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Abstract

Improved physicochemical properties of antimicrobial nanoparticles have attracted significant attention as an 
improved antimicrobial agent, especially in the multifaceted setting of the oral cavity. The present systematic 
review assesses the existing evidence regarding nanoparticle-based delivery systems loaded with triple antibiotic 
paste (TAP) that can be applied in the field of regenerative endodontics, in other words, in the treatment of root canal 
infections. The systematic review was carried out through a comprehensive search of the literature published in 
2016–2021 in English in PubMed Central, Google Scholar, and in MEDLINE. Appropriate information regarding 
TAP, endodontic regeneration, and antimicrobial activity of the micro- and nanoparticle systems was retrieved 
and reviewed descriptively. Among 39 identified articles, 19 articles were found to be relevant after the screening 
process, and nine articles met the inclusion criteria to be included in the quantitative synthesis. The result reveals 
that biodegradable micro- and nanoparticle-based delivery systems retain the antibacterial effect of TAP and allow 
to control and release the compound locally and at low concentrations to promote regenerative effects where it 
is delivered. All in all, the included studies indicated that nanoparticulate systems have similar or even better 
efficacies in the management of root canal infections as compared to traditional antimicrobial methods, but the 
clinical evidence on the utilization of TAP-loaded local drug delivery systems is still limited, which explains the 
necessity of well-designed clinical trials to facilitate the standardization of the procedures in clinical practice.
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INTRODUCTION

Endodontic therapy is mainly guided by 
the removal of microorganisms in the root 
canal system and root canal reinfection 

prevention, thus promoting periapical healing. 
Pulpal and periapical diseases have a microbial 
etiology, mostly which is complex polymicrobial 
biofilms which colonize the complex root canal 
system. Such biofilms are of high resistance to 
traditional chemomechanical preparation methods 
because of their organization and protective 
extracellular matrix, which makes total disinfection 
difficult.[1,2] In addition, anatomical complications 
such as lateral canals, apical ramifications, and 
dentinal tubules restrict the penetration of irrigants 
and intracanal medicaments, which lead to 
persistent infection and failure in treatment.[3]

Traditional root canal treatment emphasizes disinfection 
and obturation; however, it lacks any restoration of the 
biological vitality of pulp density complex. Regenerative 
endodontics has come up as a biologically oriented mode 
of treatment with a goal of restoring the vitality of the 
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pulp, stimulating further root growth, and strengthening 
the dentinal walls.[4] Regenerative endodontic procedures 
are grounded on principles of tissue engineering that uses 
stem cells, scaffolds, and signaling molecules. Effective 
disinfection is one of them, since any remaining microbial 
contamination may interfere with stem cell survival and 
regeneration.[5] Intracanal medicaments are essential toward 
this disinfection. Triple antibiotic paste (TAP) containing 
metronidazole, ciprofloxacin, and minocycline has become 
popular with its ability to be effective against the endodontic 
pathogens with a broad-spectrum antimicrobial activity.[6] 
Its synergistic effect allows it to be effective in the removal 
of aerobes and anaerobes, including resistant bacteria like 
Enterococcus faecalis.[7]

Recent evidence indicates that TAP is an important ingredient 
of the regenerative protocol, especially in revascularization 
surgery, because it can develop a good microenvironment to 
promote tissue regeneration.[8] Nevertheless, in spite of being 
effective, there are several limitations to conventional TAP 
delivery. It is reported that high levels of TAP work by inducing 
cytotoxic properties on the apical papilla (SCAP) stem 
cells that are vital to effective regeneration.[9] Furthermore, 
there is an esthetic issue regarding tooth coloration caused 
by minocycline usage, especially anterior teeth.[10] Its other 
disadvantages are uncontrollable release of drugs, poor 
penetration into dentinal tubules, and the possibility of 
antimicrobial resistance.[11]

New systematic reviews also highlight that TAP itself has 
high antimicrobial efficacy, although its clinical performance 
is a function of concentration, mode of delivery, and 
formulation.[12] To address these shortcomings, novel and 
superior drug delivery systems founded on micro- and 
nanotechnology have been considered. This is due to 
the fact that nanoparticles have distinct physicochemical 
characteristics such as a high surface area-volume ratio, 
increased penetration in biofilms and dentinal tubules, and 
controlled and sustained drug release.[13] Latest developments 
in antibacterial nanoformulations possess a high potential 
to enhance better endodontic disinfection due to biofilm 
resistance and anatomical obstacles.[14] The systems can 
be designed to proffer antimicrobial agents in a controlled 
and continuous fashion, thus enhancing effectiveness and 
decreasing cytotoxicity. Introduction of TAP in delivery 
systems based on micro/nanoparticles is also a promising 
strategy in regenerative endodontics. These systems permit 
the release of kinetic to be regulated, the antibiotics to be 
more stable, and the antimicrobial activity to be improved. 
Furthermore, nanoparticle scaffolds have the capability to 
serve as drug carriers and scaffolds, facilitating cell adhesion, 
proliferation, and differentiation.[15]

Recent findings indicate that nanoparticle-based scaffold and 
hydrogel are both effective in disinfection and regenerative 
functions, including stimulating angiogenesis, mineralization, 
and pulp-like tissue regeneration.[16] Moreover, newer 

research identifies the potency of the nano-enabled drug 
delivery systems to overcome the shortcomings of the 
traditional intracanal medicaments. With these systems, it is 
easy to penetrate deeper into the infected dentin, maintain 
antimicrobial action, and increase the contact with stem 
cells, which form a favorable microenvironment in which 
regeneration occurs.[14,17]

A combination of nanotechnology and regenerative 
endodontics can therefore be considered an important step 
toward ensuring that the endodontics profession will be able 
to guarantee predictable and biologically desirable outcomes. 
Due to the recent accumulation of evidence regarding 
nanoparticles, as the mediators of drug delivery and the 
proven application of TAP in the context of a regenerative 
procedure, a thorough assessment of these methods is 
required. This systematic review is expected to critically 
evaluate the efficacy, biocompatibility, and regenerative 
promise of micro/nanoparticle-based delivery system 
containing triple antibiotic drugs in endodontic regeneration.

MATERIALS AND METHODS

Study design

This systematic review was conducted in accordance with the 
preferred reporting items for systematic reviews and meta-
analyses guidelines established in 2009.

Our objective in the review aimed to analyze the studies that 
reported the biomedical application of micro/nanoparticles 
with triple antibiotics in drug delivery systems for endodontic 
regeneration.

Eligibility and inclusion criteria

Intervention

TAP, comprising ciprofloxacin, metronidazole, and either 
minocycline, penicillin, or clindamycin.

Comparators

Absence of an intracanal medicament or the use of alternative 
intracanal medicaments other than TAP.

Outcomes

Assessment of antimicrobial effectiveness, cytotoxicity, 
and stem cell viability, potential for tooth discoloration, 
and the ability to support revascularization and regenerative 
outcomes.

Study designs

This was a in vitro, in vivo, and clinical trials.
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Exclusion criteria

Case reports and studies not published in English were 
excluded from the analysis. Additionally, studies in which 
TAP was employed as an irritant rather than as an intracanal 
medicament were not considered for inclusion.

Search strategy

The electronic search of the literature was conducted on 
the “PubMed Central, Google scholar, and MEDLINE” 
databases with the following MESH terms: “Triple antibiotic 
pastes or TAP,” “Endodontic regeneration,” “Antimicrobial 
efficacy,” “Drug delivery” and “Nanoparticles” using 
Boolean operators (AND, OR).

In addition to database searching, the reference lists of the 
selected articles were manually screened to identify any 
additional relevant studies. Only publications available in 
English were considered for inclusion. The titles and abstracts 
retrieved from the three databases were initially screened 
to evaluate their relevance and eligibility. Subsequently, 
the abstracts of potentially eligible studies were examined 
in detail based on the predefined selection criteria. Studies 
that did not meet these criteria were excluded at this stage. 
Full-text articles of the remaining studies were then assessed 
thoroughly, and those with duplicate data or failing to meet 
the inclusion criteria were further excluded [Figure 1].

Data collection

The relevant studies were determined with the help of the 
identified keywords. Preference was made to data that covered 
antibacterial efficacy in both in vitro studies, in vivo studies, and 
clinical trials. The studies that included a quantitative analysis 
were only included because they gave strong and meaningful 
evidence which complied with the purpose of the review.

RESULTS

Search results

The electronic database search led to the identification of 39 
articles. A total of 19 studies shortlisted on the basis of their 
relevance were thoroughly evaluated on the basis of their 
abstracts and the entire content. After this evaluation, 9 articles 
were found to be within the inclusion consideration and were 
finally included into the study. The constant research that is 
underway is based on designing greater drug delivery systems 
that would deliver therapeutic concentration accurately at 
the target site. Besides other factors like cellular uptake and 
release, cytotoxicity, and general efficacy of treatment, this 
review also intends to determine the biomedical potential of 
TAP as an intracanal medicament in micro- and nanoparticle-
based systems to enhance periradicular healing.

Overall features of the study

All original research articles published in 2016–2021 were 
taken into account, and nine studies met the inclusion 
criteria that included both in vitro and in vivo studies. TAP 
is proved to be a good antimicrobial intracanal medication 
with a rather positive biocompatibility with stem cells in the 
periapical area compared to calcium hydroxide that can be 
used traditionally and can be cytotoxic to the stem cell. TAP 
concentration determines the viability of human dental pulp 
cells and the level of cytotoxicity of TAP. It is worthy to note 
that the synergistic combination exhibits higher cytotoxicity 
in comparison to the single antibiotics; this is probably 
because more hydrogen ions were released and therefore, the 
pH was reduced. Considering the constraints, much has been 
done on the development of innovative local drug delivery 
systems.

In these systems, the antibiotics are loaded in appropriate 
microcarriers, such that there is a burst release at the first 
24 h, and then the therapeutic ability is maintained up to 
14 days. The overall features of all nine studies that show the 
different devised lymphatic drug delivery systems employing 
a triple antibiotic mixture are shown in Table 1.

DISCUSSION

Antimicrobial resistance has become a major issue with 
regard to the treatment of infection. TAP, which contains 
metronidazole, ciprofloxacin, and minocycline, has been 
widely used in endodontics because of broad-spectrum 
antimicrobial effect and because it has the ability to 
effectively disinfect dentin.[18] Lovelace et al.[19] established 
that in addition to its action of disinfecting infected pulp, 
which is necrotic in nature, the induced bleeding step 
following TAP application in re-generating procedures 
promotes the migration of undifferentiated stem cells in 
the periapical area into the root canal space.[20] The lack of 
precise targeting capability in the diffusion of antibiotics 
within living organisms at the tissue level may be offset by the 
recent developments of using nanoparticles in biomaterial-
based drug delivery systems of antimicrobial agents to ensure 
appropriate drug delivery levels at the target site of action, 
even under dynamic conditions.[21] These types of local drug 
delivery methods increase the efficacy and pharmacokinetic 
characteristics of the drugs over their traditional free states. 
Moreover, they allow the release of an antimicrobial agent 
in a sustained and controlled fashion, thus supporting the 
better infection control and promoting the regeneration of the 
dentin-pulp complex.[22]

Micro/Nanoparticles based delivery systems are a tool with 
a variety of applications, which include drug delivery in 
the biomedical field, tissue engineering, cell imaging, and 
intracellular sensing over biosensors and immunoassays, as 
well as heterogeneous biocatalysis.[23]
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This hybrid design maintains flexibility to the surface 
modification with particle chemistry, whereby encapsulation 
of covalent-conjugated protein immobilization can be 
conducted in the synthesis to produce active biohybrid 
nanomaterials. Nanoparticles are also receiving much 
attention due to their distinctive antibacterial properties, 
including damaging of cell walls and membranes, interference 
with protein production, and interference with DNA. Such 
properties render them useful in the fight against bacterial 
infection.[24]

This paper seeks to assess the biomedical importance 
of micro-/nanoparticles based drug delivery system that 
incorporates triple antibiotics to be used in endodontic 
regeneration. Nanoparticles, which have low mass density 
and are relatively larger, are porous, which facilitates 
deposition to occur in the apical region. The incorporation 
of drug-containing nanoparticles into these systems would 
provide a good solution to the delivery of antimicrobials 
in the periradicular infections by integrating the benefits of 
micro- and nanoscale delivery vehicles to develop a system 

that offers prolonged release of nanoparticles containing 
antimicrobial drugs when deposited in the root dentin and 
exposed to the polymicrobial environment. This localized 
and prolonged delivery increases the efficacy of treatment 
and facilitates better clinical outcome.

Similarly, penicillin-modified TAP encapsulated with 
appropriate microcarriers has shown successful results 
against endodontic infections. Recently, an innovative local 
delivery system of bioceramic microparticles, made from 
hydroxyapatite and β-tricalcium phosphate, coated with a 
biopolymer, that is, polylactic glycolic acid (PLGA), loaded 
with triple antibiotics to the root canal system (target drug 
delivery) has exhibited successful outcomes to remove 
dominant intracanal microorganisms.[25]

The prolonged application period (1–4 weeks) and viscous 
nature of intracanal medicaments, compared to irrigating 
solutions, make them effective disinfectants capable 
of influencing stem cell behavior within the root canal 
system, including their attachment, proliferation, and 

Figure 1: Preferred reporting items for systematic reviews and meta-analyses flow chart showing the identification and selection 
process of articles included
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differentiation.[26] Furthermore, dentin serves as a natural 
reservoir of bioactive molecules such as vascular endothelial 
growth factor and transforming growth factor-beta 1, which 
play a crucial role in supporting the survival, proliferation, 
and differentiation of dental stem cells.

Alghilan et al.[27] reported that dentin treated with TAP 
and double antibiotic paste in regenerative protocols 
demonstrated enhanced attachment of dental pulp stem 
cells, attributed to the demineralizing effect of TAP and the 
resulting increase in dentin surface roughness consequently, 
the results of Pankajakshan et al.[28] suggested that TAP can 
have a negative effect on the release of growth factors, the 
main cause being the lack of complete elimination of the 
TAP. Furthermore, the growth of stem cells on treated dentin 
has been limited by the presence of the residual paste, which 
obstructs the dentinal tubules, which in turn limits the release 
of the embedded growth factors. TAP is a product that is 
acidic in nature (pH = 2.9) and has been reported to cause a 
significant reduction in the dentin microhardness.[29]

An all-inclusive analysis of preclinical research shows 
that delivery systems based on biodegradable micro- and 
nanoparticle-based antibiotic delivery methods can be used 
to sustain the antimicrobial effects of the drugs contained 
as well as achieve controlled and localized delivery of TAP. 
These systems lead to a continuous and predictable low 
concentration release (around 1 mg/mL or 0.1 mg/mL) along 
the dentinal walls.

The evidence presented indicates that such intracanal delivery 
systems have a promising clinical application in regenerative 
endodontics. They have benefits such as successful 
antimicrobial activity, lower cytotoxicity, low chances of tooth 
discoloration, and possible aid in angiogenesis. Taken together, 
these results offer solid ground toward the establishment of 
standard clinical procedures and subsequent human testing.[30-37]

CONCLUSION

The current systematic review reveals the potential beneficial 
effect of micro- and nanoparticle-based drug delivery systems 
containing TAP in promoting endodontic regeneration. Such 
novel delivery systems have shown great benefits compared 
to traditional intracanal delivery medicaments because they 
allow sustained, controlled, and site-influenced release of 
antimicrobial drugs. More to the point, by being included 
in biodegradable micro/nanocarriers, TAP does not impair 
its antibacterial activity; on the contrary, it enhances the 
bioavailability of drugs, as well as supporting therapeutic 
levels in the target location throughout a prolonged period.

The evidence examined in this paper continues to suggest 
that nanoparticulate systems possess either high or equal 
effectiveness in killing endodontic pathogens in comparison 
to conventional delivery methods. They possess increased 

physicochemical properties such as greater surface area, 
greater penetration into dentinal tubules, and greater 
disruption of biofilms, which is why they are more effective 
in disinfecting the complex root canal. Besides, these systems 
assist in regenerative effects by reducing cytotoxicity related 
to high levels of antibiotics and by providing an appropriate 
microenvironment to allow the survival, proliferation, and 
differentiation of the stem cells. Although such positive 
findings have been made, the existing literature is largely 
in  vitro based, and only a few studies have been done in vivo, 
and there is a significant lack of well-conducted randomized 
clinical trials.

Fluctuations in nano-particle composition, drugs 
concentration, and delivery procedures also hamper 
the capacity to have uniform clinical guidelines. Thus, 
although the micro/nanoparticle-mediated TAP delivery 
can be considered an important breakthrough in the area of 
regenerative endodontics, additional high-grade, large-scale 
clinical trials are needed to establish the long-term safety, 
effectiveness, and applicability of this technology in the 
translational environment. To sum up, TAP delivery systems 
based on nanoparticle is a clinically relevant and biologically 
favorable method of providing effective root canal 
debridement and tissue regeneration, yet its common clinical 
use needs more significant justification and standardization 
of protocols.
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