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Abstract: Pulpal pathology in young permanent teeth, caused by dental caries or trauma, can lead to
disruption of root formation, leaving the tooth with an uncertain prognosis. Current therapies for
such cases present a number of limitations; thus, the aim of this article is to provide an overview on
the use of nanofibers in endodontics. The search was conducted on two databases and eight articles
met the inclusion criteria for this systematic review. Data on nanofiber production and fiber charac-
teristics were extracted and systematized in tables. Moreover, the ability of novel scaffolds to deliver
either drugs or different therapeutic agents without interfering with the products’ characteristics is
analyzed from the in vitro and in vivo data. The potential for nanofiber-based scaffolds to induce
cellular differentiation and overcome the limitations of classic regenerative endodontic treatment is
also discussed.

Keywords: nanofibers; endodontic therapy; electrospinning; tissue engineering; 3D scaffolds

1. Introduction

Dental caries is a multifactorial infectious disease in which the oral microbiome’s shift
into acidogenic and acid tolerant bacteria plays a decisive role. It can affect the tooth’s
structure during the eruption phase, leading to pulpal pathology before the root has fully
developed [1,2].

The bacterial biofilm on the dental surface contains salivary proteins and glycoproteins
that compose the pellicle, the associated microorganisms and their products, components
derived from gingival sulcus fluid and blood, and food debris [3].

The acquired pellicle enables the attachment of oral bacteria, thus promoting the
formation of the dental biofilm, and also limits the acid diffusion, playing the role of a
physical barrier. Furthermore, microorganisms can be maintained close to the surface
by weak transient van der Waal forces, without covalent or ionic interactions between
the bacterial wall and the components in the biofilm [3,4]. Bacterial attachment can be
reinforced by permanent bonds between the adhesins expressed by the bacteria and the
specialized receptors in the acquired biofilm [4,5].

During the acquired pellicle buildup, Streptococcus and Actinomyces species act as
early colonizers due to the expression of surface receptors that enable the direct link to the
dental biofilm glycoproteins. Subsequently, other species, such as the Veillonella genus,
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provide a favorable substrate for further attachment of later colonizers, thus leading to a
culmination in microorganisms colonization [4,6].

Due to particular features such as a low external mineral content, high pulp–mineralized
tissue ratio, deep occlusal pits, and fissures, young permanent teeth are prone to develop
rampant caries. These rapidly-progressing caries frequently overcome the dentin deposi-
tion and infect the pulpal tissue, affecting the root development [7,8]. Consequently, the
high fracture risk and improper crown-to-root ratio have a negative impact on the life span
of affected teeth [9].

The endodontic management of pulp necrosis in young permanent teeth is challenging.
The classic approach conforms with the principles of apexification; this method consists of
the application of a calcium hydroxide dressing in the root canal in order to promote apical
closure and to enable subsequent filling with gutta-percha [10,11]. This method has some
limitations due to the need for repeated calcium hydroxide applications that come with
multiple dental office visits and higher costs. A more recent therapeutic option consists of
producing a quick apical barrier through the application of a bio-ceramic-based material
(e.g., mineral trioxide aggregate—MTA) as an apical plug, thus shortening the treatment
time [11,12].

The limitations of the aforementioned therapies can be overcome using the evoked
bleeding (EB) strategy, which promotes dentinal wall thickening, as well as root length-
ening [13,14]. The aim of this therapy is to obtain a microbial-free environment (a good
disinfection) within the endodontic system and to produce apical bleeding, which enables
stem cells’ recruitment and differentiation into odontoblasts [15,16]. The blood clot acts
as a scaffold for the apical stem cells and the dentinal proteins induce their differentiation
into odontoblasts [17,18].

The disinfection of the endodontic system is usually achieved through calcium hy-
droxide dressing and/or antibiotic paste dressing [19]. Calcium hydroxide is an excellent
endodontic disinfectant when applied into the main root canal, but its effectiveness within
the depth of thin dentinal tubules is poor, due to low solubility, on the one hand [20], and
the buffer capacity, on the other hand [21].

Triple antibiotic paste (TAP) offers good disinfection, but it potentially inhibits the
revascularization of the newly formed pulpal tissue. Improper vascularization could interfere
with stem cells’ differentiations and could also result in dentin discoloration [22–24]. TAP,
which was based on metronidazole (MET), ciprofloxacin (CIP), and minocycline (MINO)
has been replaced by a double-antibiotic paste (DAP); in order to avoid dentin discoloration,
MINO was excluded [25,26]. Moreover, antibiotic pastes are difficult to remove from the
endodontic system [27], and, due to the acid pH, TAP could promote dentin decalcification
after prolonged use [28].

In the past, regenerative endodontics took advantage of tissue engineering principles
for managing non-vital young permanent teeth. The key to success in tissue engineering
therapies is the use of three elements: stem cells, bioactive molecules such as growth factors,
and scaffolds [9,14].

The use of nanofiber-based scaffolds with simple compositions or loaded with antibi-
otics and/or cellular inducing factors has been suggested as an alternative to TAP due to
better dosage of the delivered antibiotic [29,30].

The aim of this paper is to provide a comprehensive review on current data regarding
the endodontic therapy of young permanent teeth diagnosed with pulpal necrosis, in
relation to nanofiber technology.

2. Materials and Methods

The current article is based on the search of two databases: PubMed and Mesh.
The search was conducted using the following Boolean search terms:

1. #1—“Nanofibers”[Mesh] OR “Nanofibers”[tw] OR “Tissue Scaffolds”[Mesh];
2. #2—“Endodontics”[Mesh] OR “Regenerative Endodontics”[Mesh] OR “Root Canal

Preparation”[Mesh];
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3. #3—(“Nanofibers”[Mesh] OR “Nanofibers”[tw] OR “Tissue Scaffolds”[Mesh]) AND
(“Endodontics”[Mesh] OR “Regenerative Endodontics”[Mesh] OR “Root Canal Prepa-
ration”[Mesh]).

The articles eligible for inclusion in this review were assessed by two independent
researchers.

The including criteria required the studies to be conducted using nanofibers as a
scaffold for either disinfection purposes or cellular inductivity, or both. The use of hard
dental tissue, dental stem cells, or oral bacteria was mandatory either in vivo or in vitro.
The time period searched was the last ten years and articles had to be written in English.
Additionally, review articles were excluded.

The data assessment focused on the type of nanofibers used, their manufacturing
process, antimicrobial activity, cellular-inductive potential, and the most relevant data
offered by the paper.

3. Results

The used search terms provided a total of 76 articles that were further processed by
the title and abstract. After the article’s selection, a number of eight scientific papers met
the inclusion criteria and were included in this review.

The overall statistics are as follows: reports sought for retrieval (n = 56); reports not
retrieved (n = 1); reports assessed for eligibility (n = 55); reports excluded: Did not present
nanofiber containing scaffolds (n = 47); and studies included in review (n = 8).

The data collected are summarized in Tables 1–4.

Table 1. Data systematization showing the types of scaffolds used.

Nr. crt/Citation Authors Year of
Publication

Study
Design Control Scaffold/s Test Scaffold/s

1/[29] Bottino et al. 2013 in vitro polydioxanone (PDS) polydioxanone (PDS)
with antibiotics

2/[30] Palasuk et al. 2014 in vitro polydioxanone (PDS) polydioxanone (PDS)
with antibiotics

3/[31] Bottino et al. 2015 in vitro polydioxanone (PDS)

Scaffolds with halloysite
aluminosilicate clay
nanotubes (HNTs);

groups being 0.5, 3, 5,
10 wt%

4/[32] Kamocki et al. 2015 in vitro

Polydioxanone
(PDS)—negative control;

saturated CIP/MET
solution (i.e., 50 mg of each

antibiotic in 1 mL)
(DAP)—positive control

polydioxanone (PDS)
with antibiotics

5/[33] Pankajakshan et al. 2016 in vitro

Untreated dentin
specimens—negative

control; polydioxanone
(PDS)—control; triple

antibiotic solution (TAP
solution, 50

mg/mL)—positive control.

polydioxanone (PDS)
with antibiotics

6/[24] Bottino et al. 2019
in vitro and

in vivo (canine
model)

in vitro [polydioxanone
(PDS)—negative control;

triple antibiotic paste
(TAP)—positive control];
in vivo [evoked bleeding

method (EB)]

polydioxanone (PDS)
with antibiotics
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Table 1. Cont.

Nr. crt/Citation Authors Year of
Publication

Study
Design Control Scaffold/s Test Scaffold/s

7/[34] Moonesi Rad et al. 2019 in vitro
cellulose acetate/oxidized

pullulan/gelatin
(CA/ox-PULL/GEL)

boron (B)-modified
bioactive glass

nanoparticles (BG-NPs)
based on cellulose
acetate/oxidized
pullulan/gelatin

(CA/ox-PULL/GEL);
groups being: 7%, 14%,

21% substitution of SiO2
with B2O3

8/[35] Leite et al. 2022 in vitro

[tubular scaffold
poly(caprolactone)

(TB-SC)]—negative control;
[tubular scaffold

poly(caprolactone)
associated with fibronectin

(FN) (TB-SC +
FN)]—positive control

tubular scaffold
poly(caprolactone)

associated with collagen
hydrogel (TB-SC + H);

tubular scaffold
poly(caprolactone)

associated with
FN-coated collagen

hydrogel (TB-SC + HFN)

Table 2. Data systematization showing scaffold obtaining parameters and characteristics.

Nr. crt/Citation Fiber Production
Method/Parameters

Fiber Morphology
Assessment

Chemical Structure
Assessment

Mechanical
Properties

Assessment
Fiber Porosity

1/[29]
electrospinning/—2

mL/h, 18-cm
distance, 15 kV

Scanning electron
microscopy (SEM)

Fourier-transform
infrared spectroscopy

(FTIR)

Tensile strength
testing NA

2/[30]
electrospinning/—2

mL/h, 18-cm
distance, 15 kV

Scanning electron
microscopy (SEM)

Fourier transform
infrared spectroscopy

(FTIR)

Uniaxial tensile
testing NA

3/[31]
electrospinning/—2

mL/h, 20-cm
distance, 15 kV

Scanning electron
microscopy (SEM)

Fourier-transform
infrared spectroscopy

(FTIR)

Uniaxial microtensile
testing

Transmission electron
microscopy (TEM)

4/[32]
electrospinning/—2

mL/h, 18 cm
distance, 15–18 kV.

Scanning electron
microscopy (SEM) NA NA NA

5/[33]
electrospinning/—2

mL/h, 18-cm
distance, 15–19 kV

NA NA NA NA

6/[24]
electrospinning/—2

mL/h, 18-cm
distance, 15–19 kV

Scanning electron
microscopy (SEM)

Fourier-transform
infrared spectroscopy

(FTIR)

Tensile strength
testing NA

7/[34]

thermally induced
phase separation and

porogen
leaching/aluminum
plate and foam; one
direction freezing
and freeze-drying;

KCl leaching

Scanning electron
microscopy (SEM)

Alizarin Red
staining-distribution

of BG-NPs

Compression test at
25% of strain in the
stress–strain curve

Mercury porosimetry
device

8/[35]
electrospinning/—1

mL/h, 18-cm
distance, 12–13 kV

NA NA NA NA
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Table 3. Data systematization showing antimicrobials and pathogens used.

Nr. crt/Citation

Fiber
Degradation/Water

Absorption
Assessment

Drug Release
Assessment

Antimicrobials/
Concentration Microbials Antimicrobial Potential

Evaluation

1/[29] NA

High-performance
liquid

chromatography
(HPLC)

Metronidazole
(MET)/5 and 25 wt%;

Ciprofloxacin
(CIP)/5 and 25 wt%

Porphyromonas
gingivalis (Pg)

Enterococcus faecalis
(Ef)

biofilm; agar diffusion
assays

2/[30] NA NA

Metronidazole
(MET), Ciprofloxacin

(CIP) and
combination of the
two (3:1 MET/CIP,

1:1 MET/CIP and 1:3
MET/CIP)—25 wt%

Ef, Pg, Fusobacterium
nucleatum (Fn) agar diffusion testing

3/[31] NA NA NA NA NA

4/[32] NA

High-performance
liquid

chromatography
(HPLC)

Metronidazole
(MET), Ciprofloxacin

(CIP) and
combination of the
tow (3:1 MET/CIP,

1:1 MET/CIP and 1:3
MET/CIP)—25 wt%

NA NA

5/[33] NA NA

Metronidazole
(MET), Minocycline

(MINO), and
Ciprofloxacin

(CIP)—30 wt%

An, Pg

fluorescent LIVE/DEAD
BacLight Bacterial

Viability Kit L-7012;
confocal laser scanning

microscopy (CLSM)

6/[24] NA NA

Metronidazole
(MET), Ciprofloxacin

(CIP), and
Minocycline
(MINO)—35

mg/mL(35 wt.%)

Actinomyces
naeslundii (An)

in vitro—[confocal laser
scanning microscopy

(CLSM) and SEM]

7/[34]
Phosphate-buffered

solution (PBS) for one
month

NA NA NA NA

8/[35] NA NA NA NA NA

Pg—Porphyromonas gingivalis, Ef—Enterococcus faecalis, An—Actinomyces naeslundii, Fn—Fusobacterium nucleatum.

Table 4. Data systematization showing cellular effect assessment and the main results.

Nr. crt/Citation Cell Viability/Differentiation/
Proliferation/Cytotoxicity Assessment Main Results

1/[29] International Organization for
Standardization—toxicity assessment

• MET at 25 wt% and CIP (at 5 and 25 wt%) significantly
reduced the diameter of the fiber compared with control.

• No difference in tensile strength between dry and wet
samples/CIP had significantly lower strength modulus
compared with other groups.

• In the first 48 h, the amount of released drug was close to a
quarter regarding CIP and half for MET.

• No significant difference in the inhibitory effect of the
5 wt% CIP compared with 25 wt% CIP, but 25 wt% CIP
showed adverse effects at cellular level.
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Table 4. Cont.

Nr. crt/Citation Cell Viability/Differentiation/
Proliferation/Cytotoxicity Assessment Main Results

2/[30] CellTiter 96 AQueous One Solution
Reagent—cell viability

• Micro/nanofibrous network—all groups;
• The diameter of the fiber in antibiotic-containing scaffolds

considerably smaller than control;
• 1:1 MET/CIP scaffold had significantly higher tensile

strength compared with control;
• All the other groups had tensile strengths similar to

control;
• Scaffolds containing the antibiotic showed inhibitory effect

on Ef, Pg, and Fn growth; contrarily, the MET-only group
had no inhibitory effect on Pg and Fn;

• On day 1, the 1:1 MET/CIP group significantly decreased
cell viability compared with control and with other test
groups;

• After two weeks, cell viability was significantly higher in
MET-only group compared with CIP-only group.

3/[31]

Water-soluble tetrazolium-1
assay—assess mitochondrial

dehydrogenase activities;
SEM-cell–scaffold interaction

• 3D porous network of the scaffold;
• Diameter of fibers for 10 wt% HNTs was significantly

higher and had a broader distribution;
• Dry PDS and scaffolds based on 0.5 wt% HNT/PDS

showed significant increase in tensile strength;
• Increasing the HNT loading determined significantly

lower strength for the hydrated PDS–HNTs;
• Control showed significantly higher modulus;
• Scaffolds promoted cell adherence and proliferation.

4/[32]
WST-1 assay-proliferation; LIVE/DEAD
assay/calcein and ethidium homodimer

(EthD-1)-cell viability

• Mean fiber diameter in the antibiotic-containing scaffolds
was smaller compared with pure PDS;

• In all samples, the burst drug(s) release was observed
during the first 24 h;

• Linear concentration throughout 14 days;
• MET was released quicker than CIP (all of MET released

by day 5); CIP had a release range from 30% to 60% in
14 days;

• In all groups exposed to CIP-containing scaffolds, cell
proliferation was significantly inhibited, depending on the
concentration;

• MET and pure PDS did not induce significant changes in
cell proliferation; cell proliferation and viability were not
affected by MET-only containing scaffolds;

• CIP-containing scaffolds induced higher % of dead cells.

5/[33]

SEM and confocal laser scanning
microscopy (CLSM)-cell adhesion and
cytoskeletal morphology; CellTiter 96

AQueous One Solution Cell Proliferation
Assay-cell proliferation

• Tested scaffold efficiently eliminated viable bacteria.
• Enhanced hDPSCs adhesion and spreading-on test and

control but delayed on TAP. SEM investigation
demonstrated cell-covered dentin after 7 days for the
control and test, but cells on TAP-treated dentin showed
irregular morphology after 7 days.

• Cellular proliferation was significantly higher on dentin
conditioned with triple antibiotic-containing nanofibers
after 7 days than TAP.



Fibers 2024, 12, 42 7 of 16

Table 4. Cont.

Nr. crt/Citation Cell Viability/Differentiation/
Proliferation/Cytotoxicity Assessment Main Results

6/[24] in vivo/ex vivo-[hematoxylin–eosin
(H&E) staining and light microscopy]

in vitro

• Triple antibiotic eluting fibers showed a more
homogeneous fiber distribution;

• Antibiotic-free nanofiber showed increased strength and
medium flexibility, in all tested conditions;

• Triple antibiotic-eluting constructs (TA-3DC) have resulted
99.1% to 99.94% dead bacteria;

• TAP completely eliminated viable bacterial with no
statistically significant difference between TAP and TA-3DC

in vivo

• Teeth treated with TAP had almost complete radicular
apexification;

• In teeth treated with TA-3DC, bacterial load was reduced;
hard tissue continued to form and radicular apexification
was complete.

7/[34]

Alamar Blue Assay/microplate
spectrophotometer-cell viability; SEM

analysis/Confocal laser scanning
microscopy analysis-cell morphology on
the scaffolds; ALP activity/intracellular
calcium/Alizarin Red staining-calcium
deposition; immunohistochemical and

histological staining (DSPP, OPN and Col
I-proteins)-odontogenic

differentiation/formation of dentin-like
hard tissue;

• At 30 days B7–10—the lowest weight loss, B0–20—the
highest weight loss, control/moderate weight loss;

• Addition of BG-NPs resulted in lower weight reduction in
scaffolds in the first week;

• First day after immersion into PBS, water absorption
(WA)% had the highest value in all groups, with WA
capacity decreasing in parallel with weight loss;

• Even distribution of BG-NPs within scaffolds;
• Scaffolds were completely covered with minerals;

homogeneity and thickness were directly proportional
to time;

• Pore sizes—5 to 200 µm;
• Average porosity percentage—91.6%;
• Increasing BG-NPs content resulted in reduced porosity

percentage;
• Optimal mechanical properties due to BG-NPs

incorporation;
• Cell viability was higher due to increased BG-NPs content

of scaffolds;
• Cell viability was higher due to B incorporation;
• No difference in ALP enzyme activity in different scaffolds;
• After two weeks, control had lower enzymatic activity

than test;
• Cells in test showed more extended and flattened

morphology on the scaffolds compared with control;
• BG-NPs incorporated in the scaffolds promoted calcium

deposition, particularly in B-BG-NP positive staining of
DSPP, OPN, and Col I-proteins in all groups and
expression was higher in groups containing B-BG-NPs.

8/[35]

Alamar Blue solution/fluorescence
reading-cell viability; genes evaluation:

ITGA5, ITGAV, COL1A1 and COL3A1 by
quantitative polymerase chain reaction

(qPCR); Cell migration-fluorescence
microscopy

• Cell proliferation in TB-SC + HFN group was significantly
higher in comparison with all other groups;

• In both study groups and in positive control group, genes
ITGA5, ITGAV, COL1A1, and COL3A1 were upregulated
in comparison to negative control;

• TB-SC + HFN significantly upregulated the expression of
COL1A1 and COL3A1 markers in comparison with all
other groups;

• Cell migration was significantly higher in all groups,
compared to negative control.
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The PRISMA flow chart reveals the selection stage (Figure 1).
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Figure 1. Identification of studies via databases.

4. Discussion

The included articles were published between 2013 and 2022 and were based on
studies mainly conducted in vitro, with only one in vivo research-oriented article on a
canine model [24]. The use of nanofiber-based scaffolds for endodontic purposes was
mentioned earlier in the literature, e.g., the use of poly(epsilon-caprolactone) (PCL)/gelatin
scaffolds mentioned by Yang et al. [36]. They reported promising results regarding hard
tissue formation when the matrix loaded with human-derived pulp cells (hDPCs) was
subcutaneously inserted in mice.

Polydioxanone is a polyester that resembles the PCL and polylactic acid (PLA) and
presents excellent biodegradability as well as biocompatibility due to ester bonds. Moreover,
the ester bonds provided great flexibility and relatively low mechanical strength [37]. This
product disintegrated much faster than the other mentioned polymers and released less
acidic products [38].

4.1. Nanofiber Obtaining Process, Characteristics, and Dynamics

Our data revealed that the most frequently used polymer was PDS by electrospinning
and with the electrospun parameters set between 1 and 2 mL/h rate of injection 18–20 cm
distance from the injection point to the collector device, and 12–19 KV power supply.

Electrospinning is a high-voltage-dependent method of producing nanofibers from a
natural or synthetic polymer-based solution; these nanofibers closely resemble the tissue
extracellular matrix [31,39]. This technique is based on inducing a strong potential differ-
ence between the polymer solution flowing through a narrow tip and a metallic collector.



Fibers 2024, 12, 42 9 of 16

By this method, an uneven arrangement of the fibers in the scaffold as well as scaffolds
with aligned fibers were obtained [40].

Polydioxanone used in the studies was mainly derived from the suture material
that contained PDS in a monofilament form [24,29,31]. The PDS was loaded with either
antimicrobials, metronidazole (MET), ciprofloxacin (CIP), and minocycline (MINO) or
with halloysite aluminosilicate clay nanotubes (HNTs) for scaffold production [31], and
all combinations produced homogenous 3D scaffolds evaluated under scanning electron
microscopy (SEM). The HNTs belong to the kaolinite family and contain aluminum and
silica particles, used for drug or growth factor delivery. Cationic and anionic drugs can be
loaded on HNT-containing scaffolds due to negatively charged silica present on the outer
surface of the nanotubes and positively charged aluminum present in the lumen of the
tubes [41,42].

The scaffold-containing triple antibiotics offer a more homogenous aspect than simple
PDS [24]. An explanation could rely on the more hydrophilic nature of the antimicrobial-
loaded solution, thus making it less viscous, altering the resultant electrospinning
fibers [43,44]. If the solution presented a low viscosity, the jet turned into droplets; on the
other hand, if the solution had a too high viscosity, it was difficult to pomp through the
capillary and dried on the tip [40].

The same idea could be applied to nanofibers loaded with HNTs, which offered
significant increases in the fiber diameter and a broader distribution for 10 wt% HNTs
but higher tensile strength for 0.5 wt% [31]. Once the amount of HNTs was higher, the
viscosity of the solution changed, consequently reducing the scaffold’s strength [42,44].
Besides viscosity, the conglomeration of HNTs in stress points along the nanofibers could
be responsible for the loss of strength [45].

Bottino et al. [29] and Palasuk et al. [30] obtained a decrease in fiber diameter when two
antibiotics, MET and CIP, were added to the scaffold. The fiber diameter is an important
parameter of the scaffold, playing essential roles in the mechanical resistance as well as
in the drug-release process. Addition of CIP to the fiber could result in a decrease in
the material’s strength and a reduction in drug release, explained by the difference in
molecular weight (Mw) between antimicrobials, since CIP’s Mw is almost double MET’s
Mw [46]. Moreover, according to the literature, a smaller diameter fiber offered a larger
surface area for cellular adhesion and enabled a more gradual release of drugs loaded in
the scaffold [47,48].

Moonesi Rad et al. [34] used the thermally induced phase separation method to
obtain a three-dimensional scaffold. They obtained boron (B)-modified bioactive glass
nanoparticles (BG-NPs) containing a cellulose acetate/oxidized pullulan/gelatin (CA/ox-
PULL/GEL) scaffold. This method was based on the fact that the polymer containing
solution was thermodynamically unstable. Thus, when the solution’s temperature was
lowered, it separated into a polymer-rich phase and a solvent-rich phase [49,50]. The
solvent was then extracted using another solvent that could be sublimated, and the porogen
material (KCl) was leached out; subsequently, the remaining nanofibers’ porous structure
was freeze-dried [34,51].

The above-mentioned authors reported obtaining a scaffold with an even distribution
of BG-NPs and with lower weight loss when compared with BG-NP free scaffolds at the
solubility assessment. This aspect could have derived from the release of alkali ions from
the bio-glass particles that were capable of neutralizing the acidic product derived from
the dissolution of the polymeric scaffold, as the authors explained; therefore, a decrease in
solubility could be obtained by increasing the bio-glass in the scaffold [34]. Additionally,
the water absorbance (WA) of the scaffold was enhanced by the bio-glass addition due to
the hydrophilic properties of the material and the weak bonds between the fiber and the
glass [52,53].

It is worth mentioning the deposition of hard minerals on the scaffold when submersed
into simulated body fluid (SBF). The deposition of calcium and phosphate was uniformly
distributed. The explanation resides in the bio-glass negative charge and the silica ions,
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offering a nucleation point for the mineral deposition. The replacement of silica oxide with
boron oxide enhanced the deposition of apatite crystals due to the opening of the scaffold’s
structure [54,55].

The addition of BG-NPs enhanced the mechanical properties of the scaffold but de-
creased its porosity. The balance between the mechanical resistance and the porosity of the
scaffold had to be maintained, since larger pores promoted the development of mineralized
tissue in the bio-material, but it impaired the strength of the scaffold, making it difficult to
manipulate [56].

4.2. Antimicrobial Assessment

Five of the eight articles included in this review investigated the antimicrobial loading
on the nanofiber scaffold and four studies assessed the antimicrobial activity of the scaffolds.
The antibacterial substances (i.e., MET, CIP, and MINO) were integrated in the scaffold in
the range of 5 wt% to 35 wt%. An initial drug release burst was observed in the first 24
to 48 h, with MET presenting a steeper release: up to 50% during the first two days [29].
The antibiotic-containing fibers became hydrophilic, being easier to degrade progressively
through hydrolysis, and thus sustaining the therapeutic drug release [24,57]. Another
important parameter to be taken in consideration is the pH. MET’s dissolution could
influence CIP release from the fibers. MET’s solubility was indirectly proportional to the
pH, with a minimum solubility at pH = 8, whereas CIP had optimal solubility at neutral
pH. Thus, the dosage ratio of the two drugs should be taken in consideration [58,59].

Notably, the electrospinning method used for obtaining the scaffold did not affect
the properties of the antimicrobials [29]. This aspect was in accordance with the literature
regarding other antimicrobials (example: diclofenac sodium or indomethacin) or growth
factors [60–62].

The microbial species investigated were the main endodontic pathogens found in
cases of dental pulp gangrene and are often responsible for failure of endodontic treatment
(e.g., Ef) [8,63,64].

According to the data, MET-only scaffolds failed to be effective against the pathogens,
whereas TAP-containing scaffolds (35 wt%) presented efficiency comparable to TAP paste
against Actinomyces naeslundii (An) and the mix of MET and CIP also showed efficiency
against the studied pathogens [24,29,30,33].

4.3. Cell Viability, Differentiation, Proliferation, and Toxicity Assessment

All studies evaluated the performance of nanofiber scaffolds in relation to stem cells
(hDPSCs) for in vitro studies, or cells harvested through the EB method for in vivo stud-
ies [24,29,31,39].

Antibiotic-containing scaffolds demonstrated good biocompatibility, similar to simple
scaffolds, without associated antimicrobials. When antibiotics were administered into the
root canal using nanofiber-based scaffolds, drug release was better controlled and in lower
concentrations (5 wt% MET = 386 µg, 25 wt% MET = 1.38 mg, 5 wt% CIP = 280 µg, and
25 wt% CIP = 1 mg) [29], compared to administration as TAP paste (1 g/mL). The literature
cites toxic cellular effects of antibiotic concentrations exceeding 1 g/mL; the survival rate
of cells derived from the apical papillae increased only below this concentration [26,65].

Remarkably, MET presented less cytotoxicity than CIP. Even though MET has been
shown to have cytotoxic effects directly related to the concentration used [66,67], it seemed
to enhance the viability of hDPSCs, as observed by Kamoki et al. [32]. The explanation
could be that MET promoted cell proliferation through a cytokine-mediated inflammatory
response [68]. Fluoroquinolones, group of antimicrobials that include CIP, are notorious
cytotoxic substances [69]; thus, the negative impact of CIT on cell proliferation and viability
is easily comprehended. On the other hand, Bottino et al. [29] evidenced that CIP-containing
PDS scaffolds had equally effective antibacterial properties in concentrations of both 25 wt%
and 5 wt%; thus, loading the nanofibers with a reduced quantity of CIP, but at an effective
dosage, could be the answer for cell viability.
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Similar to TAP, the in vivo use of PDS scaffolds loaded with antimicrobials promoted
apical closure through an osseous dentin-like tissue, although an inflammatory infiltrate
was reported in the apical area [24]. The dental pulp stem cells had a lesser potential of
differentiation into odontoblasts than cells derived from the apical papillae, which were
more likely to survive the disinfection protocol [70]. Growth factors and differentiation
determining growth factors are known to be found in the dentinal tissue [28,71] and
antimicrobial therapy had a negative impact on the release of these factors; thus, formation
of osteoblast like cells was more likely to occur [18,24].

The use of HNTs in the scaffold revealed enhanced cellular proliferation of the hDP-
SCs. HNT scaffolds proved good biocompatibility toward other cellular lines, such as
osteoblasts and fibroblasts [72]. Halloysite nanotubes presented the capacity to encapsulate
antimicrobials, being able to prevent the initial drug burst release from the fibers [73].

Even with no disinfection potential, PCL-based nanofiber-containing scaffolds asso-
ciated with fibronectin (FN)-coated collagen hydrogel had higher cellular proliferation,
chemotaxis, and gene expression of pulp regeneration markers than PCL nanofibers [35].
The biocompatibility, wound healing, and enhanced protein secretion of collagen and
fibronectin was evidenced in the literature toward dental pulp cells, as well as other cell
types (e.g.,hepatocytes) [74–76].

Another promoter of cellular differentiation proved to be the scaffold loaded with
bio-glass nanoparticles and boron [34]. Alkaline phosphatase (ALP)’s increased activity
demonstrated that hDPSCs differentiated into odontoblasts [77]. Moreover, confocal laser
scanning microscopy analysis (CSLM) revealed the presence of cellular processes in the
newly differentiated cells, a characteristic of odontoblasts [78].

Also, the differentiation markers investigated by Moonesi Rad et al. [34] through
immune-histochemical methods revealed greater expression in the bio-glass boron-enriched-
containing scaffolds. Collagen type I, which represents the main protein in the dentinal
matrix [79], as well as dentin phosphoprotein (DPP)—the main non-collagenous protein—
and osteopontin (OPN) [80], proved the odontoblastic differentiation [81].

4.4. Challenges and Future Research

Future research should focus on developing three-dimensional scaffolds based on
materials with high biocompatibility, which enables stem cell cultivation or recruitment,
also promoting cell growth and controlling cell differentiation. Such three-dimensional
matrices should facilitate the influx of nutrients deep into the scaffold, as well as efflux of
metabolites. Additionally, the synthetic matrices should be biodegradable with no toxic
effect on human cells, so that the newly formed tissue could produce its own matrix.

Advanced endodontic therapies should focus on fully restoring the dental pulp, with
all the morphological and functional characteristics. One possibility for achieving this ideal
is to develop a scaffold that already contains various types of pre-differentiated stem cells
in its structure. Maybe the way to truly regenerate the pulpal–dentin complex throughout
the endodontic system is to create a microenvironment suitable for cell survival and not
necessarily for cell differentiation, since the latter is more environmentally sensitive.

In line with the aforementioned ideas, cell insemination should be achieved by adding
the cells in layers to obtain constructs with a characteristic architecture that mimics the
natural tissue (e.g., blood and lymphatic vascular circulation, nerve fibers, etc.). The idea
of loading the scaffolds with antimicrobials in non-toxic doses should also be considered,
since the sterilization of the endodontic root canal system is difficult to obtain. Another
aspect to be taken in consideration is the possibility of performing the endodontic therapy
in such a manner that the tooth structure is not weakened, which could increase the risk of
dental fracture, leading to therapeutic failure.

In summary, the articles cited in this review reveal that the clinical scenario of den-
tal pulp necrosis can be mimicked by introducing biofilm-derived bacteria into the root
canals and demonstrated that the use of nanofiber scaffolds loaded with antibiotics in
a much lower concentration could be as effective as the use of TAP [24]. Bottino et al.
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also reported that the use of antibiotic-loaded scaffolds proved as efficient as DAP [30].
Nanofiber scaffolds composed of PDS as a carrier also ensured a drug-efficient dosage
against common endodontic pathogens [29,33]. All studies demonstrated the antibacterial
efficiency of scaffolds against the biofilm, in balance with the capability of modulating cell
differentiation. Through the support provided to the non-differentiated cells, scaffolds
could act as an inducer of cell differentiation. Moreover, the inductive properties of scaf-
folds could be improved by the addition of cell growth factors such as fibronectin and
collagen [35]. Leite et al. used a PCL scaffold associated with fibronectin and collagen
hydrogel to stimulate the migration and proliferation of hDPSCs, and cell differentiation
was highlighted through expression of pulp regeneration markers [35]. Promising results
regarding modulation of stem cells’ function was obtained by the addition of B and BGNPs
to a cellulose-based scaffold obtained through phase separation. The authors reported su-
perior biological properties of the scaffold for controlling cell differentiation, demonstrated
by the expression of marker proteins and the deposition of hard tissue on the scaffold [34].
The ability of delivering bioactive agents to the endodontic system could be optimized
through the addition of HNTs to a PDS scaffold. The hollow tube can be used as a carrier
for a wide variety of substances for cell modulation and bacterial control [31].

5. Conclusions

Several in vitro and in vivo studies reported promising results regarding the use of
scaffolds for endodontic treatment. The nanofiber-based scaffolds offer a tremendous
advantage through possible loading with different materials and drugs compared with
the classic TAP revitalization method. The fiber properties, antimicrobial potential, and
cellular impact of the scaffold reveal the start of a new era in endodontic therapy in young
permanent teeth. In conclusion, nanofiber-based scaffolds could represent an alternative to
current endodontic therapies, but further in vivo studies should be conducted for a better
understanding of the scaffolds’ advantages and limitations.
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Abbreviations

Abbreviation Meaning
MTA Mineral trioxide aggregate
EB Evoked bleeding
TAP Triple antibiotic paste
MET Metronidazole
CIP Ciprofloxacin
MINO Minocycline
DAP Double antibiotic paste
PDS Polydioxanone
HNTs Halloysite aluminosilicate clay nanotubes
TB-SC Tubular scaffold poly(caprolactone)
FN Fibronectin
H Collagen hydrogel
CA/ox-PULL/GEL Cellulose acetate/oxidized pullulan/gelatin
BGNPs Bioactive glass nanoparticles
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Abbreviation Meaning
B-BGNPs Boron-modified bioactive glass nanoparticles
B Boron
SEM Scanning electron microscopy
FTIR Fourier-transform infrared spectroscopy
TEM Transmission electron microscopy
HPLC High-performance liquid chromatography
Pg Porphyromonas gingivalis
Ef Enterococcus faecalis
An Actinomyces naeslundii
Fn Fusobacterium nucleatum
CLSM Confocal laser scanning microscopy
PBS Phosphate-buffered solution
H&E Hematoxylin–eosin
TA-3DC Triple antibiotic-eluting constructs
qPCR Quantitative polymerase chain reaction
EthD-1 Ethidium homodimer
WA Water absorption
ALP Alkaline phosphatase
DPP Dentin phosphoprotein
DSPP Dentin sialophosphoprotein
OPN Osteopontin
ITGA5, ITGAV Genes that encode the protein integrin α 5 and α V
COL1A1, COL3A1 Genes that encode collagen type I and III
hDPSCs Human-derived pulp cells
PCL Poly(epsilon caprolactone)
PLA Polylactic acid
PGA Polyglycolic acid
Mw Molecular weight
SBF Simulated body fluid
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