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Abstract: Evoked bleeding (EB) clinical procedure, comprising a disinfection step followed by 

periapical tissue laceration to induce the ingrowth of undifferentiated stem cells from the periodontal 

ligament and alveolar bone, is currently the only regenerative-based therapeutic approach to treating 

pulp tissue necrosis in undeveloped (immature) permanent teeth approved in the United States. Yet, the 

disinfection step using antibiotic-based pastes leads to cytotoxic, warranting a biocompatible strategy to 

promote root canal disinfection with no or minimal side-effects to maximize the regenerative outcomes. 

The purpose of this investigation was to develop a tubular three-dimensional (3D) triple antibiotic-

eluting construct for intracanal drug delivery. Morphological (scanning electron microscopy), chemical 

(Fourier transform infrared spectroscopy), and mechanical (tensile testing) characteristics of the 

polydioxanone-based triple antibiotic-eluting fibers were assessed. The antimicrobial properties of the 

tubular 3D constructs were determined in vitro and in vivo using an infected (Actinomyces naeslundii) 

dentin tooth slice model and a canine method of periapical disease, respectively. The in vitro data 

indicated significant antimicrobial activity and the ability to eliminate bacterial biofilm inside dentinal 

tubules. In vivo histological findings demonstrated that, using the EB procedure, the tubular 3D triple 

antibiotic-eluting construct allowed the formation of an appropriate environment that led to apex closure 

and the ingrowth of a thin layer of osteodentin-like tissue into the root canal. Taken together, these 

findings indicate that our novel drug delivery construct is a promising biocompatible disinfection 

strategy for immature permanent teeth with necrotic pulps.  
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INTRODUCTION 

Dental pulp, a highly vascularized and innervated non-mineralized tissue, plays a vital role in tooth 

development as it harbors progenitor cells that proliferate and differentiate into dentin-secreting 

odontoblasts.1 From a physiological standpoint, the pulp provides nutritive, sensory, formative, and 

defensive abilities to the tooth.2 Preserving pulp vitality ensures tooth development and the stimulation 

of tertiary dentin formation following injury and proper immune response to block bacterial infection.2 

Regretably, pulpal inflammation and eventual necrosis are likely to occur due to traumatic injuries or 

dental caries.3 Upon recurrent and persistent bacterial insult, the pulp undergoes chronic irreversible 

inflammation, ultimately leading to necrosis. Nearly 20% of school children in the United States 

experience some kind of dental trauma4, which may directly affect pulp nourishment due to apical blood 

vasculature damage.5  

Root canal therapy involving debridement, instrumentation, and obturation of the pulp canal space is 

the current treatment of choice to achieve tight apical sealing in fully-developed necrotic permanent 

teeth.6 However, given the wide, open apical foramen and thin dentinal walls exhibited by immature 

permanent teeth in children aged 6 to mid-teens, traditional endodontic therapy is not advisable.7 

Instead, the necrotic pulp tissue is extirpated and the root canal space is cleaned prior to a clinical 

procedure termed apexification.3 Apexification relies on the use of calcium hydroxide or mineral 

trioxide aggregate (MTA) to induce the formation of a mineralized barrier, resulting in the closure of the 

apical foramen.8 However, apexification only resolves the symptoms of pathosis3; it does not restore the 

immunocompetence of the pulp nor support continued root development9, increasing the risk of tooth 

loss following re-infection or secondary trauma.3  
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Numerous researchers have sought clinical alternatives to treat permanent teeth with necrotic pulps7, 

10-13, but to date, only a few case reports14,15 have evidenced the formation of a pulp-like tissue following 

the EB approach. Clinically, regenerative endodontics aims to engineering a metabolically active and 

blood carrying dental pulp capable of forming new dentin.16-18 The lack of progress, despite significant 

advancements on potentially translatable strategies, may be attributed to the intracanal placement of 

cytotoxic highly concentrated antibiotic pastes (e.g., triple antibiotic paste – equal parts, i.e., 1 g/mL in 

total of three antibiotics metronidazole/MET, ciprofloxacin/CIP, and minocycline/MINO)19 during the 

most critical phase of the EB method (i.e., disinfection), the difficulty in its removal20, and likely 

interference with the release of growth factors from dentin.21 Thus, it is paramount to develop a more 

cell-friendly disinfection method in addition to a predictable pulp-dentin complex regeneration strategy, 

reducing the risk of re-infection and ultimately leading to the establishment of novel therapeutics to treat 

permanent teeth with necrotic pulps.22,23  

In pursuing the development of a clinically viable, biocompatible disinfection method, our group was 

the first to establish a strategy through the use of antibiotic-eluting polymer nanofibers capable of 

eradicating dentin biofilm with minimal toxicity to dental pulp stem cells.24-27 In the present work, we 

demonstrate, for the first time, the clinical role of a biocompatible triple antibiotic (MET, CIP, and 

MINO) 3D drug delivery construct when associated with EB using a canine model of periapical disease.  

MATERIALS AND METHODS 

Synthesis and characterization of tubular 3D drug delivery constructs. The synthesis of antibiotic-

eluting fibers for drug delivery was performed following previously optimized electrospinning 

parameters28,29 to obtain tubular 3D constructs. In brief, polydioxanone (PDSII®, Ethicon, Somerville, 
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NJ, USA) was procured in the form of Food and Drug Administration (FDA) approved biodegradable 

sutures. The purple dye was removed from the suture filaments by soaking in a glass flask containing 

dichloromethane (Sigma, St. Louis, MO, USA) for 48 h, followed by vacuum drying for 24 h to aid in 

solvent evaporation.24 Next, undyed filaments were solubilized in 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFP, Sigma) to obtain a spinnable solution (100 mg.ml−1). Three antibiotics (Sigma) namely 

metronidazole (MET), ciprofloxacin (CIP), and minocycline (MINO) commonly employed in the 

formulation of the so-called triple antibiotic paste (TAP) and widely used to disinfect immature 

permanent teeth with necrotic pulps, were incorporated into the polymer solution (35 mg of each 

antibiotic per ml of the polymer solution) based on previously reported data demonstrating minimal cell 

toxicity and significant antimicrobial efficacy against different endodontic pathogens.24-27 Antibiotic-free 

polymer solution was also prepared. After overnight stirring, each solution was loaded into 5 ml plastic 

syringe (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) with a metallic 27-gauge blunt tip 

needle. The syringe and needle were placed in a syringe pump (Legato 200, KD Scientific Inc., 

Holliston, MA, USA) to be dispensed at 2 ml.h−1 and 18 cm distance from the tip of the needle to the 

target, a cylindrical grounded 1.5 mm in diameter Teflon-coated steel mandrel connected to a 

mechanical stirrer (BDC6015, Caframo, Wiarton, ON, Canada). The solutions were electrospun onto the 

mandrel (120 rpm) at an applied voltage of +15 kV and +19 kV (ES50P-10W/DAM, Gamma High-

Voltage Research Inc., FL, USA) to obtain tubular 3D antibiotic-free (AF-3DC) and triple antibiotic-

eluting (TA-3DC) constructs (Fig. 1). The constructs were then dried for 48 h under vacuum and stored 

at 4°C until use.29  
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Morphological characterization. Electrospun fibers were observed using a field emission scanning 

electron microscope (FE-SEM, JSM-6701F, JEOL, Tokyo, Japan). Briefly, samples taken from 

antibiotic-free and triple antibiotic-eluting fibers were mounted on Al stubs using double-sided carbon 

adhesive tape and sputter-coated with Au-Pd prior to imaging. Fiber diameter and distribution were 

obtained with ImageJ software (National Institutes of Health, Bethesda, MD, USA). Mean fiber 

diameter was calculated and reported (mean±SD) based on the measurement of 150 single-fibers (50 

randomly chosen measurements per image) at the same magnification (5000×).24  

Chemical analysis. To confirm the incorporation of MET, CIP, and MINO into the fibers, attenuated 

total reflectance–Fourier transform infrared spectroscopy (ATR–FTIR) was carried out (Jasco FTIR-

4100, Easton, MD, USA). Measurements were taken in the range of 4000-700 cm−1 at a resolution of 4 

cm−1 with 128 scans.24  

Mechanical properties. Mechanical properties (i.e., tensile strength, Young’s modulus, and elongation 

at break) of the fibers were evaluated by uni-axial tensile testing (expert 5601, ADMET, Norwood, MA, 

USA). Thickness of rectangular samples (15 × 3 mm2) was determined at three locations using calipers. 

The specimens were tested (n=10/group/condition) both under dry and wet (24 h incubation in 

phosphate-buffered saline; PBS) conditions at a crosshead speed of 1 mm.min-1.30 Mechanical data were 

obtained from the load-displacement curves and expressed in MPa. The results are reported as 

mean±SD. Data were analyzed using Two-Way Analysis of Variance (ANOVA) and Tukey’s test for 

multiple comparison (α=0.05) (SigmaPlot version 12, Systat Software Inc., San Jose, CA, USA). 

Infected dentin tooth slice model – In vitro. To assess the antimicrobial efficacy of the tubular 3D 

triple antibiotic-eluting constructs, a clinically relevant in vitro infected dentin tooth slice model was 
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developed. In brief, Actinomyces naeslundii (An), a gram-positive filamentous, rod-shaped facultative 

anaerobe31 was chosen to form a 7-day old biofilm inside dentinal tubules of dentin slices (Fig. 2).  

Twenty-four caries-free human canines, collected based on a local (Indiana University, Indianapolis, IN, 

USA) Institutional Review Board protocol (protocol #1407656657), were used to prepare 1-mm thick 

dentin slices. After removal from the storage medium (Thymol 0.1%, Sigma-Aldrich), the teeth were 

thoroughly cleaned with ultrasonic scalers prior to crown sectioning using a low-speed water-cooled 

diamond blade (Isomet, Buehler, Lake Bluff, IL, USA). The roots were then horizontally sectioned at 3-

mm apical to the cement-enamel junction (CEJ) to obtain 1.5 ± 0.1-mm thick dentin slices that were 

further standardized to 1-mm thick slices (Fig. 2A) via wet-finishing with silicon carbide papers 

(Buehler). A round (ϕ = 2.5 mm) carbide bur was used at low speed (300 rpm) under water-cooling to 

standardize the root canals of the dentin slices. To remove the smear layer, dentin slices were incubated 

in an ultrasonic bath of 2.5% sodium hypochlorite (NaOCl), followed by 17% 

ethylenediaminetetraacetic acid (EDTA; Inter-Med, Inc., Racine, WI, USA) for 3 min each. Dentin 

slices were rinsed in saline solution for 10 min and autoclaved at 121°C.32  

Dentin slices were randomly and individually placed in sterile centrifuge tubes containing 500 μl of 

A. naeslundii suspension (~106 bacteria) and centrifuged to allow bacterial penetration inside dentinal 

tubules. In brief, a sequence of centrifugal cycles at 1400 g, 2000 g, 3600 g, and 5600 g for 5 min (2× 

each) was performed.33 The bacterial suspension was refreshed between every centrifugation cycle. The 

infected slices (one per well) were then distributed to 24-well plates containing 1 ml of BHI (brain heart 

infusion broth) + 1% sucrose (BHIS). The plates were then incubated in aerobic conditions at 37°C and 

5% CO2 for 7 days for biofilm formation (Fig. 2B). BHIS was replaced every other day to remove 

This article is protected by copyright. All rights reserved.



detached cells and ensure cell viability. After 7 days of anaerobic culture, the dentin slices were gently 

rinsed with sterile PBS to remove the culture medium and non-adherent bacterial cells. Then, 6 infected 

slices were randomly allocated into the following groups: negative control (7-day biofilm), antibiotic-

free 3D construct (AF-3DC), triple antibiotic-eluting 3D construct (TA-3DC, fabricated as explained in 

2.1.) and positive control (triple antibiotic paste, TAP). Tubular 3D constructs were sterilized by UV-

irradiation (30 min per side) and fitted inside the infected root canal space (Fig. 2A). Meanwhile, TAP 

was spatulated into a creamy consistency by mixing 50 mg each of MET, CIP, and MINO with 1 ml 

sterile DI water, loaded into a plastic syringe and applied into the root canal space. To maintain a humid 

environment and prevent dehydration of the medications (tubular 3D constructs and TAP), a damp 

cotton ball saturated with 50 μl of DI water was placed on top of each dentin slice.29 The medications 

were allowed to act for 1 week in an incubator at 37°C.  

Assessment of antimicrobial efficacy via CLSM and SEM. To assess the antimicrobial efficacy, two 

well-established quantitative and qualitative methods were used: confocal laser scanning microscopy 

(CLSM) and SEM, respectively. For CLSM analysis, 4 dentin slices from each group were stained using 

fluorescent LIVE/DEAD BacLight Bacterial viability Kit L-7012 (Molecular Probes, Eugene, OR, 

USA) composed of SYTO 9 and propidium iodide (PI) dyes. Two random areas in each dentin slice 

were analyzed using a mosaic technique with 3D reconstruction, wherein 9 subareas (300 × 300 μm) 

were merged, totaling 18 areas per sample (Fig. 2B). The areas were selected starting from the root canal 

space toward the cementum side for imaging on CLSM using a 40× lens (Leica SP2 CL5Mt, Leica 

Microsystems Inc., Heidelberg, Germany). The sequence of segments through the depth of tissue (Z-

stacks) was collected by using optimal step size settings (0.35 μm); the images were composed of 512 × 
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512 pixels and were evaluated and quantified using a dedicated software (Imaris 7.2 software, Bitplane 

Inc., St. Paul, MN, USA). The excitation emission maxima for the dyes were approximately 480/500 nm 

for SYTO 9 and 490/635 nm for PI, respectively. The percentages of live/dead bacteria were compared 

to establish statistical significance in differences of dead bacterial cells between treatment groups using 

a mixed-model ANOVA, with a fixed effect for group and a random effect for sample, to account for 

measurements at multiple areas on each specimen.31 All tests were performed with an alpha level of 5%. 

For SEM analysis, the dentin slices were carefully removed from the wells of 24-well culture plates 

using sterile forceps and gently washed with PBS to remove non-adherent bacteria. Next, they were 

fixed in 2.5% glutaraldehyde for 24 h and dehydrated in increasing concentrations of alcohol solutions. 

To visualize bacterial presence/absence, the dentin slices were split in the middle and mounted face-up 

on Al stubs, sputter coated with Au-Pd prior to imaging.31,32  

Periapical lesion induction, disinfection and evoked bleeding. The antimicrobial efficacy of the 

tubular triple antibiotic-eluting 3D construct (TA-3DC) and regenerative capacity when combined with 

the evoked bleeding method (i.e., periapical tissue laceration) was investigated in vivo using a canine 

model of periapical disease (Fig. 3).  

All animal procedures followed the ARRIVE guidelines for reporting animal research and were in 

accordance to the procedures of local Institutional Animal Care and Use Committee (IACUC, Indiana 

University Purdue University at Indianapolis). Ten immature permanent double-rooted upper and lower 

premolars from one male purpose-bred (Marshall Farms BioResources, North Rose, NY, USA) beagle 

dog aged ~ 4 months were selected for this IACUC approved study (#DS0000972R). The dog was 

housed with regulated light and temperature, and fed chow (3×/day) and water ad libitum. Radiographs 
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were taken to confirm incomplete root development (Fig. 3A), that is open apices and teeth were 

randomly assigned into the following groups: TA-3DC (n=4), TAP formulated (GreenLeaf Apothecary, 

Fishers, IN, USA) based on equal parts of MET, CIP, and MINO at 1g/ml (n=4), positive control 

(infected—restored no further treatment, n=1) and negative control (untouched—normal healthy pulp, 

n=1) for comparison purposes of development. Briefly, three interventions, under general anesthesia, 

were conducted sequentially, i.e., periapical lesion induction, disinfection, and EB.  

Induction of periapical disease. Prior to establishing periapical lesions, an injection of 

acepromazine/butorphanol was given intravenously (2-8 mg/kg) preceding general anesthesia induction 

with propofol. The animal was intubated and maintained in isoflurane (Abbot Laboratories, Libertyville, 

IL, USA). The pulp tissues of all experimental premolar teeth were exposed with a #2 round carbide 

dental bur (DENTSPLY International, York, PA, USA) under irrigation and local anesthesia 

(bupivacaine plain 0.5%; Abbott Laboratories). A sterile #40 stainless steel endodontic hand file 

(Dentsply Maillefer, Johnson City, TN) was used to disrupt but not remove the pulp tissue (Fig. 3B). 

Then, sterile sponges were soaked in 0.9% NaCl (Baxter Healthcare Corp., Deerfield, IL, USA) mixed 

with supragingival plaque scaled from the dogs’ teeth (Fig. 3C) prior to placement into the pulp 

chamber.34,35 Teeth were left open (non-restored) to the oral cavity. Post-operation, the animal was given 

analgesics (Torbugesic 0.2 mg/kg, Butorphanol Tartrate; Fort Dodge Animal Health, Fort Dodge, IA, 

USA) and monitored by the Animal Care Facility staff and a veterinary professional at Indiana 

University.  

Disinfection strategy. Upon radiographical confirmation of periapical lesion (4 weeks after induction), 

under  the anesthesia/analgesia protocol described above, the teeth were re-entered under aseptic 
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conditions of rubber dam isolation in addition to surface disinfection with PeridexTM (chlorhexidine 

gluconate 0.12%, 3M ESPE Dental Products, St. Paul, MN, USA) and 2% iodine tincture (Humco, 

Texarcana, TX, USA). Following sponge removal, the canals of all treated infected teeth were flushed 

with 10 ml of 1.5% of NaOCl using the EndoVacTM (Kerr Co., Orange, CA, USA) negative pressure 

apical irrigation system and dried with sterile paper points (Dentsply Maillefer) (Fig. 3D). Mechanical 

instrumentation was not performed in the canals prior to placement of the tubular TA-3DC (~ 2.5 mg of 

the three antibiotics per construct) or the triple antibiotic paste. A mixture (1 g/ml) containing equal 

parts of MET, CIP, and MINO pre-mixed with sterile saline (TAP) and loaded into a plastic syringe was 

injected into the canals (Fig. 3E). Meanwhile, previously sterilized TA-3DC (Fig. 3F) were sized to the 

desired length and press-fitted in the canal spaces using sterile forceps (Fig. 3G). Care was taken to 

select constructs that made intimate contact with the root canal walls upon forceps insertion. All treated 

teeth were sealed with a sterile sponge and temporarily restored with a zinc oxide/calcium sulfate-based 

material (Cavit, 3M ESPE).  

Evoked bleeding. After 4 weeks, under general anesthesia and similar conditions of asepsis and local 

nerve blocking, the restorative material and sponges were removed under rubber dam isolation from all 

experimental teeth (TA-3DC and TAP). The antibiotic mixture was gently irrigated from the canals with 

20 ml of 1.5% NaOCl using EndoVac™ to minimize the chance of extrusion of irrigants into the 

periapical space. Next, the canals were flushed with 20 ml of sterile saline, followed by 20 ml of 17% 

EDTA irrigation and dried with sterile paper points. To evoke bleeding, a sterile #30 stainless steel pre-

curved K-file (Dentsply Maillefer) was introduced 2 mm past the apical foramen to allow blood invasion 

to the level of the CEJ. A resorbable collagen-based matrix (Collagen Tape, Zimmer Dental, Carlsbad, 
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CA, USA) was placed over the blood clot. These teeth were finally closed with a double coronal seal of 

white MTA (Dentsply, Tulsa, OK, USA) and light-cured resin composite (A3 Filtek Z250, 3M ESPE) as 

per the manufacturers’ instructions.  

Tissue harvest and assessment. After 3 months of the EB procedure the animal was sacrificed under 

general anesthesia with intravenous injection of 30 mg/kg pentobarbital (Butler Company, Columbus, 

OH) and tissues were harvested for histology. The jaw blocks with the involved teeth were dissected and 

fixed in formaldehyde (Fisher Scientific). After removal of all soft tissue and excess hard tissue from the 

jaw blocks, the specimens were decalcified with Immunocal (Decal Chemical Corporation, Tallman, 

NY) for 2 months, with 4 changes of the solution during that time period. The specimens were then 

washed with distilled water, immersed in 70% ethyl alcohol, dehydrated through ascending gradations 

of ethanol, embedded in paraffin, and sectioned (5 µm) longitudinally through the apical foramen of the 

roots on a Leica Jung RM2045 (Leica Microsystems, Wetzlar, Germany) microtome followed by 

hematoxylin-eosin (H&E) staining. Light microscopy was performed at different magnifications to 

identify the presence/absence of vital tissues and the overall regenerative capacity of the combined 

disinfection strategy and EB method. 

RESULTS AND DISCUSSION 

Characterization of tubular 3D triple antibiotic-eluting constructs. In the present work, we 

synthesized a clinically practical biodegradable tubular 3D triple antibiotic-eluting construct and 

assessed its disinfection potential both in vitro and in vivo. Regardless of the presence of the antibiotics, 

the fibrous mats exhibited open porosity and interconnected structures formed by randomly oriented 

non-woven fibers (Fig. 4A). FTIR chemical analysis revealed incorporation of the three antibiotics into 
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the electrospun fibers, since their related peaks were observed in the spectra (Fig. 4B). A submicron 

fiber diameter was observed for both antibiotic-free [1026.1 (320.6 – 2295.2 nm)] and triple antibiotic-

eluting fibers [898.5 (625.7 – 1799 nm)] although a more homogeneous fiber distribution was noticed in 

the latter (Fig. 4C). It is likely that the triple antibiotic-containing polymer (PDS) solution was more 

hydrophilic than the antibiotic-free counterpart, thereby making the PDS less viscous. This may have 

contributed to the narrower pore sizes of the less viscous triple antibiotic-containing PDS solution 

during electrospinning.36 

Mechanical performance of antibiotic-free fibers and triple antibiotic-eluting fibers, under dry and 

wet conditions showed that antibiotic-free nanofiber is stronger and has moderate flexibility regardless 

of the condition tested (Fig. 4D). However, the incorporation of antibiotics at the concentration used 

here (35 wt.% of antibiotics relative to the total polymer weight) seemed to negatively affect the 

mechanical properties of the fibers, particularly stretchability (elongation at break). We hypothesize that 

while antibiotic incorporation may have increased fibers’ hydrophilicity, it may also have inadvertently 

rendered the fibers more easily degradable by enhanced hygroscopic and hydrolytic parameters, which 

may explain the significant strength reduction.37 It should be noted that under dry condition, Young’s 

modulus of the triple antibiotic-eluting fibers was as high as the antibiotic-free counterpart (Fig. 4D), 

suggesting that the antibiotics did not compromise rigidity characteristics of the fibers. Indeed, polar 

groups found within the molecules of the antibiotics could contribute to hydrogen bonding with the 

polymer system, thus increasing the modulus. Conversely, the modulus was reduced nearly 10-fold after 

hydration reduction when compared to the dry samples, indicating that hydrolysis was more intense 

within the triple antibiotic-eluting fibers even after minimal (24 h) hydration. Although this finding may 
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be viewed as a negative outcome, the fabricated tubular TA-3DC possesses a biodegradable feature that 

allows the fibers to progressively degrade in order to ensure their antimicrobial effect. Moreover, since it 

is desirable for the antibiotics to be released into the root canal, it is reasonable to assume that by 

degrading the fibers, the antibiotics would be successively released to the medium, thereby ensuring 

proper root canal disinfection. Consistent with these results, our previous work demonstrated an initial 

burst release within the first 24 h followed by a sustained maintenance of the antimicrobial effects over 

2 weeks.24,25,31 Taken together, the lower mechanical performance of the triple antibiotic-eluting fibers, 

when compared to the antibiotic-free counterpart, cannot be considered a clinical limitation, since 

complete construct degradation is desired for the disinfection strategy proposed here.  

Antimicrobial properties against A. naeslundii biofilm formed inside dentinal tubules. Over the 

past several years, our group has demonstrated unequivocally the antimicrobial efficacy of antibiotic-

eluting electrospun polymer nanofibers against endodontic-related biofilms formed on human dentin 

involving mono- (E. faecalis, A. naeslundii, or P. gingivalis) and dual-bacterial species (E. faecalis and 

A. naeslundii).27,31,32,38 Although data from these studies showed significant bacterial elimination by the 

triple antibiotic-eluting nanofibers, the infected-dentin models and the application methods used 

(antibiotic-eluting nanofibers over infected dentin) did not mimic the clinical scenario or the root canal 

anatomy. Moreover, considering that long-term intracanal infection generally involves bacterial 

penetration deep inside the dentinal tubules, our group adapted a previously established method33 of 

centrifuging root canal segments to induce A. naeslundii biofilm formation inside dentinal tubules. 

Another major novelty is the proposed patient-specific (constructs sizeable both in length and diameter) 

drug delivery system, which involved the prototyping of tubular TA-3DC that fit smoothly into the root 
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canal space upholding a close contact to the dentin walls and consequently the biofilm and ensuring 

maximum antimicrobial activity, even at great depths into the dentinal tubules. The method for biofilm 

formation used in this study successfully allowed the ingrowth of A. naeslundii into the dentinal tubules. 

Table I summarizes the results of the bacterial viability for all groups. Figure 5 shows the CLSM scans 

and 3D reconstructions of the obtained images, as well as the percentage (%) values for dead and live 

bacteria. The control group (untreated 7-day biofilm) showed a dense penetration of A. naeslundii deep 

in the dentinal tubules with a dominant green color indicating the robust presence of viable A. 

naeslundii. Bacterial viability for this group was between 99.88 and 99.99%. The antibiotic-free tubular 

3D constructs (AF-3DC) also showed a high percentage of bacterial viability (98.01 % — 99.34 %). The 

proportion of dead bacterial cells for slices treated with the novel triple antibiotic-eluting constructs 

(TA-3DC) ranged from 99.1 % to 99.94 %, which was significantly different compared to the AF-3DC (p 

< 0.05). The group treated with TAP showed a 100 % reduction in bacterial viability (Fig. 5). However, 

there was no statistically significant difference between the data from the TAP and the TA-3DC groups. 

Consistent with the CLSM results, SEM imaging also demonstrated the penetration of A. naeslundii into 

the dentinal tubules from the root canal side after centrifugation and incubation of these specimens. 

SEM images (Fig. 6) showed bacterial presence inside the dentinal tubules in the day 7 biofilm control 

(Fig. 6B) and the AF-3DC (Fig. 6C). Both the TAP (Fig. 6D) and the tubular TA-3DC (Fig. 6E) treated 

groups showed mostly bacterial-free dentinal tubules. Taken together, these supporting evidence led our 

team to test the tubular TA-3DC in vivo using a dog model of periapical disease. 

Disinfection and regenerative potential — In vivo study. Complete apical closure of the root could be 

clearly observed in the negative control, i.e., the group in which perapical disease was not instated (Fig. 
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7A). This outcome is indeed expected, since in the absence of infection, the root of immature teeth may 

develop continuously until proper thickening of the canal walls, with subsequent apical closure. As 

shown in Fig. 7B, the pulp tissue within the root canal of the non-infected (negative control) tooth was 

comprised of a healthy loose connective tissue and erythrocyte-filled blood vessels filled with red blood 

cells; odontoblasts were also observed at the pre-dentin layer. According to several studies, the 

maturation of permanent teeth is a physiological process that depends on the survival of Hertwig’s 

epithelial root sheath (HERS) and the apical papilla.15  

We successfully developed periapical inflammatory disease, as evidenced by the ovoid-shaped 

lesion around the open root apex (Fig. 7C). Histopathologic examination revelared the presence of a 

dense inflammatory infiltrate around the apical area (Fig. 7D), which probably destroyed HERS and the 

apical papilla.34,39 Consequently, periapical healing and complete root maturation were hindered. A 

collection of disorganized pulp tissue remained in the root canal, suggesting necrosis of that tissue due 

to bacterial infection. Odontoblasts and blood vessels could not be observed at that stage, thus indicating 

an unlike scenario for dentin formation and pulp survival. 

It is well established that the presence of bacteria plays a negative role in regenerative endodontic 

procedures, preventing dentin formation and periapical healing.40 To properly ablate infection, TAP has 

been effectively used as an intracanal medication prior to the EB clinical procedure. As evident in Fig. 

8A (TAP-treated group), the root apex of the tooth was almost completely closed, indicating the 

formation of new tissues and root maturation. This finding corroborates other studies.13,15,41 However, it 

is possible to note some differences between the healing process obtained by the regenerative 

endodontic procedure using TAP and the physiological process of root maturation seen in the non-
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infected group (negative control). First, it seems that the former allows apex closure by forming an 

osteodentin-like tissue, compared to the dentin tissue seen in the non-infected group (negative control). 

Indeed, a hollow hard tissue is clearly observed at the apical area of the root apex, suggesting that cells 

other than odontoblasts, participated in the healing process and apical closure. Irrigation solutions 

(NaOCl) and intracanal medication (calcium hydroxide and antibiotics) used in endodontics may both 

destroy part of the residual vital apical pulp tissue due to cytotoxic effects19, such that odontoblasts 

would have been severely compromised. On the other hand, the apical papilla usually survives the toxic 

action of those solutions/medicaments, thus becoming the most viable source for cell proliferation and 

differentiation under regenerative endodontic circumstances.14,41 Studies have already reported that stem 

cells from the apical papilla have more potential to differentiate into odontoblast-like cells when 

compared to stem cells from the dental pulp, but only upon specific signaling induction.42,43 Thus, it may 

be assumed that stem cells from the apical papilla may have differentiated into osteoblast- and 

odontoblast-like cells in our study, allowing apex closure, but through the formation of a hollow hard 

tissue/osteodentin (Fig. 8A). It is also worth noting that despite the absence of any periapical lesion 

around the root apex, a concise and well-localized inflammatory infiltrate could be observed at the 

periapical area of the TAP-treated tooth (Fig. 8B), suggesting that residual live bacteria remained 

external to the root apex, or that some residual antibiotic components from TAP were provoking tissue 

inflammation, as complete TAP removal from the root canal has shown to be a difficult task.20  

Alternative strategies to TAP have been recently proposed, including the use of electrospun fibers 

containing 500-fold lower concentrations of the three antibiotics found in TAP (1 g/ml). One of the main 

advantages of using fibers as a drug delivery system relies on the minimal cytotoxic effect combined 
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with the antimicrobial effect similar to that of TAP. In this study, one should appreciate that the 

proposed tubular 3D triple antibiotic-eluting construct (TA-3DC) greatly reduced bacterial infection, 

thereby allowing tissue formation and complete apical root closure (Fig. 8C). Nevertheless, and 

similarly to the TAP-treated tooth, the new tissue formed during root maturation was more consistent 

with an osteodentin-like tissue. Once again, this may have occurred due to the differentiation of stem 

cells from the apical papilla into osteoblast- and odontoblast-like cells.14 Interestingly, a chronic 

inflammatory process could be seen at the periapical area of the root apex (Fig. 8D), although without 

the presence of an organized biofilm structure. It can be assumed that even with reduced antibiotic 

concentration, the TA-3DC may provoke an inflammatory reaction, although less intense than that seen 

in the TAP-treated teeth.  

Here, we demonstrated in vivo the feasibility and overall role of a patient-specific tubular 3D triple 

antibiotic-eluting construct as an intracanal drug delivery system in a dog model of periapical disease. 

Noteworthy, although one hesitates to state categorically that the 3D construct is completely bonded to 

the tooth at the apical area, as our group continues working on this development, we plan to investigate 

the potential of adding cytocompatible and radiopaque nanoparticles as a contrast agent for X-ray 

imaging. Overall, the histological data showed that the association of a biocompatible disinfection 

strategy with periapical tissue laceration to evoke bleeding in a bacteria-free niche led to an appropriate 

environment that displayed apical root closure and the ingrowth of a thin layer of osteodentin-like tissue 

into the root canal. Collectively, although the establishment of an apical hard tissue barrier by itself may 

not be the ideal outcome, this method allows further studies by combining the proposed disinfection 
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strategy with injectable biomaterial scaffolds loaded or not with stem cells and/or growth factors aiming 

to amplify the likelihood of achieving predictable regeneration of the pulp-dentin complex. 

CONCLUSION 

Electrospinning was used to fabricate tubular 3D drug delivery constructs comprising polydioxanone 

and three antibiotics (metronidazole, ciprofloxacin, and minocycline) at a much lower concentration 

than in the triple antibiotic paste (TAP) used clinically during the disinfection step of the evoked 

bleeding method. The 3D construct was designed to smoothly fit within the individual anatomy of 

immature teeth, i.e., a parallel and tubular thin root dentin wall. Biofilm was also successfully 

introduced into dentinal tubules, mimicking the clinical condition of an infected tooth. The tubular 3D 

triple antibiotic-eluting drug delivery constructs were effective in ablating intracanal biofilm in a similar 

fashion to the well-established TAP.  
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Figure Captions 

 
FIGURE 1. (A) Electrospinning setup used for the fabrication of the tubular 3D triple antibiotic-eluting 

constructs (TA-3DC), with the following processing parameters: needle-collector distance of 18 cm, flow 

rate of 2 mL.h-1, and voltage of 15–19 kV. (B) TA-3DC and SEM micrograph (×5000) of the triple 

antibiotic-eluting nanofibers obtained via electrospinning. 
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FIGURE 2 . (A) Representative image showing the insertion of the tubular 3D triple antibiotic-eluting 

construct (TA-3DC) inside the root canal of the dentin tooth slice. (B) Image showing the smooth fitting 

of the TA-3DC inside the root canal and the method used (CLSM) to verify its disinfection ability 

against A. naeslundii biofilm. 

 
FIGURE 3. Images showing the periapical lesion induction, disinfection and evoked bleeding 

procedures performed for the in vivo study. (A) Radiograph from the left maxillary of the dog showing 

the pre-infection scenario of immature permanent teeth with incomplete root development (i.e., open 

apices). (B) Pulp disruption performed with a sterile #40 stainless steel endodontic hand file. (C) 

Placement of sterile sponges inside the pulp chamber and inset images showing the plaque suspension 

(supragingival plaque) that was mixed with the sponges previously soaked in 0.9% NaCl. (D) Following 

sponge removal, the root canals were flushed with 10 ml of 1.5% of NaOCl and dried with sterile paper 

points. (E) For TAP group, a mixture (1 g/ml) containing equal parts of metronidazole, ciprofloxacin, 

and minocycline pre-mixed with sterile saline was loaded into a plastic syringe and injected into the 

canals; For tubular 3D triple antibiotic-eluting construct (TA-3DC) group, each TA-3DC was sized to the 

desired length (F) and press-fitted in the canal spaces using a sterile forceps (G). 

 

 

 

FIGURE 4. (A) SEM micrographs of antibiotic-free and triple antibiotic TA-eluting fibers, both 

showing a porous structure and smooth morphology with similar median fiber diameter. (B) FTIR 

spectra demonstrated antibiotic incorporation into the TA-eluting fibers. (C) Antibiotic-free fibers 
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showed a wider range of diameter distribution (heterogeneous) compared with TA-eluting fibers, which 

displayed a gaussian distribution (homogeneous). Regarding the mechanical analysis (i.e., tensile 

strength, Young’s modulus, and elongation at break) (D), statistically significant differences between 

antibiotic-free fibers and TA-eluting fibers were seen (represented by different uppercase [dry condition] 

and lowercase [wet condition] letters [P < .05]). In detail, under dry conditions, the TA-eluting fibers 

demonstrated lower tensile strength and elongation at break (P <.05) when compared with antibiotic-free 

fibers, although presenting with a similar Young’s modulus (P > .05). After hydration, lower mechanical 

properties (P <.05) were obtained for the antibiotic-eluting fibers when compared with the antibiotic-free 

fibers. Asterisk (*) above bar columns indicates statistically significant difference between dry and wet 

storage conditions (P < .05). 

 
FIGURE 5. CLSM macrophotographs of 7-day A. naeslundii biofilm growth inside dentinal tubules 

(control), and infected dentin treated for 7 days with tubular 3D antibiotic-free construct (AF-3DC), 

tubular 3D triple antibiotic-eluting construct (TA-3DC), or TAP solution. CLSM images were collected 

from inner root canal walls with a mosaic technique allowing a deeper analysis in sequential 

illumination mode by using 488-nm and 552-nm laser lines. Fluorescent emission was collected in 2 

HyD spectral detectors with filter range set up to 500–550 nm and 590–655 nm for green (SYTO9) and 

red dye (PI), respectively. Inset Table illustrating median percentage of DEAD and LIVE bacterial cells 

of each group, demonstrating that TA-3DC eliminated almost all live cells, not differing from TAP 

solution. 
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FIGURE 6. (A) SEM images were obtained from the inner root walls of dentin slices (original 

magnification ×60). SEM images of A. naeslundii biofilm on the dentin surface (control) (B) treated by 

tubular 3D antibiotic-free construct (AF-3DC) (C), TAP solution (D), and tubular 3D triple antibiotic-

eluting construct (TA-3DC) (E) (original magnification ×2500). Control and AF-3DC group demonstrate 

viable bacteria on dentin surfaces and inside dentinal tubules. TAP solution and TA-3DC groups 

eliminated almost all viable bacteria on dentin surface and inside dentinal tubules. 

FIGURE 7. (A) Hematoxylin-eosin stained micrograph of extracted tooth free of infection. (B) Higher 

magnification view of the rectangular area from A. Vital fibrovascular pulp devoid of inflammation 

(black arrow), with odontoblasts lining the inner dentin (white arrow). (C) Hematoxylin-eosin stained 

micrograph of extracted infected tooth showing a periapical lesion comprised of lateral and apical root 

resorption. (D) A detailed view of the rectangular area from C. Extensive replacement of alveolar bone 

by chronically inflamed epithelial-lined granulation tissue (black arrow) and filamentous bacterial 

colonies (white arrow) at the apical third. 

FIGURE 8. (A) Hematoxylin-eosin stained micrograph of extracted infected tooth treated with TAP 

solution, showing a thin bridge of apical osteodentin with early periapical bone destruction. (B) Higher 

magnification view of the rectangular area from A. Thin irregular osteodentin bridge at root apex (black 

arrow) and adjacent chronically inflamed granulation tissue and collections of neutrophils (white arrow). 

(C) Hematoxylin-eosin stained micrograph of extracted infected tooth treated with the tubular 3D triple 

antibiotic-eluting construct, showing thick layer of regenerated osteodentin restoring the outline of the 

root apex. The osteodentin demonstrates cellular inclusions and resembles a combination of bone, 

osteoid, predentin, and dentin. (D) Higher magnification view of the rectangular area from C. Complete 
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regeneration of apical root structure (thick osteodentin layer; black arrow). The regenerated osteodentin 

recapitulates the normal root apex outline with well-developed osteodentin containing cellular inclusions 

(white arrow). 
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