysis was based on the following
standards: RCTs, cohort studies, case—control studies, and case—series that included, at
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least, a sample number of 15, meta-analysis, and a systematic review. The language of
publication was not a feature that limited the inclusion of studies.

3. Drug Delivery System

The drug delivery system is a central point in pharmacological therapies. During the
past years, the scientific community has focused on the variety of molecules that can control
drug release competing with the ordinary methods of administration. Many medical fields
have gained advantages using controlled LDDSs, which have been investigated and applied
in oncology, cardiology, and ophthalmology [40-44]. In fact, thanks to the development of
controlled drug delivery systems, problems normally associated with conventional drug
delivery (such as syrup, capsules, tablets, etc.) are avoided. These problems are frequently:
low bioavailability due to some drugs’ rapid excretion and hepatic metabolism and the
need for frequent doses for drugs with short biological half-lives [45]. By controlling
drug release, instead, it can be possible to maintain a sufficient quantity of the drug for a
sufficient time lapse; in this way, it will achieve the desired therapeutic response, reducing
the frequency of dosing and the collateral effects associated with a bigger amount of drug
assumed by conventional administration (Table 2).

Table 2. Advantages and disadvantages of systemic and LDDS administrations.

Type of Administration Advantages Disadvantages References
Low bioavailability of the drug;
Some patients may prefer need for frequent doses;
. conventional drug- administration; gastrointestinal issues;
Systemic . S . . . [31,45]
well-known associated risk; no dysbacteriosis; drug resistance;
need of second intervention; cheap.  interaction with other systemic
administrated drugs.
High bioavailability of the drug; Difficulty of management of some
controlled drug release; bypass of
. P types of LDDS, some of them
the hepatic metabolism; no o .
. L o have difficulty to provide
gastrointestinal issues; reduction in . . ..
Frequent doses: mini-invasiveness sufficient drug-concentration; the
LDDS q ’ need of reintervention for the [31,32,46,47]

of some LDDSs; high compliance of
the patient; use of drugs that are not
compatible with systemic
administration (ex. Chlorhexidine);
no interaction with other drugs.

oldest LDDS; the need of further
investigations to assess which
kind of LDDS is the best one;
high costs.

4. LDDS and Periodontal Treatment

LDDSs manage the release of locally administrated drugs that are indicated as an
adjunct to periodontal treatment. There are two groups: LDDSs loaded with therapeu-
tical agents used as an adjunct in non-surgical periodontal therapy, and LDDSs loaded
with drugs used as an adjunct in surgical periodontal therapy (Table 1). Local adminis-
tration is suitable to treat periodontitis since systemic administration is usually related to
gastrointestinal issues, the need for frequent doses to maintain high blood concentration
of the drug, and other collateral effects, such as dysbacteriosis or drug resistance [31].
Since the drug used to prevent and treat periodontitis needs to stay in the periodontal
pocket for a sufficient timelapse at a high enough concentration, LDDSs have shown to
be necessary [48-50]. They are introduced directly into the periodontal pockets to provide
control of the SRP-adjuvant drug used. Locally administrated drugs do not undergo typical
systemic drug-associated problems, but the role of gingival crevicular flow (GCF) should
be analyzed; it may influence the outcome of the local administrated drug. GCF flow
(or flow rate) indicates the process of gingival crevicular fluid moving in and out of the
pocket area. The GCF flow is composed of the following three components: the resting
volume, the influx, and the efflux. Due to the fact that the resting volume is constant
over the measurement period and that it has minimal losses caused by evaporation or
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absorption, GCF flow can be measured by considering either the influx or efflux. It has been
demonstrated that the GCF flow increases in periodontitis-affected sites. For this reason, it
has been suggested that it could become a parameter to evaluate therapeutical responses,
hypothesizing that its new measure would be close the GCF flow measured at healthy sites
as an effect of the locally administrated drug. In a study [51], this hypothesis was tested
by the introduction of tetracycline-loaded fibers. It decreased, however, since the changes
of GCF flow rate were too variable, and it was assessed that it could not be considered
statistically relevant as changes in PD and CAL to evaluate the efficiency of the adopted
therapy [52]. Moreover, an LDDS for periodontal treatment are advantageous compared
with the systemic administration of drugs because of the following features: it guarantees
minimal invasiveness and the direct administration of the drug in the interested situ; thus, it
acts immediately in the affected site and it has contact with that site only, without having to
wait for the process of transport of such molecule and without compromising other organs.
It bypasses the hepatic metabolism; thus, there is not percentage of the drug that goes lost,
as in the systemically administrated ones. It avoids gastrointestinal issues, which is typical
of orally administrated drugs, as they often irritate the stomach mucosa or they cause dys-
bacteriosis of the intestinal tract if they are antibiotic, leading to diarrhea as a consequence.
It is associated with the reduction in the frequency of the doses because, as said before,
100% of the molecule is effective since no part of it is metabolized by the liver. It increases
the compliance of the patient due to the fact that is very easy to administer, and it gives
the possibility to introduce drugs that are not compatible with systemic administration,
such as chlorhexidine [32,46]. LDDSs do not lack some disadvantages. In fact, some local
drug delivery systems have difficulties in management, and some of them have difficulty
providing sufficient drug concentrations. The oldest examples are not biodegradable, and
they are associated with the discomfort of a second intervention to remove them. They are
relatively new; thus, there is still the need of further investigations to assess which kind of
LDDS is the best one. Last, but not least, local drug delivery systems are often associated
with high costs, which may hamper their clinical appliances [31,47] (Table 2). The ideal
features of LDDSs are to be biodegradable, biocompatible, easily administrable, to release
the drug in a controlled way, to maintain its concentration as stable for a long time, and
to not be irritative [32]. We have the following LDDSs available: fibers, strips and films,
microparticles, nanosystems, gel, membranes, and scaffolds [31,32,53] (Figure 1) that can
be associated with three types of drugs: anti-bacterial drugs, inflammation modulators,
and alveolar bone and tissue repairing agents [31] (Table 1). LDDSs and their indications
and contraindications are discussed in Table 3.

Table 3. Indications and contraindications of each LDDS [16,31].

Type of LDDS Indications Contraindications
Fibers Adjunct to SRP, suitable for inaccessible areas Larger pockets areas, surgl.cal correction of
periodontal site
Strips and Films Adjunct to SRP, suitable for larger pocket areas Inaccessible poster1er sites, su}' gical correction of
periodontal site
Microparticles Adjunct to SRP surgical correction of periodontal site
Nanosystems Adjunct to SRP surgical correction of periodontal site
Gels Adjunct to SRP surgical correction of periodontal site
Not indicated as adjunct to periodontal therapy
Membranes Adjunct to surgical correction of periodontal site  if it does not require surgical correction of the
bone defect
Not indicated as adjunct to periodontal therapy
Scaffolds Adjunct to surgical correction of periodontal site  if it does not require surgical correction of the

bone defect
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Figure 1. The available LDDSs for periodontal treatment.

5. Types of LDDSs in Periodontitis Treatment
5.1. Fibers

Fibers are a reservoir-type delivery system loaded with the selected therapeutic agent,
placed circumferentially into the periodontal pocket by an applicator and maintained in
situ by a cyanoacrylate adhesive or a periodontal dressing [32,54,55] (Figure 2). A variety of
polymers have been proposed and studied as fibers for local drug delivery systems: either
natural, such as chitosan, zein, and gelatin, or synthetic, including poly(e-caprolactone),
polyurethane, polypropylene, cellulose acetate propionate, and ethyl vinyl acetate [31,32].
All of them, when used and tested, were loaded with anti-bacterial drugs.

Subgingival positioning of drug-

loaded fibers

Figure 2. Fibers and their placement. Reproduced with the permission from Rajeshwari et al. [32].

In 1979, thanks to Goodson et al. [47], hollow fibers impregnated with tetracyclines
were proposed. The local administration of tetracyclines loaded in hallow fibers allowed
the introduction of less than 1/1000 of the normal amount of tetracyclines by systemic
administration. Nevertheless, the limitation of this formula was the duration of the con-
centration in the long term. For this reason, over the years, most scientists have tried to
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propose other kinds of fibers that would have avoided the aforementioned limit, such
as Tonetti et al. [56] (Table 4), who made an ethyl vinyl acetate fiber loaded with 25%
tetracycline that maintained constant levels of drug for 10 days.

The first type of fibers was non-biodegradable, for this reason, it was associated with
discomfort because it was necessary for a second intervention to remove them, and wound
healing was associated with redness of gums [31]. To avoid this, biodegradable fibers were
introduced in the market, including, for instance, collagen fibers [3]. It is important to
highlight the new introduction of an interesting procedure to obtain polymeric nanofibers
with superior biochemical properties, called electrospinning [12] (Figure 3). This procedure
is used to make fibrous structures such as a native extracellular matrix, which can be
functionalized to carry inorganic substances, bioactive factors, or chemical drugs [13].
The materials that have suitable features to be processed with electrospinning are poly
lactic-co-glycolic acid (PLGA) and gelatin (GEL). In fact, they are extremely biocompatible
and biodegradable [57,58].

Membrane

Collector voltagel

(13~Lr>4°)

Electrospinning

+ Antibacterial < Antiphlogistic = Promotes tissue growth

Figure 3. The procedure of electrospinning to make nanofibers. Each nanofiber has antibacterial and
antiphlogistic activity and promotes tissue growth. Nanofibers are assembled in membranes and
then applied to the periodontitis-affected site.

In 2009, a study [3] that involved patients treated with SRP only and the test group of
patients treated with SRP was associated with resorbable fibers of collagen loaded with
tetracyclines. The positive impact of the use of fibers loaded with antibacterial drugs
was assessed, and, in fact, the test group was associated with better results in terms of the
reduction of probing depths (Table 1). Over the years, other studies, such as the randomized
clinical trial of Chhina et al. [59], assessed by clinical and biochemical measurements
that patients suffering from chronic periodontitis treated with SRP in combination with
tetracyclines fibers had better outcomes than with SRP alone. However, that does not mean
that SRP only is a bad therapeutical option. In fact, it is efficient for early-to-moderate
periodontitis. Meanwhile, the association of SRP with LDDS fibers loaded with tetracyclines
is a good option for the severe form of the disease.
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Table 4. A summary of the characteristics of some of the studies that are reported in the review.

Time of Constant Drug

. . o o
System Material Drug Study Design Release %o Drug Loaded % EE References
Fibers Ethyl vinyl acetate Tetracyclines Clinical trial 10 days 25% Not mentioned [56]
Fibers Collagen Tetracyclines Case control Not mentioned Not mentioned Not mentioned [3]
Fibers Fibrillar collagen Tetracyclines In vitro 10 days Not mentioned Not mentioned [4]
Nanofibers PLGA TP In vitro/in vivo 14 days Not mentioned Not mentioned [5]
Tetracycline 25% metronidazole, 25%
Strip Polyhydroxybutyric acid hydrochloride or In vitro/in vivo 4/5 days tetracycline HCI, 10% Not mentioned [6]
metronidazole tetracycline HCI
Film Hydroxypropylcellulose Chlorhexidine diacetate In vitro 3 days 20% chlorhexidine Not mentioned [7]
Microparticles Sulfate/sulfonate-bearing Minocycline In vitro 9 days at pH 7.4 and 44.69% + 0.03% 96.98% =+ 0.12% (8]
biopolymers 18 days at pH 6.4
Prolonged release
Microparticles Cross-linked chitosan Metronidazole In vitro (not specified how Not mentioned 59.40% [9]
many days)
Nanoparticles Chitosan Doxycycline In vitro Not specified 28% 75% [10]
. . serum albumin microspheres .
Microspheres in containine minocycline and zinc slow-release time was
combination . 8 <y Minocycline In vitro more than 72 h with Not mentioned 99.99% [11]
. oxide nanoparticles (ZnO NPs) i
with Hydrogel pH-sensitive property

in a Carbopol 940® hydrogel.
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In addition to the clinical aspects, in vitro studies about the use of fibers with anti-
bacterial agents were conducted too. Studies in vitro evaluated the kinetics of the LDDS
used since it is important to have a constant release of the drug at bacteriostatic or bac-
tericidal concentrations, and the effect on the specific periodontal pathogenic microbes
was also evaluated. Vijayalashmi et al. [4] (Table 1) tested tetracyclines-loaded collagen
fibers in water and in a reproduced periodontal pathological pocket environment in serum,
evaluating the kinetics of the drug and the effect on P. gingivalis. The results showed
that this type of fiber released a controlled quantity of the drug for a therapeutical period
(10 days) and was effective against P. gingivalis in the simulated periodontal pathological en-
vironment. Moreover, it was assessed that the increased release of the drug was associated
with increased degradation of the fibers, and this would have a clinical impact since the
amount of drug released and the, consequently, anti-microbial action would be deductible
by just seeing the grade of degradation of the fiber.

Even the first studies and clinical applications of fibers were using tetracyclines.
It has been demonstrated that other anti-microbial molecules, including metronidazole
or azithromycin, are efficient too, giving better results than SRP alone in periodontal
treatment [60,61]. Recently, other kinds of drugs have been tested because of the drug
resistance associated with the long-term use of antibiotics [14]. For example, Ze He et al. [5]
(Table 1) tested PLGA nanofibers loaded with tea polyphenols (TP), which are active com-
pounds present in tea and are mainly composed of catechins and their derivatives, which
have shown good influences on periodontitis treatment [15,62]. It has been demonstrated
that TP plays an important role in fighting periodontal inflammation and in preventing it
by decreasing the levels of interleukin-1(IL-1) and tumor necrosis factor (TNF)-o, which
are the major pro-inflammatory cytokines relevant to periodontal destruction [62-65]. In
this study, TP was part of the shell layer; meanwhile, the core layer was impregned with
Adiporon (APR), an adiponectin mimetic that specifically binds to the adiponectin receptor
and promotes alveolar bone regeneration by enhancing osteogenic differentiation [66].
The study’s results, conducted in vivo in mice and in vitro, gave great hopes. In fact, TP
released in the early stages fought the inflammation, and ARP, released in later stages,
promoted bone regeneration; both were present at effective concentrations.

In conclusion, fibers are one of the most ancient forms of LDDSs. They are suitable
for inaccessible areas, but, if non-biodegradable fibers are used, they need to be removed
after treatment, leading to gingival redness. Moreover, new directions are addressed to
progressively tinier forms, such as nanofibers, and other drugs used than antibiotics, such
as TP.

5.2. Strips and Films

Strips and films (SFs) are thin matrix bands in which drugs are dissolved throughout
the polymer. SFs are great in matching the shape and size of the periodontal pocket and is,
consequently, easy to insert with minimal discomfort for patients; they are placed in the
interproximal periodontal pocket space (Figure 4) [32].

The first materials proposed in the fabrication of strips and films were acrylics loaded
with different kind of antibiotics, and they showed a significant drug release on the first
day, with a subsequent sustained release over 4-5 days after placement [6] (Table 1). As
they were non-biodegradable, they were associated with the disadvantage of a second
intervention for the removal, which is a difficult procedure because they soften in the
crevicular fluid, and all this causes irritation in gums [67]. To overcome such a disadvantage,
new bioabsorbable materials were introduced, including poly-hydroxybutyric acid and poly
lactic-co-glycolic acid (PLGA), atelocollagen, gelatin, chitosan/PLGA, and more. They were
tested and showed good results [31]. Non-biodegradable SFs released the therapeutical
agent by diffusion. Meanwhile, biodegradable SF released by diffusion and erosion [68].

SFs loaded with antibiotics and antiseptic drugs have been studied, showing good long-
term concentration maintenance and good clinical improvements of gingival health [7,69-72]
(Table 1). In 2002, Friesen et al. [69] assessed the superiority of SRP associated with strips
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loaded with tetracyclines over SRP alone and demonstrated the major efficacy of multiple
strips over a single strip in reducing probing depths. Even though chlorhexidine-loaded
strips have been previously associated with the least efficacy in periodontal treatment when
compared with other molecules [73], Paolantonio et al. [74] showed a significantly higher
reduction of probing depths (p < 0.01) in sites treated with chlorhexidine chips than in sites
treated with SRP alone.

Subgingivally Placed Strips

Subgingival Placement of Film
—loaded with Therapeutic Agent

Drug release from the Film

Figure 4. Strips and Films and their placement. Reproduced with the permission from Rajeshwari et al. [32].

In addition to the studies that involved antibiotics and chlorhexidine, herbal-derived
agents have been introduced to avoid a major disadvantage associated with antibacterial
drugs, i.e., antibiotic resistance. For example, Kudva et al. [75] studied the effect of green
tea in periodontal health, demonstrating its bactericidal action that led to a better clinical
aspect of gums.

Finally, SFs have the same range of materials used to make them as the fibers. They
differ in their release rate, according to their dimensions and also in their application.
In fact, fibers are suitable for inaccessible and the most distal regions. Meanwhile, SFs
are wider, and, for this reason, they are suitable for larger pocket areas [16]. Nowadays,
the market has introduced smaller LDDSs, such as nanoparticles, microspheres, and gels,
stealing the scene from fibers and SFs.

5.3. Microparticles

Microparticles are solid spherical polymer structures with a diameter from 1 to
1000 pm, loaded with a drug that spreads uniformly throughout the polymer matrix.
They are very easy to administer and provide a prolonged release of the drug but are not
readily retained in the targeted site. They are delivered via various carrier systems such as
chips, dental pastes/gel systems, and direct injection into the pocket [32] (Figure 5).

Materials of natural origins, modified natural substances, and synthetic polymers,
divided into biodegradable and non-biodegradable categories, have been proposed for
microparticles [31]. In 1997, Esposito et al. [17] tested in vitro three different types of
microparticles (poly(L-lactide), [L-PLA] poly(DL-lactide), [DL-PLA], and poly (DL-lactide-
co-glycolide) 50:50, the [DL-PLG]) loaded with tetracyclines. They showed differences
in the release kinetics related to the material that the microparticles were made of. In
addition, all of them released tetracyclines in a controlled manner for two weeks, making
them promising clinical applications. Usually, tetracyclines-loaded (lactic-co-glycolic acid)
(PLGA) microparticles are used, but they are associated with the following disadvantages:
low loading efficiency for encapsulating highly water-soluble drugs into PLGA micro-
spheres/nanospheres [76,77]; and the slow degradation rate of PLGA, which causes the
presence of empty microspheres/depots at the site of periodontal pockets for a long time
after the loaded minocycline is completely released [78]. To avoid such limits, scientists
are constantly looking for the best formulation of LDDSs to achieve the maximum yield.
Recently, ion pairing and complexation has been introduced as a new promising strategy for
local drug delivery and release [79,80] since it could enhance the therapeutic performance
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of active pharmaceutical components by altering their solubility, stability, release rates, and
bioactivity [76,81,82]. Wu et al. [8] (Table 1) investigated the possibility of exploiting the ion
pairing/complexation of minocycline, Ca2+, and sulfate/sulfonate-bearing biopolymers to
develop an intrapocket delivery system of minocycline as an adjunct to scaling and root
planing. The study was conducted in vitro, and a high loading efficacy (96.98% + 0.12%)
was observed with a high loading content (44.69% 4= 0.03%) in minocyclines for these
complex microparticles, compared to the usual loading content that does not go over
10%. Moreover, thanks to agar disk diffusion and biofilm assays, the antimicrobial effect
against Streptococcus mutans and Aggregatibacter actinomycetemcomitans was assessed. These
results gave great hopes for the clinical application of microparticles made by ion pairing
and complexation.

Subgingival Placement of
Nano/Micro Therapeutic Agents

-

@- Drug Released by
[5) ./ * Adsorption
@ } * Endocytosis
2] (RIGEGT I« Lipid Exchange/Fusion
Drug
Drug Released by

i * Degradation
Drug Reservoir<_} « Diffusion

* Erosion

Nano
Particles

Micro Sphere

Figure 5. Microparticles and nanosystems and their placement, reproduced with permission from
Rajeshwari et al. [32].

In the research of the best formulation of microparticles, the evaluation of cross-linked
chitosan microparticles [54] containing metronidazole (MTZ) by Pichayakorn et al. [9]
(Table 1) is worth mentioning. In this in vitro study, it was revealed that the best formulation
among the tested ones was MTZ-MPs with the following variables: composed of 1% of
Span80 in soybean oil, 5% glutaraldehyde in chitosan solution, 30 min of cross-linking time,
1:1 drug/chitosan ratio, and drug adding in the form of ethanol solution and washing with
hexane only. The MTZ-MPs had a 59.40% entrapment efficacy and a prolonged release
profile. In the same study, another evaluation was made: the drug release of the MTZ-MPs
in hydrogels and in films compared to drug powders. This analysis was made based
on a previous study [83], in which both chitosan-based hydrogels and films have been
recognized to have excellent features for local drug delivery in the oral cavity, including
mucoadhesiveness, biocompatibility, and biodegradability. The results demonstrated the
superiority of MTZ-MPs hydrogels and MTZ-MPs films over powders providing prolonged
release, and, in particular, MTZ-MPs hydrogels provided constant release rates during the
studied period of 6 h, while MTZ-MPs films provided a fast release in the initial 5 min and
then reached a plateau.

In addition to in vitro studies, clinical investigations of the application of micropar-
ticles as LDDSs in periodontitis treatment have been conducted too. The application of
solid lipid microparticles (SLMs) is interesting in the study of Gad et al. [84]. SLMs have
acquired particular concern in medicine thanks to the following properties: its physiolog-
ically well-tolerated nature, high biocompatibility, avoidance of organic solvents, ability
to modify and target drug release, increased drug stability, high drug load, and ability of
large-scale production by a high-pressure homogenization technique [85]. Gad et al. [84]
developed SLMs encapsulating doxycycline hydrochloride DH and metronidazole MTZ
via the hot homogenization method. The type of lipid matrix, homogenization speed,
drug amount, surfactant type, and concentration influenced the % of entrapment efficacy,
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particle dimension, and zeta potential of the SLMs. The optimal formulation of the SLMs
was made of 5% w/w TP as a lipid matrix, with 25-mg DH and 100-mg MTZ, which was
then stabilized with 5% w/w P188 + EP. It was subjected to freeze-drying and showed
adequate stability when stored at both ambient and refrigeration temperatures. Then,
SLMs were incorporated into poloxamer gel, which slowed down the rate of release of
DH and MTZ and gave a satisfactory local drug-delivery system. In conclusion, the ad-
junctive use of SLM gel to a conventional SRP resulted in a significant decrease in the total
amount of anaerobic bacteria from pre-therapy to post-therapy and in good clinical results
of periodontal parameters in patients affected by chronic periodontal disease.

In sum, microparticles have been extensively studied, and new formulations are
proposed every day to improve their activity and efficacy. It would be interesting to find
out what will happen when the formulations tested in vitro will be tested in humans. By
comparing the results of studies in humans, it will be clearer what formulation best fits
ordinary clinical practice and should be used by most clinicians.

5.4. Nanosystems

Nanosystems are characterized to have very small sizes that allow them to be suit-
able for the areas where other forms of LDDSs do not arrive, such as the pocket area
below the gum line. They are directly injected in the pocket area or placed via other
carrier systems (ex. gels) [32] (Figure 5). They include micellas, metallic and polymeric
nanoparticles, liposomes, and nanofibers. They are optimal because they have high loading
capacity and a favorable surface-volume rate. Some of them have also shown antibacterial
properties, which could be an advantage in treating periodontitis since it is caused by
bacterial etiological factors. In particular, metallic nanoparticles are used in dentistry for
their antimicrobial activity and bone regeneration properties [19,31,32,86], but they are,
unfortunately, associated with citotoxicity and non-degradability, making them unsuitable
to be used for periodontal therapy [87,88]; hence, other materials are preferable to be
used. Polymeric nanoparticles loaded with minocycline by emulsification—diffusion have
shown good results, having 96% of the minocycline released after 12 days and very good
clinical outcomes in terms of periodontal healing [89]. Chitosan, which is a natural material,
characterized by high biodegradability, nontoxicity, and antimicrobial properties [90], has
been largely used in the fabrication of nanoparticles. For example, Xu et al. [10] (Table 1)
made doxycycline-loaded chitosan nanoparticles with a mean particle size of 50 nm, which
showed an around 75% entrapment efficiency and a 28% loading power. The results re-
vealed that the preparation presented good cell compatibility, better antibacterial properties
against P. gingivalis, and successful downregulation of inflammatory factors.

One of the best biocompatible and biodegradable materials is PLGA. PLGA nanoparti-
cles have been largely investigated in medicine, even in neurobiology [82]. PLGA loaded
with doxycycline (DOX) has shown a sustained release after administration in periodontal
pockets, a good adjunctive therapy to SRP. Moura et al. [91] investigated DOX-loaded PLGA
in a clinical trial, collecting samples of gingival crevicular fluid (GCF) 2, 5, 7, 10, 15, and
20 days after DOX administration. The significant decrease in drug concentration in GCF
was observed only on day 20 (19.69 + 4.70 pg/mL). Meanwhile, until day 7, DOX concen-
tration was stably sustained (23.33 & 1.38; 23.4 + 1.82; 22.75 £ 1.33 ug/mL, respectively),
and it started to decrease at days 10 (21.74 & 0.91 ug/mL) and 15 (20.53 + 4.88 pg/mL).

PLGA nanoparticles have also been tested clinically in combination with antimicrobial
photodynamic therapy (aPDT). The addition of aPDT to SRP has been largely investigated
and has resulted in being controversial since it has never provided significant benefits
unless applied in multiple sessions [18,92-94]. De Freitas et al. [95] tested the synergetic
effect of aPDT with Methylene Blue (MB)-loaded PLGA nanoparticles on human dental
biofilm microorganisms in vitro (planktonic and biofilm phase) and in vivo (patients with
chronic periodontitis). The choice to test the above-mentioned combination takes advantage
of nanoparticles” high penetration and sustained drug release properties [96,97] that could
have enhanced the antibacterial activity of aPDT. In biofilms, MB nanoparticles killed
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25% more bacteria than free MB. In patients, the clinical safety of aPDT was assessed,
and, at first, both the test and the control group showed similar results, then, after three
months, ultrasonic SRP + aPDT (test group) showed a greater effect (28.82%) on the gingival
bleeding index (GBI) compared to ultrasonic SRP (control group).

Since a new tendency is to avoid the use of antibiotics as much as possible, such as for
aPDT, other therapies are being tested. For example, very recently, Perez-Pacheco et al. [98]
investigated the possibility of using nanoparticles loaded with curcumin since it has been
demonstrated that it has anti-microbial, anti-carcinogenic, antiviral, antioxidant, and anti-
inflammatory properties [20,99-101]. They tested the efficacy of a single local administra-
tion of 0.05 mg/mL nano-encapsulated curcumin and assessed that it does not provide
significant benefits to SPR; thus, it is unnecessary to use it as adjunctive therapy in periodon-
tal treatment. In contrast, one year later, some of the same scientists of the aforementioned
study investigated the role of curcumin-loaded nanoparticles in the experimental periodon-
tal model in rats and discovered that it promoted bone regeneration [102]. For this reason,
the potential use of curcumin as an adjunctive therapy for periodontal disease requires
further investigation.

The increasing importance of liposomes as a carrier for controlling periodontal in-
flammation in patients is worth highlighting. In fact, liposomes can improve drug uptake
into cells, change drug pharmacokinetics and biodistribution, and release an encapsulated
drug in a controlled manner [103]. On the other hand, another type of drug that has shown
good results in the treatment of periodontitis by local administration is represented by
statins [21].

In conclusion, many types of loaded drugs to formulate are available and are promising
to be used in nanocarriers. Despite the numerous possibilities nanoparticles have, they
also have some disadvantages. In fact, they are expensive, their production process is very
complicated, and their formulations lack stability [31].

5.5. Gels

Gels are very popular in dentistry, thanks to their multiple advantages: they have high
biocompatibility and bioadhesivity, very easy administration, and easy fabrication. They
are placed by wide-port needle syringes in the periodontal site [32] (Figure 6).

Subgingival positioning
of drug -loaded gel

Figure 6. Gels and their placement. Reproduced with the permission from Rajeshwari et al. [32].

Various types of polymers, such as carbopol, carboxy methyl cellulose, and chitosan,
can make them. In particular, chitosan is a material widely used in dentistry, especially for
the periodontal cure. In fact, it was previously mentioned in other formulations of local
drug delivery systems. It is used thanks to its biological properties, such as its antibacterial,
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anti-inflammatory, and wound healing properties [104]. It has been applied as a gel, giving
good clinical outcomes [105] and being effective against periodontal pathogens, such as
Porphyromonas gingivalis [106].

Nowadays, the recent innovation of gel formulations is represented by in situ formed
gels that go through liquid-to-semisolid state transitions as a reaction to stimuli such as
temperature changes or solvent effects [79,107,108]. Even though gels are good delivery
systems, they have been associated with a big disadvantage: a relatively rapid release
of the captured drug. For this reason, researchers have developed formulations of a
combination of gels and other drug delivery systems. Wang et al. [109] designed, fabricated,
and tested in vitro and in vivo in rats a tunable and injectable local delivery system by
loading the poly (lactic-co-glycolic acid) (PLGA)-drug microspheres into thermo-reversible
polyisocyanopeptide (PIC) hydrogel. New thermo-reversible PIC hydrogels have been
demonstrated to be easier to penetrate deep and irregular pockets, where gelation will take
place immediately in situ upon reaching body temperature, especially when compared to
the current market-available gel formulations that are more viscous and not freely flowable
(Periocline®—Sunstar, Inc. (Osaka, Japan) and ATRIDOX®—Tolmar GmbH, Fort Collins,
CO, USA). In this formulation, they incorporated doxycycline and lipoxin, which were
separately loaded into acid-terminated and ester-capped PLGAs by electrospraying. The
results showed appropriate injectability, long-term structural stability, and no evident
in vivo inflammatory response. It is important to highlight that the stability test was
conducted in vitro; thus, its limit is that it should be investigated in vivo in humans to have
more accurate results since the periodontal pocket is subjected to various forces, mostly
related to mastication. An interesting fact that emerged from this study is that the drug
release could be manipulated from 1 week to 6 weeks by correcting the loaded mass ratio
of acid- and ester-end capped PLGA microspheres.

Mou et al. [11] (Table 1) developed serum albumin microspheres containing minocy-
cline and zinc oxide nanoparticles (ZnO NPs) in a Carbopol 940® hydrogel. This study gave
promising results. In fact, by the in vitro test, its great encapsulation efficiency (99.99%)
for minocycline was assessed, and the slow-release time was more than 72 h with pH-
sensitive properties. Moreover, an in vitro test was conducted to evaluate the safety of this
formulation towards cells. Cell survival rates were over 85% below 0.8 mg/L of ZnO NPs,
assessing low toxicity and high security that allowed future clinical tests to introduce this
promising formulation in the market as a recognized adjunctive periodontal therapy.

Very recently, another experimental study was conducted in vitro and in vivo in rats.
Lu et al. [110] developed I2@COF-HEC hydrogel, using the cross-linked cyclodextrin metal-
organic framework (COF) as a carrier for iodine, and further suspended it in hydroxyethyl
cellulose gel. They assessed the sustained release of the formula in artificial saliva and eval-
uated in vivo rat periodontitis models’ capacities to inhibit bone resorption and alleviate
periodontal inflammation. These results hope to further the experiments of this formula in
humans to assess its clinical safety and efficacy.

In addition to the in vitro promising studies, others have conducted clinical trials.
For example, as already mentioned in the section of nanosystems, Gad et al. [84] for-
mulated solid lipid microparticles (SLMs) gels encapsulating doxycycline hydrochloride
(DH) and metronidazole [111] and demonstrated the clinical efficacy of the formulation in
periodontal patients.

Furthermore, we have discussed the various formulations that are mostly loaded
with antibiotics, but, as said before, it is a challenge to substitute antibiotics with other
therapeutical agents that can provide the same benefits without causing bacterial resistance.
Among the therapeutic agents that are already tested and currently applied in LDDSs
as gels, we have anti-inflammatory drugs [22-24,112,113]. Their application has been
demonstrated to produce effective benefits in periodontal health and sustained drug release;
for example, Xu et al. [25] produced and tested an injectable and thermosensitive gel loaded
with aspirin and erythropoietin, which had excellent biocompatibility, was easily prepared,
and could continuously release the active substance for at least 21 days. Moreover, there
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are interesting studies about gels loaded with encapsulated osteogenesis drugs [26,27].
For instance, the biological hydrogel of recombinant human Fibroblast Growth Factor
type 2 (thFGEF-2) in a hyaluronic acid (HA) has been tested, showing more PD reduction
(5.5 versus 2.9 mm), PAL gains (4.8 versus 2.2 mm), and shallower residual PD (4.2 versus
6.6 mm) than controls [114].

Among the newly tested molecules, there are natural agents. One of the most recent
studies is the one by Qi et al. [115], in which, based on the principle of oxidative self-
polymerization, Turkish Galls effective constituent (TGEC, T) was loaded into nanoparticles
(T-NPs). T-NPs were compressed into thermosensitive in situ hydrogel, and, from them,
42.29 + 1.12% of TGEC, T was constantly liberated in 96 h under periodontitis conditions.
The effects were that T-NPs caused the lysis of bacteria. In fact, they favored the enormous
production of ROS without damaging the periodontal tissue. It is only the beginning, but
these results are promising for further investigations to find a suitable substitute drug for
antibiotics. Another interesting new study assessed the added benefit of 4% mangosteen
gel to SRP [28], demonstrating once more the efficacy of natural agents that represent future
therapeutical chances.

In conclusion, gels are very popular in periodontal treatment, and a lot of formulations
of gels/hydrogels alone or in combination with other LDDS are being produced and tested.
They seem to be one of the best therapeutical options, not just for good results in terms of
encapsulation efficacy, biodegradability, biocompatibility, stability, and drug release but
also because they are more comfortable and acceptable for the patients.

5.6. Membranes

In periodontitis, the advance of biofilm directed apically causes bone resorption. For
this reason, it is important to provide bone regeneration in order to correct such bone
defects. To make it possible, membranes have been developed and applied. They work
as barriers promoting the wound healing of periodontal tissues (Figure 7) [29,30] and can
be combined with some therapeutical agents that enhance such properties, making them
LDDSs [116]. First, non-biodegradable membranes were introduced. Then, they have been
progressively abandoned because of the need for a second surgical intervention to remove
them [117].

Figure 7. Membrane and its placement in order to act as a barrier.

Nowadays, absorbable membranes have supplanted old non-resorbable membranes,
and they have a functional layer in which growth factors and osteogenesis drugs are
contained. Current membranes used in periodontal regeneration and GTR are in collagen
or polyglycolide and/or polylactide or their copolymers. Collagen is the most used material
thanks to its advantages: it does not cause immune reactions; it engages and turns on
gingival fibroblast cells and it has hemostatic power [118]. It has been demonstrated
that collagen membranes promote fibroblast DNA synthesis, and, in addition, osteoblasts
show more adherence to collagen membrane surfaces when compared to other membrane
surfaces [119].
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Recently a core-shell nanofibers membrane has been designed to treat periodontitis.
Liu et al. [120] developed this membrane, loading an inhibitor (SP600125) in the polymeric
micelles of the shell and the recombinant human bone morphogenetic protein-2 (BMP-2) in
the core. The results were very promising. In fact, it detected good degradation performance
and had a prolonged release profile of up to one month. Moreover, in the in vivo study,
the nanofiber membrane inhibited alveolar destruction and recovered bone defects. These
great outcomes make such a formulation a candidate to be a future therapeutical alternative
to periodontitis treatment.

Even though the use of membranes as LDDS loaded with growth factors or other
therapeutical drugs that induce bone regeneration has been discussed, antibiotic mem-
branes have been tested too. Ho et al. [121] studied an antibiotic membrane made by
PDLLA electrospun nanofibers loaded with amoxicillin (AMX). They tested its efficacy
in vitro and in vivo in rats. They assessed that AMX had an 81.16% == 10.51% encapsulation
efficiency. AMX was freed in a constant way from the PDLLA nanofibers, following a
biphasic pattern characterized by, first, a fast release and, second, a constant release over
a period of 28 days. During the first week of membrane installation, approximately 60%
of the AMX was liberated. The results of this study were promising; thus, this kind of
formulation should be further investigated in order to apply it clinically. Even though
this study is very interesting, especially concerning the fabrication of nanofibers and their
capability of loading and releasing the drug, the choice of using antibiotics represents a step
back compared to current pharmacological challenges. In fact, nowadays, there is the need
to abandon the use of antibiotics as much as possible due to their drawbacks; thus, it would
be much more appealing to test this formulation loaded with other therapeutical agents.

5.7. Scaffolds

To correct bone defects, scaffolds have been introduced for the same purpose as
membranes. They are preferable since they avoid the main limit of absorbable membranes:
the weakness that does not permit sufficient mechanical resistance to external forces. They
are placed in the affected area to maintain the space for subsequent periodontal tissue
regeneration [122] (Figure 8).

Figure 8. Scaffold and its placement.

A tetracyclines-loaded chitosan scaffold has been tested, detecting a higher loading ca-
pacity when the percentage of chitosan and glutaraldehyde was higher [33]. Liao et al. [34]
evaluated the antibacterial effects and controlled-release capacities, osteogenic and cemen-
togenic effects in vitro, and a mesoporous hydroxyapatites/chitosan (mHA /CS) composite
scaffold loaded with recombinant human 20 pg/mL amelogenin (rhAm) in vivo. The re-
sults demonstrated an inhibitory effect against Fusobacterium nucleatum and Porphyromonas
gingivalis, promoting bone regeneration in vitro and cementum regeneration in vivo, giving
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hope for its future clinical application. An interesting discovery was the impact of the small
molecule peptide galanin GAL on periodontal regeneration. Since periodontal disease was
associated with the downregulation of GAL, the research group of Ma et al. [123] tested
GAL-coated scaffolds for periodontal regeneration purposes in vitro and in vivo in rats.
The results were promising, with good periodontal regeneration properties.

Stem cells are gaining importance in periodontal regeneration [35] and can be incorpo-
rated into the scaffold to promote their delivery. Baba et al. [36] demonstrated the benefits
of the implantation of autologous mesenchymal stem cells (MSCs) with a biodegradable
three-dimensional (3D) woven-fabric composite scaffold and platelet-rich plasma (PRP)
in periodontal regeneration. They assessed the safety of this formulation, and good clini-
cal outcomes were demonstrated by the improvement of the following three parameters:
clinical attachment level, pocket depth, and linear bone growth (LBG). It is worth say-
ing that future tendencies could be toward a scaffold-free approach, even if scaffolds are
a good therapeutical option, using stem cells only or in combination with growth fac-
tors [124]. However, the scaffold-free approach is still difficult since it lacks sufficient data
in humans [35,37] (Figure 9).
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Figure 9. A flow chart of the classification of LDDSs and their modalities of application [32,122].

6. LDDSs and Systemic Diseases in Periodontal Patients

Periodontitis has been demonstrated to be associated with some systemic diseases and
disorders, including diabetes mellitus, pregnancy complications, cardiovascular disease,
metabolic disease and obesity, rheumatoid arthritis, certain cancers, respiratory diseases,
and cognitive disorders, such as Alzheimer’s disease [125]. Diabetes has been shown to
have a strong impact on periodontitis, leading to a higher incidence of periodontitis and
degree of severity in diabetic patients [126,127]. We have already discussed the advantages
that LDDS have compared to systemic administration. In addition, they are suitable for
diabetic patients because they often have other associated systemic diseases and need to
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use several medicines, augmenting the risk of drug interactions if systemic administration
was the only chance [128]. For this reason, LDDSs have been tested in periodontal diabetic
patients. Lecio et al. [129] evaluated the clinical, microbiological, and immunological
results of poly lactic-co-glycolic acid (PLGA) nanospheres containing 20% doxycycline
(DOXY) in the treatment of type-2 diabetic patients (DM-2) with chronic periodontitis
(CP). They assessed the efficacy of this formulation in addition to SRP. In fact, it was
observed that the number of sites showing PD reduction and CAL gain >2 mm was
higher 3 months later (p < 0.05) in the group of patients treated with DOXY. Moreover,
the following changes were detected in the DOXY group: significant augmented levels of
anti-inflammatory interleukin (IL)-10 and decreases in IL-8, IFN-y, IL-6, and IL-17 (p < 0.05),
a significant decrease in periodontal bacteria (p < 0.05), and a lower mean percentage of
HbA1C 3 months later (p < 0.05). Other formulations and loaded drugs have been tested too,
but they were conducted in animals. There are two studies in periodontal diabetic rats, in
which the benefits of metformin-loaded PLGA nanoparticles and silk fibroin nanoparticles
loaded with resveratrol were assessed [130,131]. The results of these two studies allowed
researchers to continue on with experiments on humans. This way, we will have a wider
spectrum of therapies from which to choose the best one that fits diabetic patients.

For the other systemic diseases and disorders, there are not studies about the appli-
cation of drugs in LDDS. Some studies have investigated the role of adjunctive drugs in
periodontal rats affected by estrogen deficiency [132], hypertension [111], and rheumatoid
arthritis [133], giving good promising results. Thus, the research should go further in the
application of these drugs in humans, mostly using an LDDS to guarantee an optimal
therapy for patients affected by systemic diseases.

7. New Perspectives

Very recently, Boese et al. [134] developed a drug-loaded coated floss for local drug
delivery into periodontal pockets and studied its action in porcine jaws in ex vivo conditions.
The first difference with the above-mentioned LDDSs is that floss had temporary contact
with the interested tissues. In fact, it did not stay in the pocket, and it did not require a
second visit to the dentist. The study used an un-waxed nylon braided floss, and it was
dip-coated with model hydrophilic and hydrophobic drugs either in free form or after
encapsulation in poly(lactic-co-glycolic acid) particles. They were able to coat it with up to
1.6 mg of particles. Coated floss was passed within the gum pocket of the excised porcine
mandibles three times, and delivery efficiency was demonstrated to be up to 91%. Thus, this
study gives great hope in using a minimally invasive and very easy-to-use kind of LDDS,
even though it is just the beginning. In fact, new studies in vitro and in humans should be
executed to assess their clinical applications. In addition to the drug-loaded coated floss,
new directions concerning the analyzed LDDSs should be researched to determine the best
formulation. We have discussed the combination of microparticles or nanosystems with
gel, in which each part enhanced the effects of the other part. Moreover, finding out which
is the best drug to load, in substitution for antibiotics, is challenging. Natural agents have
shown promising results that require further investigation.

8. Conclusions

In conclusion, we believe that many formulations, even if promising, need further
studies in humans to have enough data about the advantages and disadvantages of each one
in clinical practice. The best formulation should provide short treatments, eliminate pain,
ascertain faster patient recovery, and be comfortable, minimally invasive, biocompatible,
and affordable. For this reason, we believe that the LDDS that could be the most promising
is a gel alone or in combination with the presented LDDSs in this review. It has the
aforementioned ideal features and would be very well accepted by the patients. On the
other hand, antibiotics are the most used drugs for LDDS, but they have the following
disadvantages: gastrointestinal collateral effects and bacterial resistance. This is why other
therapeutical agents are gaining importance, including anti-inflammatory drugs, such as
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aspirin and erythropoietin, and natural agents, such as Tea polyphenols (TP), mangosteen,
and Turkish Galls effective constituent (TGEC). All of them have been tested and have
given promising outcomes that candidate them as alternatives for antibiotics. Finally,
future research should focus on gels loaded with autoinflammatory drugs or natural agents,
avoiding the collateral effects of antibiotics.
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