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Endodontic pathosis is preliminary caused by bacteria and their by-products that interact with
pulpal and periradicular host tissues. The purge of the root canal system (RCS) from bacteria
is a necessity for successful endodontic treatment. Different approaches have been considered
to reduce the number of microorganisms and confront microbiota in the radicular area;
namely chemomechanical preparation and intracanal medication. However, various studies
have shown that, due to the intricate anatomy of RCS, bacteria can persist in distant areas and
significantly decrease the degree of success in endodontic ministrations. Thereby, elimination
of bacteria remains a challenge, specifically from the infectious root canals. In recent years,
local drug delivery systems (LDDS), loaded with drugs and/or antibacterial agents, have been
deliberated for the removal of microorganisms or as a medicinal adjunct to mechanical
instrumentation. Owing to the resistant species and complexities in the structure of root
canals, it seems that LDDS may be able to closely affect microorganisms and improve the
success rate of endodontic treatment. Furthermore, they are capable of limiting drugs to RCS,
and can achieve a more effective therapeutic dose/concentration in the target site.
Furthermore, and due to successful outcomes, administration of LDDS has also been given
great attention for regenerative purposes. Micro/nanoparticles, liposomes, nanofibers, sealers
and so forth represent typical delivery systems used for endodontic treatments. This study
addresses pivotal LDDS used in endodontics and their applications.
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Introduction

n recent years, local drug delivery systems (LDDS), as a novel

mean of transferring medicinal drugs to different target sites,
have been vastly studied. LDDS have shown to possess different
properties, and been used in various applications; from central
nervous system (CNS) diseases to oral infections [1]. In
comparison with systemic drug administration methods, LDDS
have demonstrated ability to limit the drug/agent to its desired
organ/tissue (target drug delivery) and help provide an
enhanced therapeutic concentration of the agent (controlled
drug delivery). Furthermore, it seems that LDDS can reduce
medicinal adverse effects via lowering the unwanted high

systemic dose of the drug [2].

In medicine, LDDS have been used in the treatments of
different conditions; including cancer [3], ocular diseases [4] and
some CNS maladies such as Alzheimer’s disease [5]. Following
successful outcomes in medicine, LDDS were used in dentistry for
the local treatment of periodontitis [6], oral candidiasis [7], oral
cancer [8], and endodontic ministrations [9]. In 1979, Goodson et
al. [10] reported local administration of antibacterial agents via
fibers as a local delivery system for the treatment of periodontal
pockets. Since then, the applications of LDDS have grown in other
branches of dentistry, ie. operative dentistry [11], oral and
maxillofacial surgery [12] and endodontics [13].

Dental caries, as one of the most dominant chronic diseases, has
shown to cause pain, and if not treated, end in tooth loss [14]. LDDS
can maintain anti-caries agents on tooth surfaces through the
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sustained release of the drug(s). Consequently, different types of
delivery systems, specifically liposomes and particles, have been
used to locally deliver antibiotics for the prevention and possible
treatment of caries. Moreover, dental restorative materials, when
reinforced with LDDS, have demonstrated potential for prevention
of secondary caries and tooth-pulp stimulation [11].

Local drug delivery systems have had promising uses in oral
and maxillofacial surgery. With the increased rehabilitation of
edentulous regions using dental implants, the treatment of peri-
implantitis has become of great concern [15]. Polymeric
tetracycline HCl-containing fibers [16] and minocycline
microspheres [17] have shown to reduce inflammation and
improve the treatment of probing pockets. Osteomyelitis is also
an increasing complication after oral and maxillofacial surgery.
Traditional
debridement and systemic antibiotic therapy, have shown
drawbacks. However, LDDSs such as vancomycin loaded N-

treatment  procedures, including  surgical

trimethyl chitosan nanoparticles [18] and ciprofloxacin
biodegradable implantable matrices [12] have caused higher
efficacy in the treatment of osteomyelitis and abatement of its
recurrence. Furthermore, the application of aspirin-chitosan
nanoparticles [19] and collagen/nanohydroxyapatite/alginate
hydrogel have shown to enhance new bone formation [20].
Periodontitis is a multi-factorial inflammatory condition
that engages components responsible for supporting dental
structure. Accumulation of bacterial biofilm/plaque in
periodontal pockets is regarded as the main etiological factor for
periodontitis [21]. Systemic antibacterials are traditionally used
for periodontal treatments, however, hypersensitivity and
gastrointestinal problems are the complications of systemic
approach [6]. It has been shown that such adverse effects could
be minimised if antibacterial agents were impregnated in a local
carrier and directly transferred to the target site [22]. LDDS,
fibers, strips, gels and

micro/nanoparticles have been used as vehicles for the treatment

such as films, injectable
of different types of periodontitis [23].

Moreover, LDDS have been used for the treatment of oral
cancer [8] and oral candidiasis [11]. It seems that nanoparticles,
liposomes and hydrogels can transfer chemotherapeutic agents
into cancerous cells, and lower their toxicity in normal tissues.
Therefore, local administration of anticancer drugs can promote
the therapeutic impact on cancerous cells and reduce
unfavourable systemic adverse effects [8]. Clotrimazole
nanofibers [7] and nystatin-loaded nanoemulsions [24] have
demonstrated slow controlled release of antifungal agents
without unwanted systemic concentration.

LDDS can also be used in different endodontic treatments;
from traditional methods, e.g. apexification [25], to recently-
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introduced protocols such as vital pulp therapy (VPT) [26] and
regenerative endodontics (RE) [27]. Seemingly, LDDS are
sufficiently small to penetrate into dentinal tubules and reach
the farthest areas inaccessible via conventional treatment
strategies [28]. Therefore, if they are loaded with an
antibacterial, LDDS could be able to transfer the drug(s) to the
target site, control-release the agent in due time and manner,
challenge the intracanal microorganisms [29], and act as a
preventive measure for possible endodontic failure [30].

In modern endodontics, Different vehicles, e.g. nanofibers/
hydrogel/microparticles/nanoparticles/liposomes, have been
nominated for use as LDDS [31-34]. The aim of this study was
to elaborate on various pivotal LDDS and their applications in
endodontics and corresponding treatments.

Review

Endodontic treatment is a series of different methods, techniques
and measures to remove microorganisms from the root canal
system (RCS) [35]. Due to complexities of root canal anatomy and
remote distant areas, such as isthmi, ramifications and difficulties
of dentinal tubules, thorough bacterial debridement is a
challenging task. In addition, bacterial persistence in these areas
can considerably reduce the degree of success in endodontic
treatment. Amongst intracanal microorganisms, Enterococcus
faecalis (E. faecalis) seems more resistance to common treatments,
and can result in endodontic failure [36]. To combat such pitfalls,
chemical irrigates, inter-appointment medicine and systemic
antibiotic therapy are used to achieve root canal disinfection.

Furthermore, owing to the diversity of intracanal
microorganisms, facing radicular microbiota is of great challenge in
root canal therapy. In necrotic and infected root canals, since there
isalack of blood supply, drug delivery to the damaged sites through
systemic approaches can be demanding [37]. Therefore, LDDS have
come into focus to possibly overcome the aforementioned
limitations; since they appear to a) fringe drugs/antibiotics to RCS,
b) be able to increase the success of the treatments [38], and c¢)
control-release the transferred drugs. Novel LDDS can be discussed
as particles, hydrogels, sealers, fibers, cements, core-shells,
nanowires, filling materials and quantum dots.

Particles

Nowadays, micro/nanoparticles with their specific physical
features, ie. size, shape, surface charge and so forth, are
considered a priceless drug delivery system [39]. In recent years,
use of particles in dentistry, and specifically in endodontic
treatments, has attained great interest; since they show efficient
accessibility to intricacies and distant areas of RCS [13]. In a
number of studies, application of particles as LDDS demonstrated
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effective antibacterial and improved osteogenic activities. Thus,
they were considered as favorable structures for endodontic
ministrations, including regenerative procedures [9, 32]. Various
local drug delivery particles for use in endodontic treatments can
be further discussed as micro/nanoparticles; although a clear
distinction between the two is not always possible:

1. Microparticles:

Microparticles, aka. micropellets, microgranules, microspheres,
microcapsules, microsponges, and liposomal preparations,
range from 1 um to 100 um and can demonstrate significant
benefits; including a) core protection (encapsulated agent) from
environmental impacts e.g. enzymatic degradation, b) cell
preservation from drug toxicity, ¢) target drug delivery/efficacy,
and d) drug release control in different time allocations [40].
Amongst microparticles, application of microspheres and
liposomes for endodontic purposes are very much elaborated:
a. Microspheres

Microspheres, which present almost a spherical shape, are usually
made of proteins/polymers/ceramics, show to possess a controlled
drug releasing potential, and can play an important role in drug
transfer and delivery approaches [41]. Sousa ef al. [42] showed that
“Polylactic co-glycolic acid” (PLGA)/Zein microspheres had
significant delivering capabilities for amoxicillin (AMX) to the RCS.
In this in vitro study, it was demonstrated that PLGA/Zein
microspheres could separate AMX from the environment and
maintain its antibacterial efficacy against E. faecalis. However, they
showed that if the content of Zein changed, the release rate of the
loaded antibiotic/agent from the microspheres could be modified.
Another experimental study indicated that PLGA microspheres
loaded with triple antibiotic paste (TAP),
minocycline/metronidazole/ciprofloxacin, could display sufficient
bactericidal activity for 11 days, while exhibiting satisfactory cell
biocompatibility similar to the employment of microspheres alone
[43]. Moreover, in another in vitro study, it was reported that PLGA
microspheres containing simvastatin could showed a long-lasting
sustained drug release. Devoid of initial rapid release, the PLGA
microspheres may be considered as a favorable vector for tissue
engineering process [44]. A novel experimental tested PLGA
submicron particle impregnated with chlorhexidine (CHX),
calcium and phosphorus exhibited several advantages; including i)
improved bactericidal property, ii) increased ability of entrance into
dentinal tubules, and iii) possible enhancement of microhardness of
dentine. Thus, they could be regarded as efficacious disinfectants
for use in root canal treatments [45]. In another in vitro/in vivo
study by Fan et al. [46], it was indicated that loading quaternary
ammonium silane, calcium and phosphorus into PLGA submicron
particles could result in inhibiting the root canal infections caused
by E. faecalis and improve mineralization abilities; thus, a favorable

disinfectant for use in endodontic ministrations. In an in vitro/vivo
study, Wang et al. [47] reported that injectable nanofibrous/PLGA
microspheres with controlled release of bone morphogenetic
protein-2 (BMP-2) may increase the differentiation of human stem
cells of apical papilla (SCAP) and provoke dentine-like structures.
However, the consequent dentine-like tissue was not exactly similar
to the typical structure of tubular dentine and therefore, before their
application in tissue engineering, further investigations on
nanofibrous/PLGA microspheres seem necessary. In another in
vitro study by Nurdin et al. [48], it was indicated that Terpenoid-
loaded PLGA microparticles with an average size of 1-2 um, showed
that, at the pH of 6.5 and temperature of 37°C, there was slow
controlled release of Terpenoid from PLGA microparticles, and
that the drug had an effective antibacterial activity against E.faecalis.
Terpenoid is a natural compound and has demonstrated
anticancer/anti-inflammatory activities against a wide range of
bacteria and viruses [49]. In addition, biodegradable polymeric
microspheres have shown features which seem to facilitate the
renovation of dentinal defects via their a) injectable property, and
b) aptitude of medicine incorporation, which can cause less
invasion and short handling time when compared to traditional
trends [47].

Ceramic microspheres as a drug carrier system, appear to
possess a substantial bioactive property; however, their
deficiency in porosity may affect the process of controlled drug
release [50]. Parallel to the application of calcium hydroxide
(CH) as an intracanal medicament, CH microspheres have been
experimentally studied for use in endodontic treatments. In an
in vitro study, CH microspheres indicated prolonged controlled
and sustained release of Ca** in RCS, a phenomenon which may
theoretically decrease the number of appointments for
traditional apexification procedure [25]. A recent in vitro and ex
vivo study indicated that CH microparticles could be promising
in vital pulp therapy (VPT). Priyadarshini et al. [51] showed that
if CH microspheres were loaded with chlorhexidine (CHX), they
could slowly release chlorhexidine on dentine surfaces during 15
days and thus, could be used as a pulp-capping material. CH has
favorable effects in pulp capping procedures since it is alkaline,
biocompatible and antibacterial, and can prompt reparative
dentine construction. Moreover, chlorhexidine has shown to be
a promising disinfectant for pulp capping process. It appears
that the combination of CH and chlorhexidine could remove
microorganisms better than CH alone.

b. Liposomes

Liposomes are small spherical constructs from cholesterol and
non-cytotoxic natural phospholipids. Owing to their special
features, from 0.025 pm to 2.5 pm large, biocompatible, and
hydrophobic/hydrophilic, liposomes can be deemed a favorable
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mean for drug delivery [52]. Liposomes are used in different
ways, for instance the photodynamic therapy (PDT) of
incorporated tetra (hydroxyphenyl)-chlorin (mTHPC) in
liposomes has exhibited antibacterial activity against E. faecalis
[53]. E. faecalis can show resistance against metronidazole,
clindamycin and vancomycin, nevertheless, liposomes treated
by PDT can be a promising approach to effectively remove E.
faecalis [53], and thus, may be used in root canal systems [54].
In another study by Bultema et al. [55], liposomal bupivacaine
and its impact on pain decrease in untreated teeth with
symptomatic irreversible pulpitis were investigated. The study
showed that liposomal bupivacaine did not have a significant
effect on the reduction of pain or elimination of analgesics
compared with bupivacaine infiltration. Another recent novel
in vitro study by Sinjari ef al. [34] demonstrated that curcumin
liposomes (Cur-LIP) presented satisfactory results on
improving the proliferation rate of cells and reducing the
activity of cytokine factors in human dental pulp stem cells
(hDPSCs) and therefore, can be potentially considered for
regenerative endodontics. Curcumin have shown several
properties including preventing inflammation and exhibiting
antibacterial activity. Lately, natural compounds, due to their
favorable properties, have been in the limelight in endodontic
treatments [34].

2. Nanoparticles:

In recent years, nanoparticulate systems have attracted great
attention as innovative drug delivery carriers [56].
Nanoparticle vehicles, namely nanospheres and nanocapsules,
have shown to a) represent a well-stable structure in biological
fluid environments, b) possess relatively easy production
methods, ¢) demonstrate controlled release of agents/drugs,
and d) be transferred more easily into human cells (easy cell
uptake) in comparison to the larger carriers. Nanoparticle drug
delivery vehicles are 1 nm to 100 nm large, and come in
different forms/shapes; solid lipid, polymeric, carbon, silica
and so forth [57]. Recently, nanoparticles have been
considered for use in endodontics since they have exhibited
promising features in transferring/delivering therapeutic
agents to intracanal area and complexities where mechanical
instrumentation is not possible [58]. In root canal
ministrations, nanoparticles have already been considered for
use as disinfectants/irrigants [28], root canal sealers [59], and
have been impregnated into intracanal medicine [60].
Nowadays, the application of natural polymers, specifically
chitosan and PLGA, has shown to be the main methodology
for the preparation of nanoparticles; since the polymeric
biomaterials have demonstrated biodegradability and
biocompatibility [61].
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Chitosan nanoparticles (CHSNPs) with their particular
physiochemical features, i.e. small size, high “surface area/mass”
ratio, and improved chemical reaction, have been regarded as
suitable local carriers in transferring bioactive molecules for
endodontic regenerative purposes [62]. A novel in vitro study by
Kukreti et al. on lipopolysaccharide (LPS)-ministrated dentine
tissue prototype (LPS-dentine) reported that dexamethasone-
loaded CHSNPs could form a layer on dentine surfaces so that
stem cells could attach to dentine, and preserve their proliferation
and viability characteristics [63]. Moreover, it has been
experimentally demonstrated that dexamethasone-loaded
CHSNPs can improve the differentiation of SCAP [62]. Also,
CHSNPs seem to be able to penetrate into infected dentinal
tubules and better the disinfection of RCS [64]. Chitosan-
conjugated rose Bengal nanoparticles (CHSRBNPs) appear to
have effective antimicrobial activity against bacterial endotoxin.
Shrestha et al. showed that PDT using CHSRBNPs and methylene
blue could lower inflammation by neutralizing or inactivating
endotoxin [65]. In addition, a nanocarrier, based on chitosan and
gelatin, has been introduced for delivering calcium hydroxide for
use in endodontic treatments. It was demonstrated that CH-
loaded chitosan nanocarriers could promote controlled/prolong
release of calcium ions in the radicular space [66]. However,
dentine powder can act as a tissue inhibitor and may affect the
antibacterial activity of CHSNPs [67]. In another study by Soares
et al., it was shown that chitosan scaffolds could also provide a
suitable environment to support tertiary dentinogenesis, maintain
cell viability and stimulate differentiation of dental pulp cells to
odontoblast-like cells; which were able to deposit calcium-
enriched matrices [68].

The effect of PLGA nanoparticles, loaded with methylene
blue as photosensitizer, on the eradication of E. faecalis has been
investigated in a recent in vitro study by Diogo et al. [69].
Photosensitizer entrapment in nanoparticle structures have
shown several benefits in comparison to a free photosensitizer
agent, including a) more concentration of the photosensitizer
and production of a larger amount of reactive oxygen, b)
relocation of the drug to the specific target site, and ¢) reduction
of the probability of drug resistance. Thus, photoactive materials
loaded into PLGA nanoparticles could be considered as an
effective antibacterial for possible use in endodontic treatments
[70]. In addition, moxifloxacin-loaded PLGA nanoparticles
have demonstrated controlled release and sustained
antibacterial activity against E. faecalis for 14 days, however, the
antimicrobial action declined afterwards [71]. Recently, in a
novel study by Toledano ef al. [72], it was indicated that zinc-
nanoparticles could enhance the remineralization process of
dentine, and thus, cause lower microleakage. Therefore, zinc
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nanoparticles can probably decrease the failure rate of
endodontically treated teeth and could be recommended to be
used before the obturation of root canals.

Nano-encapsulation of agents/drugs seems to provide prolonged
release of medicine into dentinal tubules. CHX-encapsulated
polymeric nanoparticles, dispersed in a hydrogel matrix, have
exhibited improved bacterial intervention in RCS, and can be
considered a favorable structure in enhancing antibacterial activity
against E. faecalis in root canal disinfection [73]. In another in vitro
study by Quiram ef al. [74], it was shown that polymeric trilayered
nanoparticles (TNPs) loaded with CHX digluconate could be an
effective substitute to enhance root canal disinfection. It was indicated
that TNPs, with the size of 140 nm to 295 nm, could cause CHX to
penetrate into the smallest dentinal tubules and develop a possible
mean for sustained and local delivery.

In recent years, bioactive glass (BG) has received significant
attention in endodontics. Chemical components and various
properties of BG have caused them to be biocompatible,
antibacterial and having regenerative capabilities [75]. Bioactive
glass nanoparticles (BGNPs) loaded with dexamethasone
presented slow release of the drug over months and
improvement in the proliferation rate of hDPSCs for 14 days
[76]. Moreover, mesoporous BG have exhibited well-organized
pores and thus, better bioactivity in comparison to conventional
BG. Lee et al. in their in vitro study revealed that aminated (-
NH2) mesoporous bioactive nanoparticles (MBNPs) could be
favorable additives to pulpal regenerative materials. MBNP-
NH?2 showed to improve odontogenic differentiation ability of
hDPSCs [77]. Mesoporous calcium silicate nanoparticles
(MCSNPs) can also play an important role in developing
dental pulp
procedures. MCSNPs loaded with gentamicin have shown

biocompatible materials for regeneration
sustained release and better antibacterial activity when
compared to gentamicin loaded calcium silicates [78].

Silver nanoparticles (AgNPs) have shown high bactericidal
effect and thus, been used as a) an endodontic irrigant, b) an
intracanal medicament against bacteria, and ¢) as an agent
merged in different endodontic materials; e.g. sealers, cements
and gutta-percha, with the aim of inhibiting recolonization of
microorganisms [79]. Although it is claimed that bacteria are
not able to develop resistance against AgNPs, there seem to be
silver-resistant genes in some endodontics pathogens resulting
in bacterial resistance to AgNPs in the long term [80].
Furthermore, AgNPs have shown the ability to remove smear
layer and could be considered as a promising agent in the
elimination of E,faecalis in root canal systems [81]. It also
appears that if AgNPs is combined with 17% Ethylenediamine
tetra acetic acid (EDTA), the antibacterial effect on planktonic

cells and bacteria biofilm is enhanced due to the chelating
capability of EDTA [82]. In an in vivo study by loannidis et al.
[83], it was revealed that AgNPs, with graphene oxide (GO)
particles and ultrasonic activation, could cause an enhanced
antimicrobial activity and disruption of bacterial biofilm in the
lateral root canals. Nonetheless, another study Rodrigues et al.
[84] claimed that AgNPs may not be successful in the removal
of E. faecalis in comparison with common endodontic irrigants
used in infected root canal treatments.

Several studies have examined the effect of AgNPs loaded
with CHX as a bactericidal combination in endodontic
treatments. The antibacterial activity of AgNPs on gram
negative/multidrug resistant microorganisms can be an
efficacious supplement to CHX for endodontic disinfection
since CHX-AgNPs could reduce CHX adverse effects via
decreasing its concentration in the radicular area [85]. CHX-
AgNP combination has demonstrated improved antibacterial
activity against E.faecalis, Klebsiella pneumoniae, and Candida
albicans in comparison to the bactericidal effect of these
antimicrobials when consumed alone [86]. AgNPs and CHX
have recently been incorporated into lyotropic liquid crystalline
(LLC) and have shown significant sustained antibacterial
activity against E. faecalis longer than one month. LLC with 3D
constructions have been devised and developed as an innovative
drug delivery system owing to its biodegradability and
controlled drug release capability [85]. Nevertheless, further
investigation on the application of LCC as a drug delivery system
is required.

Hydrogels

Hydrogels, which exhibit a cross-linked hydrophilic polymer
network, indicate suitable physical properties relatively similar to
the dental pulp tissue [87]. Moreover, hydrogels, due to their
effective incorporation and release of agents, can play an important
role in improving revascularization of the RCS and encouraging
regeneration of pulp-dentine complex [88]. Hyaluronic acid (HY A)
based hydrogels can be employed as biocompatible scaffolds for
supporting the regeneration process of hDPSCs [89]. Furthermore,
in an in vitro study by Chrepa et al. [90], it was shown that HYA-
based injectable hydrogels could have a promising capability in
improving cell viability, mineralisation and differentiation of SCAP
into odontoblast-like cells. However, fast degradation rate via
chemical/enzymatic hydrolysis and weak mechanical features can
be considered as drawbacks of HY A-based hydrogels [89]. A novel
injectable experimental HYA-based hydrogel, reinforced with
cellulose nanocrystals (CNCs) impregnated with platelet lysate
(PL), showed to be capable of vascularizing damaged tissues in
regenerative therapies. In addition, HYA/CNCs/PL hydrogels
could significantly improve the viability of hDPSCs [87]. It was also
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reported that, in an in vitro study, PL incorporated into HY A-based
hydrogels could potentially provoke the expression of markers
related to osteogenesis and mineralized matrix deposition via
hDPSCs [91]. Owing to the capability of hydrogels as a drug delivery
system for direct pulp capping and regenerative approaches [26],
novel hydrogels have been devised and developed. A novel
experimental injectable silver-doped bioactive glass/chitosan
hydrogel (Ag-BG/CS) has been introduced as a promising
combination in pulp capping, especially for the treatment of early
diffuse pulpitis. It has been shown that Ag-BG/CS can impel stronger
development of reparative dentine, improve the protection of pulp
vitality in comparison to MTA, and stimulate pulp tissue self-curing
process [92]. An in vitro investigation introduced a novel chitosan/[-
glycerophosphate (CS/B-GP) hydrogel, loaded with vascular
endothelial growth factor (VEGEF), as a valuable system for pulp
capping treatments. VEGF/CS/B-GP hydrogel seemed to be able to
provide sustained release of VEGF, leading to the improvement of
odontogenic differentiation properties of hDPSCs [33].

Besides, methylcellulose hydrogel incorporated with (1
mg/mL) double antibiotic paste (DAP) can present a significant
bactericidal activity against single and dual microbial biofilms of
Prevotella Intermedia and E. faecalis without negatively affecting
of hDPSCs. Nevertheless, a higher
concentration of DAP in the hydrogel can cause adverse effects
on the proliferation rate and mineralization process of hDPSCs
[93]. Recently, an injectable gelatin methacryloyl (GelMA)
hydrogel enriched with CHX and modified by halloysite
nanotube seems to have shown bacterial growth inhibition with
minimal cytotoxicity. Therefore, GelMA based hydrogel could
be regarded as a capable potential for sustained drug release in
RCS for endodontic treatments [94].

the characteristics

Sealers

Failure in endodontic treatments, due to the remaining
microorganisms, e.g. E.faecalis, in the complexities of root canal
system and the lack of access via routine chemomechanical
approaches, is frequent [95]. Therefore, employment of
intracanal medication carriers could potentially reduce the
number of lasting microorganisms and thus, prepare a better
matrix for a more successful outcome [96]. In a study by
Akbarianrad et al. [59], it was shown that sealers, with
micro/nanoparticles loaded with antimicrobials, could reduce
microorganisms; since the antibacterial component could be
carried and penetrated into dentinal tubules. Moreover, loaded
particles into sealers seem to enhance the sustained release of
antimicrobial [97]. In an in vitro study by Dornelles et al. [98],
amoxicillin-loaded microspheres were impregnated into an
endodontic  sealer, efficacious

experimental showing

antimicrobial activity after 96 h. Chitosan nanoparticles can also
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be a favorable antibacterial carrier to be added to root canal
sealers, since they show severe antibacterial activity; specifically
on gram-positive bacteria. In an in vitro study by Loyola-
Rodriguez et al. [99], it was demonstrated that chitosan
nanoparticles could specify satisfactory antibacterial properties
when added to sealers. Furthermore, MTA Fillapex sealer loaded
with Allium sativum and chitosan indicated an enhanced
antibacterial effect on E.faecalis. In addition, Gutta-flow 2 sealer,
in combination with 20% chitosan, showed improvement in
bactericidal efficacy [100]. It seems that drug/antibacterial
material encapsulation into sealers could be considered as an
alternative method in the treatment of primary and secondary
endodontic infections [98].

Due to the importance of sealers as carriers for antibacterial
agents/medications, novel therapeutic sealers have been also
experimentally devised. In an in vitro study by Baras et al. [30],
incorporation of dual dimethylaminohexadecyl methacrylate
(DMAHDM) and silver nanoparticles (AgNPs) into an
experimental therapeutic sealer exhibited a) an enhanced
capability in decreasing polysaccharide production of E. faecalis,
and b) preventing endodontic re-infection without altering the
physical and sealing properties of the tested resin-based sealer.
In another similar investigation by Monteiro et al. [101]
regarding resin-based sealers, an experimental dual-cure resin
sealer was loaded with halloysite nanotubes (HNTs) covered
with alkyltrimethylammonium bromide (ATAB) and indicated
significant antibacterial effect on the biofilm and planktonic E.
faecalis without a cytotoxic impact on human cell viability.
Furthermore, quaternary ammonium compounds (QACs) have
been loaded in different resin-based dental materials due to their
capability of producing potent and prolonged antibacterial
activity [102]. In another investigation by Baras et al. [103], an
experimental endodontic sealer with triple Dbioactive
components, DMAHDM, AgNPs, and amorphous calcium
phosphate nanoparticles (NACPs), indicated promotion of
dentine minerals regeneration and reduction of bacterial
biofilm. Furthermore, Baras et al. [104] devised a similar
bioactive sealer, consisting of DMAHDM and NACP, which
showed promising capability in preventing the growth of E.
faecalis without affecting the solubility of sealers. Seemingly, the
addition of contact-killing materials, e.¢. DMAHDM and ATAB,
to root canal sealers could i) prolong the durability of
endodontic treatments, and ii) decrease the probability of
endodontic re-treatments [102].

Besides, loading bioactive glass (BG), hydroxyapatite (HA),
and fluorine substituted hydroxyapatite (FHA) nanoparticles into
epoxy-based sealers have shown significant antimicrobial activity
against E. faecalis and Streptococcus (S). mitis. Therefore, they



Local drug delivery and endodontics

have been regarded as potential promising biomaterials with
antibacterial activity in endodontic treatments [105]. In addition,
in an in vitro study conducted by Camargo ef al. [106], it was
shown that an experimental resin-epoxy based sealer loaded with
(NAC) could
antimicrobial effect on E. faecalis in comparison to unmodified
epoxy sealers. The resin-epoxy based sealer containing NAC and

N-Acetylcysteine indicate an enhanced

the bioactive beta-tricalcium phosphate (B-TCP) nanoparticles
could also be considered as a potential in attaining tight seal and
provoking periapical healing process. A novel experimental zinc
oxide eugenol sealer containing polyhexamethylene biguanide
(PHMB) showed an enhanced prolonged inhibition of E.faecalis.
Nonetheless, expect for the concentration of 0.05% to 0.2%,
PHMB altered the physical properties of zinc oxide-eugenol
(ZOE) sealer [107]. In an in vitro study, Mohammad et al. [108]
evaluated the bactericidal effect of zinc oxide (ZnONPs)/silver
nanoparticles incorporated into zinc oxide (ZnO)-based sealers.
The sealer loaded with silver nanoparticles indicated the greatest
antibacterial effect on E. faecalis whilst the sealer enriched with
ZnO nanoparticles exhibited the least bactericidal effect against
the microorganism. Another in vifro study demonstrated that
ZnO-based sealers loaded with fluorinated graphene can possess
more antibacterial effect on E. faecalis in comparison to the sealer
loaded with ZnO nanoparticles, whilst ZnO-based sealers
indicated less antibacterial activity when employed alone [109].

AH-Plus, loaded with CHX or cetrimide (CTR), alone or in
combination with both, has shown to possess an effective role in
the prevention of biofilm development and improved bactericidal
activity against E. faecalis [110]. Weckwerth et al. [111], in an in
vitro study, reported that loading ketoconazole and fluconazole in
several sealers including AH-Plus, Sealer 26, Endofill, Fillapex and
Sealapex, can improve their antifungal activity and enhance the
antibacterial action without altering physical properties of sealers;
expect for Fillapex setting time, and Endofill/AH-Plus flowability.
Therefore, their application for root canal obturation of teeth with
possible fungal infections, may be a good approach particularly in
endodontic failure treatments.

Recently, nanostructured silver vanadate decorated with silver
nanoparticles (AgVO;) have been experimentally employed as a
new antibacterial nanomaterial additive for endodontic sealers
[97, 112]. In an in vitro study by Teixeira et al. [112], it was shown
that AgVO; could present amplified bactericidal activity. In
addition, silver component exhibited antimicrobial effect similar
to (or even higher than) the broad-spectrum antibiotics, causing a
decrease in the attachment of microorganisms and formation of
biofilm. Nevertheless, the use of nanomaterials in commercial
sealers could have cytotoxic effect [113]. As a result, further
investigations are required.

Fibers

The unique form and morphology of fibers make them a perfect
choice to be used as LDDS [114]. Fibers exhibit a cylindrical
shape, demonstrate a high surface for volume ratio, and are
usually made from gelatin/alginate/polymer/ceramic materials.
They seem to be capable of releasing drugs/agents over a large
surface area [115, 116]. As a result, they have been considered
for use in endodontics.

Antibiotic containing polydioxanone (PDS)-based scaffolds,
i.e. metronidazole (MET)/ciprofloxacin (CIP)-polymer based
nanofibrous scaffold, have shown effective antimicrobial delivery
for regenerative endodontics [117]. Another experimental PDS-
based nanofiber scaffold, loaded with triple antibiotic paste, has
demonstrated significant antibacterial effect on Porphyromonas
(P.) gingivalis in infected dentinal models [118]. Antibiotic
containing scaffolds seem to provide controlled antibacterial
release with considerably lower therapeutic dose than that of the
double and triple antibiotic pastes, and thus, they can result in a
possible increase in the growth and differentiation of hDPSCs
[119]. Besides, a tubular three-dimensional (3D) scaffold with
antibiotic-eluting nanofibers have recently been developed for
intracanal disinfection for use in regenerative endodontics [120].
It appears that the eluting nanofibers can stay close to dentine
surfaces, prepare a matrix for an increase in the activity of
antibacterial agents in the farthest points of dentinal tubule, cause
apex closure and produce an osteodentine-like narrow layer [120].
In another study by Soares et al. [31], it was demonstrated that
loading low concentration of simvastatin on polylactic acid
(PLA)-based nanofibrous scaffold can provoke dentine
regeneration process via enhancing the regenerative capabilities
of stem cells and decreasing the expression of inflammatory
markers.

Clindamycin-modified triple antibiotic-PDS polymer-based
(CLIN-m) nanofibers have shown significant antibacterial
properties against most microorganisms, and is considered as a
suitable substitute for minocycline containing pastes [121].
Clindamycin appears to be an effective antimicrobial against root
canal microbiota [122]. In an in vitro study by Karczewski ef al.
[123] CLIN-m nanofibers have shown more preventive properties
against bacterial development when compared to CLIN
nanofibers. Furthermore, CLIN-m and CLIN nanofibers have
indicated protection for the viability of hDPSCs up to 50% and
70%, respectively. In addition, loading CLIN into the ethylene
vinyl acetate fibers can decrease the development of common
endodontic  pathogens; including Prevotella  intermedia,
Fusobacterium nucleatum and Streptococcus intermedius [124]. In
another experimental study, it was reported that, ornidazole
incorporated into nanofibers could represent effective
antimicrobial activity against anaerobic microbiota as well as
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showing minimal toxicity on pulpal cells. Therefore, it can be used
as a promising material for direct pulp capping [125]. CHX is
deemed an efficacious agent against a broad spectrum of
endodontic bacteria including gram-positive and gram-negative
microorganisms [126]. An experimental study demonstrated that
incorporating CHX into Polyvinyl alcohol (PVA) nanofibers
could present an enhanced antimicrobial action, similar to CHX
gel, against E. faecalis and C. albicans [127]. Another in vitro study
indicated that polymer-coated, i.e. chitosan/PLGA/PMMA,
fiberous structures can make controlled CHX release into RCS
[128]. It seems that PLGA-based scaffolds loaded with antibiotics
can also be used for regenerative endodontic process [129].
Curcumin, as it was previously mentioned, has shown
anticancer, antioxidant, anti-inflammatory and antibacterial
properties, [130] and could be considered as a root canal
disinfectant or irrigant [131]. In an in vitro study by Sotomil et al.
[131], it was shown that irrigation with curcumin, at the
minimum concentration of 2.5 mg/mL, showed more
antibacterial effect than that of triple antibiotic paste (TAP).
However, if fibers were impregnated with curcumin, less
antibacterial activity would be seen in comparison with TAP.
to boost the
antibacterial activity of curcumin loaded fibers. Nonetheless,

However, photoactivation process seem
further investigations on the use of curcumin as an antibacterial

agent, is necessary.

Other Novel Local Drug Delivery Systems in Endodontics

Cements

Endodontic cements can function as a promising drug carrier. A
novel experimental calcium phosphate cement (CPC), containing
metformin and chitosan, has shown to cause significant
improvement in the regeneration process of dentine. It was
demonstrated that CPC-chitosan-metformin composite could
increase the differentiation of dental pulp cells without negatively
affecting their viability and proliferation rate [132]. In another in
vitro study by Guerreiro-Tanomaru et al. [133], it was reported
that loading 10% - 20% HA nanoparticles into Portland cement
associated with zirconium oxide (ZrQ,) could a) enhance the
antibacterial activity of the cement against E. faecalis, b) improve
its radiopacity, and ¢) decrease the final setting time. However, it
could result in unwanted harmful effects on the compressive
strength and fluidity of the cement [133]. Another in vitro study
on the incorporation of AgNPs into Portland cement with ZrO,
and mineral trioxide aggregate (MTA) showed that the
mentioned combination could present an improved antimicrobial
activity against planktonic cells and E. faecalis as well as enhancing
the mechanical properties of the cement [134]. An experimental
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tested ProRoot MTA and calcium enriched mixture (CEM)
cements loaded with AgNPs also seemed to possess a promoted
antibacterial action [135].

Core-shell nanostructures

Due to the capabilities of core-shell nanostructures as a drug
delivery system [136], novel core-shell nanosystems have attracted
attention. Core particles coated with shell materials seem to
improve the stability and control-release the core substances. They
can be synthesized from polymers, metals and ceramic structures
[136-138]. the core-shell nanosystem consisting of chitosan
nanoparticles loaded with dexamethasone, and coated with alginate
solution enriched with tumor growth factor (TGF)-B could
promote  cell  attachment/migration and odontogenic
differentiation properties of SCAP. Moreover, the loaded core-shell
nanosystem appears to be able to enhance the ingrowth of
connective tissue into the apical portion of root canal area [139].
Another investigation indicated desirable antibacterial effect of a
novel core-shell silver nanoparticle (AgNPs@SiO,) on endodontic
prolonged disinfection process. AgNPs@SiO,-based irrigants
represent valuable bactericidal activity at least for 7 days, whilst
individual AgNPs could not signify antimicrobial activity after 2
days [140]. An innovative experimental paste, containing core-shell
structured CaO/ZnO nanospheres-eugenol, has indicated favorable
root canal sealing, improved bactericidal features and good
cytocompatibility properties, and may have potential for use in
endodontic treatments [141].

Nanowires and filling materials

Copper nanostructures may be able to play an effective role in
the treatment of endodontic infections owing to their
antimicrobial activity. An experimental study indicated that

copper nanowires could seriously affect aerobic
microorganisms and bacteria, causing potential bactericidal
action against E. faecalis strains [142]. Root canal

filling/obturation materials can also be used as drug delivery
carriers [143]. In an in vitro study by Lee et al. [144], it was
demonstrated that incorporating amoxicillin into the
nanodiamond embedded gutta-percha could reduce the
remaining bacteria and lead to the prevention of secondary
endodontic infection [144]. Moreover, depositing zinc oxide
thin film on argon plasma treated gutta-percha cones in vitro
seemed to have presented improved antibacterial effect on E.
faecalis and Staphylococcos (S.) aureus without showing
cytotoxic impact [145]. In addition, gutta percha, containing
CH and CHX, was experimentally used for root canal
disinfection and showed an antimicrobial activity against

Escherichia coli, S. aureus and Pseudomonas aeruginosa [146].
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Furthermore, gutta-perch points have been loaded with
antibiotics and used in the radicular area to combat
microorganisms. Metronidazole has been experimentally used
and loaded on filling materials and has been regarded quite

effective [147,148].

Quantom dots

Quantum dots (QD) are deliberated as potential drug nano
carriers. QD have shown to improve the effectiveness and
decrease the side effects of the transferred drug in medicine,
specifically cancer research [149]. A novel experimental
investigation indicated that Graphene oxide QD seemed to have
no effect on the proliferation rate, viability and metabolism of
hDPSCs; and could be regarded biocompatible [150]. Thus, QD
can be theoretically considered as a drug delivery system for use

in endodontic treatments.

Conclusions

Local drug delivery systems have shown to overcome many
drawbacks of systemic medicinal ministrations and can be
regarded as favourable means of drug transfer in the treatment of
ailments and maladies. LDDS seem to be capable of transferring
agents/drugs to the target site; minimising cytotoxicity of the
medicine in the intended tissue/organ. In dentistry, these small-
sized vehicles have been used for the treatment of different oral
diseases; from dental carious lesions and mouth infections to
oral cancers and malignancies.

Root canal pathosis is one of the most prevalent problems
amongst dental-originated diseases. The success of an
endodontic treatment relies mainly on the reduction of root
canal microorganisms. Thorough removal and possible
eradication of root canal microbiota and their various by-
products from the RCS is necessary for endodontic success.
However, there are complexities in the radicular area which
cannot be reached through common chemomechanical
approaches. LDDS, with their
morphologies and specific features, can enter tiny dentinal

small size, various
tubules and access distant areas.

Whilst achieving a therapeutic dose of systemic
medications in the root canal space is a challenge, LDDS can
be used as a promising potential due to their ability to
control/sustain release of antibacterial drug. A number of in
vitro studies have indicated that loading medicaments in local
delivery vehicles could function as enhanced intracanal
medication/irrigant for the elimination of bacterial biofilms.
Furthermore, LDDS can be applied as a successful
therapeutic  vehicle in  pulp  regeneration and
revascularization processes, causing improvement in the

viability and differentiation characteristics of hDPSCs.
Additionally, LDDS could play an effective role in vital pulp
therapy through stimulating the formation of dentinal
structures.

In conclusion, LDDS seem to increase the success rate of
endodontic treatments, prevent re-infections of root canal
systems, reduce treatment sessions, and lead to patients’
convenience. Nevertheless,

more investigations and

additional clinical trials are required to evaluate the effects of
LDDS on the outcomes of endodontic treatments.

Conflict of Interest: ‘None declared’.
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