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ABSTRACT

Treatment failure of endodontic infections and their concurrent inflammations is commonly
associated with microbial persistence and reinfection, also stemming from the anatomical
restrictions of the root canal system. Aiming to address the shortcomings of current treatment
options, a fast-disintegrating nanofibrous film was developed for the intracanal co-administration
of an antimicrobial (ZnO nanoparticles) and an anti-inflammatory (ketoprofen) agent. The
electrospun films were fabricated based on polymers that dissolve rapidly to constitute the actives
readily available at the site of action, aiming to eliminate both microbial infection and
inflammation. The anti-inflammatory potency of the nanofiber films was assessed in an in vitro
model of LPS-simulated RAW 264.7 cells, after confirming their biocompatibility in the same cell
line. The nanofiber films were found effective against Enterococcus faecalis, one of the most
prominent pathogens inside the root canal space, both in vitro and ex vivo using a human tooth

model experimentally infected with E. faecalis. The physical properties and antibacterial and anti-
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inflammatory potency of the proposed electrospun nanofiber films constitute a promising

therapeutic module in endodontic therapy of non-vital infected teeth. All manuscripts must be

accompanied by an abstract. The abstract should briefly state the problem or purpose of the

research, indicate the theoretical or experimental plan used, summarize the principal findings, and

point out major conclusions.

INTRODUCTION

Endodontic infection is a biofilm-based disease of the root canal space modulated by the virulence

of the endogenous complex microbiota!. Accompanied by concurrent inflammation, root canal

infection can occur due to untreated dental caries, trauma or periodontal disease and may lead to

the establishment of apical periodontitis>. Therapeutic interventions are based on chemo-

mechanical debridement to facilitate biofilm disruption and eradication. Nevertheless, endodontic
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treatment failure may occur due to microbial persistence and reinfection, also stemming from the

anatomical restrictions of the root canal system hindering adequate debridement and disinfectant

infiltration3.

Guidelines on dental infection management recommend triple antibiotic paste (TAP), consisting

of a mixture of ciprofloxacin, metronidazole and minocycline*. Despite its antimicrobial efficacy,

TAP may produce complications related to bacterial resistance, tissue irritation, stem cell toxicity

and teeth discoloration, due to its acidic nature’. Additional irrigation practices include the use of

sodium hypochlorite (NaOCI) or the less caustic chlorhexidine, the efficacy of which is, however,

compromised by the damaging effect of NaOCl on the dentin matrix and periapical tissues and the

formation of bacterial persisters or chlorhexidine’s inability to dissolve necrotic tissues and

reduced efficacy against Gram (-) bacteria®>. These limitations gave prominence to the use of

nanoparticle-based irrigants, such as silver (Ag) or zinc oxide (ZnO) nanoparticles (NPs), both

having a similar mode of bactericidal action®. Equally important to eliminating endodontic

microbial infection is the management of inflammation caused by bacterial infections. Ketoprofen

is one of the most widely used non-steroidal anti-inflammatory agents (NSAIDs) administered

orally for the management of inflammation and post-operative endodontic pain’. Systemic
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administration of NSAIDs, however, may not achieve sufficient and immediate pain relief, while

at the same time non-specific drug distribution is unavoidable.

In light of these shortcomings, there has been an increasing interest in novel drug delivery systems

for the endodontic administration of anti-inflammatory and antimicrobial agents, as well as in

novel approaches, such as the application of pulsed magnetic field as a bacteriostatic stimulus

against Enterococcus faecalis during root canal treatment®. Several clinical reports have

demonstrated the potential of electrospun films as a suitable drug delivery platform for dental

applications®. Within this context, intracanal administration of antibacterial TAP-mimic

electrospun scaffolds based on polydioxanone aimed to achieve disinfection of the root canal

system, yet without the tooth discoloration occurring upon TAP application'®!!12, Curcumin

incorporation within the same electrospun polymer matrix aimed to serve as an alternative to TAP

for root canal disinfection!3, while chlorhexidine loading in polyvinyl alcohol (PVA)-based

scaffolds was intended for use in vital pulp therapy'4. The introduction of nanoparticle-based

antimicrobials (Ag, ZnO) in electrospun scaffolds has also been applied mainly for periodontal

administration!>-16, Nevertheless, there have been very few reports on a single drug delivery system
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that fulfill the antimicrobial, anti-inflammatory, and post-operative pain relief requirements for

root canal treatment, including the TAP containing the anti-inflammatory drug catafast!”.

Aiming to address these requirements, the current study describes the development and

characterization of an electrospun nanofibrous film for the intracanal co-administration of an

antimicrobial (ZnO NPs) and an anti-inflammatory (ketoprofen) agent. The nanofibrous matrix

was fabricated based on polymers that dissolve rapidly to constitute the actives readily available

at the site of action, aiming to eliminate both microbial infection and inflammation. For that reason,

PVA was selected as a hydrophilic, bioadhesive, biocompatible, and biodegradable polymer!3,

along with two cellulose derivatives, namely hydroxypropyl methylcellulose (HPMC) and

carboxymethylcellulose (CMC), widely used for their excellent film-forming, mechanical and

adhesive properties!®-29,

MATERIALS AND METHODS

Materials. Polyvinyl alcohol (PVA, Mowiol® 8-88 Mw ~67,000), hydroxypropylmethyl cellulose

(HPMC, Hyrpomellose 2910) and carboxymethyl cellulose [CMC, 400-800 cP, 2% in H,O (25

°C)(lit.)], zinc acetate dihydrate (Zn(CH3COQ),-2H,0), potassium hydroxide (KOH), and
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methanol were purchased from Sigma-Aldrich Corp. (Steinheim, Germany). Ketoprofen (Keto)

was obtained from Fagron Hellas (Athens, Greece). All reagents were of analytical grade and were

used as received.

Synthesis of ZnO nanoparticles. Seven g zinc acetate dihydrate were transferred into a three-neck

spherical flask equipped with a condenser containing 500 mL methanol. The suspension was

heated at 65 °C under magnetic stirring. Next, 2.43 g potassium hydroxide were added, and the

solution was heated to boiling. Since the boiling point of methanol is at 65 °C the temperature

remained constant during the reaction. After 4 h, the suspension was cooled down at room

temperature (RT) and remained with the mother liquid for 4 days before centrifugation at 3000

rpm for 30 min. The pellet was resuspended three times with methanol and finally dried at RT.

Preparation of the spinning solutions and electrospinning process. PVA, HPMC and CMC were

the polymers used to obtain the nanofibrous films. The composition of the prepared solutions is

reported in Table S1. Briefly, PVA was dissolved in deionized water under magnetic stirring at

80°C for 2 h prior to the addition of HPMC and CMC. Ketoprofen was dissolved in DMF and ZnO
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NPs were added in the same solution and briefly sonicated until homogenously dispersed. The two

solutions were mixed at a 1:1 volume ratio and were magnetically stirred for 2 h. Control samples

were prepared following the same procedure as described above in the absence of ketoprofen and

ZnO. The electrospinning apparatus used was the same as in previous studies?!. The polymeric

solutions were loaded in plastic syringes (10 mL) that were attached to a capillary tip (21G) and

an electrode was clipped to the nozzle system. The solutions were pumped at a feed rate of 0.3

mL/h, the voltage was set at 20 kV, and the distance between the needle tip and the grounded

collector was set at 15 cm. The electrospun films were collected and stored in a desiccator.

Characterization of ZnO nanoparticles and the nanofibrous films

Morphological assessment. Morphological characterization of ZnO NPs was performed using

Transmission Electron Microscopy (TEM) (JEM 2100, JEOL, Japan). For the preparation of TEM

specimens, about 1 mg of ZnO powder was dispersed in 2 mL ethanol and the suspension was

sonicated in a bath sonicator for 15 min. Next, a drop of the suspension was transferred on a

carbon-coated grid and evaporated. The size of the crystals was measured from the corresponding

TEM images after measuring 65 particles using the image analysis software Imagel]. Fiber
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morphology was assessed by means of SEM (field emission scanning electron microscope, LEO

1530VP). The specimens were mounted on metallic sample stands using conductive double-sided

carbon adhesive tape (PELCO Image Tabs) and coated by gold using a BAL-TECSCD-004

sputtering unit. The accelerating voltage was set at 15 kV. Fiber diameter distribution was

determined by analyzing at least 100 randomly selected fibers from three different SEM images

using ImageTool software (UTHSCSA,Version 3.00) to calculate the average fiber diameter.

Morphological characterization of the ZnO-containing nanofibers was conducted by means of

TEM imaging using a 120 kV Hitachi HT7700 Transmission Electron Microscope with a LaB6

filament, equipped with an AMT XR81 direct mount camera. The nanofibers were directly

deposited onto the TEM grid using the electrospinning process described above. The loaded grids

were then loaded into the microscope where an area of interest and appropriate magnification was

selected. For the tilt series, used here to confirm NPs location with respect to fibers’ surface, were

generated by tilting the sample from 0° to 60° then -60°, imaging at 1.5 intervals, using SerialEM

automated tilt series acquisition software. The resulting image stack was processed using the

Etomo programme within IMOD to create an aligned tilt series.
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Physicochemical characterization studies. The thermal properties of the raw materials and the
electrospun films were evaluated on a DSC 204 F1 Phoenix apparatus (NETZSCH, Germany).
Samples were weighed in aluminum pans with perforated lids and heated from 25 °C to 200 °C at
a rate of 10 °C/min under nitrogen gas flow of 70 mL/min. The purity and the mean size of the
synthesized ZnO NPs, as well as the crystallinity of the raw materials and the electrospun films
were assessed with XRD analysis. The diffraction spectra of the samples were acquired on a D8-
Advance diffractometer (Bruker, Germany) with Ni-filtered CuKal radiation (40 kV, 40 mA) and

were recorded from 5° to 60°, at a step size of 0.02° and at a scanning speed of 0.5 s/step.

In vitro disintegration time. Disintegration time was estimated based on a previously established
procedure 2!, Briefly, a piece of filter paper was placed in a petri dish (diameter: 10 cm) containing
2 mL of simulated salivary fluid (SSF)?2. The electrospun films were cut in circles (diameter: 25
mm) and placed on the wet paper. The procedure was recorded with a video camera and the time
required for complete disintegration to occur was estimated after video conversion to JPEG images

corresponding to specified time-points post film wetting.

Drug content quantification and in vitro dissolution study. The drug content of each
formulation was calculated after quantification with HPLC analysis. The dissolution profile of
ketoprofen from the electrospun films was recorded in SSF pH 6.8 at 37 °C in the presence of
0.5% v/v Tween 80 to assure sink conditions. The films (20 mg) were immersed in glass vials
containing preheated SSF in a water bath at 37 °C. Samples (500 pL.) were withdrawn and replaced
by an equal volume of medium. The samples were centrifugated at 4000 rpm for 15 min and

ketoprofen was quantified in the supernatants by HPLC analysis.
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High-performance liquid chromatography Assay (HPLC). Ketoprofen quantification was
performed using a HPLC system consisting of a pump (LC-10 AD VP), an auto-sampler (SIL-20A
HT) equipped with a 100 uL loop and a UV—vis detector model SPD-10A VP (Shimadzu, Kyoto,
Japan). A Discovery® HS C18 column (15 cm x 4.6 mm, 5 mm) was used and the mobile phase
consisted of acetonitrile: 0.02 M KH2PO4 pH 3.0 70:30 v/v. The flow rate was set at 1.0 mL/min,
the wavelength at 254 nm the injection volume was 20 pL. Under the described chromatographic
conditions, the retention time of ketoprofen was approximately 3.2 min. Calibration curve of

ketoprofen in SSF was linear (R?>=0.999) in the range of 20-100 pug/mL.

In Vitro Assays in Eucaryotic Cells

Cell culture conditions. RAW 264.7 cells, a murine macrophage cell line (ATCC, VA, USA), were

cultured in complete culture medium (CCM) consisting of high glucose (4.5 g/L)) Dulbecco’s

Modified Eagle’s Medium (DMEM, Invitrogen, Karlsruhe, Germany), supplemented with 10%

fetal Bovine Serum (FBS) (Invitrogen) and 1% of an antibiotic mixture (10,000 U/mL Penicillin,

10 mg/mL Streptomycin, 25 ug/mL Amphotericin B, Invitrogen), and incubated at 37 °C under a

humidified atmosphere of 5% CO..

In vitro cell viability assay. Cell viability/proliferation of RAW 264.7 cells exposed to the different

electrospun films was determined using the MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide] assay. RAW 264.7 cells were plated at a density of 2 x 103 cells/well

into 96-well plates containing 200 pL/well of CCM and incubated at 37°C and 5% CO, overnight

to allow cell attachment. Then, the culture medium was discarded and the films containing 5

different ketoprofen concentrations (0.01-, 0.05-, 0.1-, 0.5- and 1 mg/mL) were dissolved in fresh

medium and added in each well containing cells (200 pL/well, n=6). After 24-, 48-, and 72 h fresh

medium with 10% MTT (5 mg/mL in PBS) was added in each well and incubated for 4 h at 37°C

and 5% CO,. After this period, the medium containing the MTT solution was discarded, and

DMSO was added to the wells for 1 h at 37 °C to dissolve the formazan crystals. The absorbance

was measured against blank (DMSO) at a wavelength of 545 nm and a reference filter of 630 nm

with a spectrophotometer (Epock, Biotek, Biotek Instruments, Inc, Vermont, USA). As controls,

untreated RAW 264.7 cells, incubated under the same conditions, were used. Values were

calculated as % percentage of the control RAW 264.7 cell values.

Gene expression analysis of pro-and anti-inflammatory markers of RAW 264.7 cells. To assess

the biological effects of the different types of the electrospun films loaded with ketoprofen,

focusing on their potential anti-inflammatory action, an in vitro model of Lipopolysaccharide
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(LPS)-stimulated RAW 246.7 murine macrophages was used. In detail, RAW 264.7 cells were

cultured in CMM as described in the section In vitro cell viability assay. Then, the cells were

seeded in 12 well-plates (2 x103 cells/well) and incubated with fresh CCM overnight to allow

initial cell attachment. Then, cells were stimulated with 1 pg/mL of the common bacterial

endotoxin LPS for 3 h in high glucose DMEM containing the antibiotic mixture, but devoid of

FBS (i.e., under serum deprivation conditions). Subsequently, the culture medium was replaced

by each of the electrospun film groups containing ZnO nanoparticles and 0.1 mg/mL ketoprofen

dissolved in fresh CCM, followed by incubation at 37°C and 5% CO,. The effects of the different

electrospun films were assessed by real-time PCR analysis of the expression of several pro-

inflammatory markers, including metalloproteinase (MMP)-3, MMP-9, MMP-13, monocyte

chemoattractant protein-1 (MCP-1), interleukin (IL)-6, and the anti-inflammatory marker IL-10

after 24 h and 48 h. LPS-stimulated RAW 264.7 cells incubated under the same conditions but

without exposure to the electrospun films and were used as controls. For the real-time PCR

analysis, RNA isolation was first performed using a column-based RNA isolation kit (Nucleospin

RNA isolation kit, Macherey Nagel, Diiren, Germany), followed by reverse transcription by a

superscript first-strand synthesis kit (Takara Bio USA Inc.), both according to the manufacturer’s
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instructions. Reactions were performed using SYBR-Select PCR Master Mix (Applied

Biosystems, Foster City, CA) in a Step One Plus thermal cycler (Applied Biosystems). All

reactions started with two initial incubation steps at 50 °C for 2 min for uracil-N-glycosylase

(UNG) activation, and at 95 °C for 2 min for activation of the AmpliTaq DNA polymerase, and

followed by 40 cycles of PCR, comprising denaturation for 15 s at 95°C and annealing/extension

for 1 min at 60 °C. Primers were designed using the PRIMER BLAST tool

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). (Table S2). A standard melting curve was

used to check the quality of amplification and specificity. The results were adjusted by

amplification efficiency (LinRegPCR) and were normalized against two housekeeping genes,

ACT-beta and GAPDH.

Antibacterial efficacy against Enterococcus taecalis

Bacterial strains and reagents. An Enterococcus faecalis strain previously isolated from poultry

meat was used??. Cultures were performed in Brain Heart Infusion broth (BHI, CM 1135, Oxoid

Ltd.), Brain Heart Infusion agar (BHA, CM1136, Oxoid Ltd.), Tryptic Soy broth (TSB, LAB004,

LabM) and Slanetz Bartley medium (CMO00377, Oxoid Ltd.) at 37 °C. The strains were revived
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from glycerol stock cultures maintained at -80 °C by aerobic culture at 37 °C in BHI and verified

for typical E. faecalis characteristics by standard morphological, biochemical, and antibiotic

resistance characteristics. Decimal dilutions were performed in Maximum Recovery Diluent broth

(MRD, T CM0733, Oxoid Ltd.) and surface platting was performed in either BHA or cation

adjusted MH agar (B11438, Becton Dickinson).

In Vitro Assays

Determination of the minimum inhibitory concentration (MIC), minimum bactericidal

concentration (MBC), and minimum biofilm inhibitory concentration (MBIC). A micro-MIC

method was used for the determination of the MIC according to the CLSI guidelines ?*. In brief, a

fresh culture was prepared in BHI and incubated in an orbital shaking incubator at 37 °C at 300

rpm (ISLDO4HDG, Ohaus Ltd). The turbidity of the inoculum was adjusted to 0.5 McFarland by

the use of a densitometer (Densimat, Biomerieux). The adjusted inoculum was further diluted 100-

fold with sterile BHI in order to approximately achieve a 5*10° CFU/mL concentration. The

microbial count of the working inoculum was verified by surface platting in BHA and incubation

at 37 °C for 24-48 h. Ninety-six well sterile microplates were used. Two-fold dilutions of the films
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under investigation dissolved in sterile BHI were prepared. In each well of the microplate, 100 pL

of the film solution, 80 PL of sterile BHI and 20 YL of the diluted inoculum were placed. In each

microplate a strip of wells was reserved as a negative control (substitution of the inoculum by

sterile BHI) and another strip as positive control (substitution of the film solution by sterile BHI).

The microplates were sealed to prevent evaporation and were incubated aerobically at 37 °C for

24 h. After incubation, the plates were examined macroscopically for bacterial growth. The visual

results were verified by measurement of the absorbance at 630 nm with the use of an ELISA reader

(DAS TItaly). The last dilution inhibiting visual growth in BHI was recorded as the MIC. The MBC

was measured by surface platting 10 gL from each well in BHA. After incubation at 37 °C for 24

h the inoculated petri dishes were examined for growth. The last dilution inhibiting growth in BHA

was recorded as the MBC. Biofilm inhibition was performed according to the protocols of Li et al.

(2020)* and Kwansy & Opperman (2010)2. In brief, an initial inoculum of 5*10% CFU/mL was

prepared as described above. The appropriate dilutions were made in Tryptic Soy Broth (TSB),

supplemented with 1% glucose in order to achieve a final concentration of 5%10% CFU/mL. The

films were dissolved in 1% glucose TSB, supplemented with 1% glucose, at a final concentration

of 300 pg/mL and two-fold dilutions were performed as previously described. The final volume in

ACS Paragon Plus Environment

18

Page 18 of 57



Page 19 of 57

oNOYTULT D WN =

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

ACS Biomaterials Science & Engineering

each well was 200 YL and the plate was incubated at 37 °C for 24h. After incubation, the optical

density at 630 nm of each well was measured using a plate reader (DAS Italy), in order to quantify

overall growth (biofilm and planktonic). Then, the planktonic cells were washed gently with

normal saline in order to remove free cells without disrupting the biofilm. The plates were air —

dried for ~1 h at 60 °C and stained with the addition of 50 YL of 0.06% of crystal violet solution

for at least 5 min at room temperature. Further, the wells were washed three times with normal

saline. Solubilization of the stained crystal violet was performed with the addition of 200 pL of

33% acetic acid for 10 min at room temperature. The contents of the wells were transferred to a

new microplate in which the absorbance was quantified using a plate reader (DAS Italy).

Time-Kill assay. For the estimation of the time kill kinetics of three representative film

formulations (HPMC 3%-7Zn0O-Keto, CMC 3%- ZnO-Keto, PVA- ZnO-Keto), the method of Sim

et al. (2014) was used with modifications?’. In brief, an initial inoculum of 0.5 McFarland

(approximately 5*108 CFU/mL) was prepared. Triplicates of sterile tubes containing 5 mL of fresh

sterile BHI (controls), or 0.5*MIC, 1*MIC, 2*MIC and 3*MIC film suspensions in BHI, were

inoculated with 10 pL of the suspension in order to achieve an initial inoculum of 10> CFU/mL
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further verified by surface platting, as previously described. The tubes were incubated in an orbital

shaking incubator at 37 °C at 300 rpm (ISLDO4HDG, Ohaus Ltd). Samples were collected and

examined for the bacterial counts after 1 h, 2 h, 4 h, 8 h and 24 h by decimal dilutions in MRD,

plating in cation adjusted MH agar and incubation at 37 °C for 24-48 h.

Ex vivo assay employing a human tooth culture model. A total of 21 freshly extracted straight

single-rooted human teeth were stored in formalin 10% for 2-3 weeks. The teeth were extracted

for either periodontal or orthodontic reasons and were selected through random sampling from

teeth with anatomically similar dimensions, with fully developed apices, without cracks or

fractures. The study conformed to the ethical guidelines of the World Medical Association

Declaration of Helsinki.

The specimens were decoronated to a standard root segment length of 14 mm using a diamond bur

adjusted in high-speed handpiece under water irrigation. The root canal working lengths were

determined by using a K-file size 15 (Densly, Maillefer, Switzerland) through the apical foramen.

The root canals were prepared though crown-down technique, cleaned and shaped by using Ni-Ti

rotary files under gold proprietary processing (Protaper Gold System, Densply, Maillefer,
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Switzerland) with the following sequence: SX, Proglider Gold, S1, S2, F1, F2, F3, F4) under

irrigation of 3 mL 2.5% w/v NaOClI after the use of each rotary instrument with a 30 G needle.

Smear layer was removed by the use of 1 mL 17% EDTA left for 1 min, followed by final rinsing

with 3 mL of 0.9 % sodium chloride solution. The specimens were autoclaved at 121 °C for 20

min. After sterilization, roots were incubated in sterile BHI to ensure no bacterial contamination.

The excised roots were incubated with E. faecalis to establish a biofilm. A standard inoculum of

5%108 CFU/mL was prepared. In a tube containing 3 mL of BHI, 100 pL of the inoculum were

placed along with one excised tooth. After incubation for a week at 37 °C during which the tubes

were inspected daily, the teeth were removed aseptically and dried gently with the use of sterile

paper points. The roots were randomly categorized in seven different groups, including those

treated with the different electrospun film formulations, as well as the positive and the negative

control (3 roots/group, n=3). Following the washing steps, the respective treatment was applied on

each of the groups. In the positive control group, irrigation by 5 mL of 2.5% w/v NaOCl was

applied, whereas in the negative-control group, irrigation by 5 mL 0.9% of sodium chloride

solution was applied. In the root groups exposed to the electrospun films, 15.1 mg + 0.1 mg of

each film were applied in the root canals with simultaneous irrigation with BIH-broth by means of
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a sterile 30 G needle to enable the dilution of the films inside the root canal. After treatment, the

teeth were placed individually in a sterile Eppendorf tube on top of 300 YL of fresh culture of

5*10° CFU/mL E. faecalis, without covering the apical orifice of each root. The teeth were kept at

37 °C for 24 h to simulate the 7n vivo conditions following dental interventions with the films

under investigation. Further, samples were collected from the teeth root channels and the

underlying BHI culture. Root channel sampling was performed with the use of three sterile dental

points exercising excessive force. The points were vortexed and briefly (30 s) sonicated in 1 mL

of MRD to suspend the collected bacteria. Similarly, 50 PL of the underlying culture were

collected and added to 950 YL of MRD. Decimal dilutions were performed in MRD, then surface

plated in BHA, and incubated at 37 °C for 24-48 h. The first dilution of both the teeth and the

underlying culture was surface platted in Slanetz Bartley medium to check for contamination by

other microorganisms.

Imaging-based characterization of the ex vivohuman tooth model. Imaging-based characterization

was conducted employing X-ray micro-computed tomography (UCT) and Scanning Electron

Microscopy. Briefly, JCT imaging was used to image the intact specimens prior to the destructive
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preparation of SEM analysis, which required breaking open the teeth to expose the root canal. To

avoid interfering with the samples, all samples were scanned in their original container, which was

filled with formalin buffer solution. Imaging was conducted at ~ 85 kVp /7 W using a reflection

target at a voxel-size of 6.5 -8 uym depending on the field of view and the specimen size. During

the 360° tomogram, 1500 -2000 projections were collected with 4-frames being averaged per

projection to improve signal-to-noise ratio. Following acquisition, the data were reconstructed into

32-bit volume files using the manufacture’s reconstruction software, which uses a filtered-back

projection algorithm. The reconstructed 32-bit raw image volumes were then converted to 16-bit

volumes for visualization, which was done using Volume Graphics VGStudioMax 2.1.4.

For the imaging experiments the following samples were used: 1x negative control (treated with

0.9% of sodium chloride solution); 1x positive control (treated with of 2.5% w/v NaOCl); 1x

HPMC 3%-7Zn0O-Keto film-treated; 1x HPMC 1%-ZnO-Keto film-treated; 1x CMC 3%- ZnO-

Keto film-treated; 1x CMC 1%-7ZnO-Keto film-treated; 1x PVA- ZnO-Keto film-treated.

SEM imaging of the ex vivo human tooth model. Preparation for SEM imaging required breaking

the teeth open to expose the root canal by carefully driving a sharp object (surgical blade) from
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the side of the tooth and through the root canal, while keeping the sample hydrated. During this

process the tooth was split along the length of canal. To preserve the structure of any biofilm that

might had developed into the canal, the samples were carefully dried before sputtering using

critical point drying. The process involves the slow exchange of the water with ethanol in steps of

increasing ethanol to water solutions. When the sample was in 100% ethanol, the ethanol was

replaced with liquid CO, using a CO, critical point dryer (Balzers CPD 030). Followingly, the

samples were affixed onto 12.5 mm SEM stubs and coated with ~7 nm of Platinum (particle size

~7 nm; Quorum QI150T ES) and visualized by SEM using an FEI Quanta FEG 250 Scanning

Electron Microscope.

Statistical analysis. Statistical analysis of the data employed two-way analysis of variance

(ANOVA), while multiple comparisons between groups were analyzed with Tukey’s post-hoc test

using Prism 8.0 Software (GraphPad, CA, USA). All quantitative experiments were performed in

at least triplicates and repeated at least three times. Data were expressed as means (+ standard

deviation; SD), and statistical significance was set at p < 0.05.
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RESULTS

Characterization of the ZnO nanoparticles and nanofiber morphology. Figure 1A illustrates the X-

ray diffractograms of the synthesized ZnO NPs and the JCPDS standard card No 36-1451, which

corresponds to the wurtzitic structure of ZnO. All observed diffraction peaks are in coincidence

with the wurtzite structure of ZnO and no other crystalline phase such as (Zn(CH;COO),-2H,0)

or Zn(OH), was observed. A broadening of the diffraction peaks is also observed due to the low

crystallite size. The average particle size of the nanocrystallites was calculated by the Scherrer

formula®®, and in our case, the (002) reflection peak of ZnO was used to calculate the average

particle size. The calculated mean size was 4.2 nm. A representative TEM image of ZnO NPs is

shown in Figure 1B and the size distribution obtained from the TEM images is shown in the inset.

The calculated mean size is at 4.5 + 0.4 nm, which is in good agreement with the size calculated

from the XRD pattern. The morphology and diameter distribution of the plain and Keto-ZnO

loaded electrospun fibers were assessed by SEM (Figure 1). Plain nanofibers (Figure 1C-G)

appeared to be smooth and uniform with random orientation. Electrospinning of the neat PVA
solution resulted in ultrathin fibers with an average diameter of 197 nm + 68 nm. The average
diameter of the electrospun fibers increased with increasing the concentration of total solids
(Figure 1c-g). Homogenous bead-free nanofibers were also obtained when solutions containing

ketoprofen and ZnO NPs were electrospun (Figure 1H-L). Similar to the plain nanofibers, a notable
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increase in the average fiber diameter was also observed for the Keto-ZnO loaded nanofibers with
increasing the concentration of total solids (Figure 1h-1). TEM analysis was performed on a
representative nanofiber formulation to verify the presence and localize the ZnO NPs in the

nanofibers. As shown in Figure 2, ZnO NPs were found to be embedded within the polymer matrix

of the HPMC 3%-Keto-ZnO nanofibers with an even distribution both in the core-center and the

surface of the fibers. The TEM tilt series images viewed as a video further support this, as the
different viewing angle allows for a more accurate interpretation the NPs’ spatial distribution

(Video S1).

Assessment of drug crystallinity with DSC and XRD analysis. The thermal properties of the raw

materials, plain and Keto-ZnO loaded films were assessed with DSC analysis (Figure S1A-C).

Crystalline ketoprofen showed a sharp endothermic peak at 97 °C, corresponding to its melting

temperature (Tm), while PVA exhibited two minor endotherms, the first one at 60.8 °C,

corresponding to its glass transition temperature (Tg) and the second at 192 °C, related to its

melting point. No peak related to the Tm of ketoprofen was observed in the thermograms of the

Keto-ZnO loaded films. The physical state of the drug in the electrospun films was investigated

with XRD analysis (Figure S1D-F). The XRD patterns of crystalline ketoprofen showed sharp

diffraction peaks at 6.22°, 14.53°, 18.57°, 20.19°, 22.72°, 23.02°, and 24.08° . Both cellulose
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derivatives demonstrated a broad halo in the 20 range between 15° and 25°, corresponding to their

semi-crystalline nature, similar to PVA for which a single Bragg's reflection was observed at

20%=%19.4°, corresponding to the (101) plane. The diffraction peaks of the ZnO NPs at 31.6°,

34.6°, 36.4°, 48.1°, and 56.4°, correspond to the reflections from (100), (002), (101), (102), and

(110) crystal planes of the ZnO structure 3°. No diffraction peaks corresponding to crystalline

ketoprofen were identified in the XRD patterns of the Keto-ZnO loaded electrospun films (Figure

S1F). In addition, the minor peaks detected at 34.6° and 36.4° confirmed the presence of the ZnO

nanoparticles in the films.
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Figure 1. A. XRD graph of (a) synthesized ZnO nanoparticles and (b) JCPDS standard card No

36-1451 for ZnO. B. TEM image of the synthesized ZnO quantum dots. The inset represents the

particle size distribution graph. C-L. SEM images and c-I. fiber diameter distribution of C. PVA,
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439  D.HPMC 3 %, E. HPMC 1%, F. CMC 3%, G. CMC 1%, H. PVA-Keto-ZnO, I. HPMC 3%-Keto-

440  ZnO, J. HPMC 1%-Keto-ZnO, K. CMC 3%-Keto-ZnO, L. CMC 1%-Keto-ZnO. Scale bar: 1 pm.
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In vitro disintegration time and in vitro drug release studies. All films absorbed water rapidly upon

contact with the wet paper, resulting in the formation of transparent gels. For the plain films,

disintegration occurred within less than 20 s, in contrast to the Keto-ZnO loaded films which did

not fully disintegrate even after 300s (Figure 3). This could be attributed to the hydrophobic nature

of the ZnO NPs, which increase the hydrophobicity of the films 3!. The drug content in the Keto-

Zn0 films (16.6%-16.9%) was very close to the theoretical value (16.6%), therefore achieving

almost 100% encapsulation efficiency. The 7n vitroketoprofen release profiles from the Keto-ZnO

films were recorded in SSF pH 6.8 at 37 °C in the presence of 0.5% v/v Tween 80 (Figure 4). A

burst effect was observed for all formulations with ca. 20-30% of ketoprofen being released upon

contact with SSF, and total drug release attained within 5 min.
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Figure 4. In vitrorelease profiles of ketoprofen from the Keto-ZnO loaded electrospun films in

simulated salivary fluid pH 6.8 at 37 °C in the presence of 0.5% v/v Tween 80.

MTT cell viability assay and gene expression analysis of pro-and anti-Inflammatory markers of
RAW 264.7 Cells. The MTT cell viability results showed a reduction of RAW 264.7 cell viability
exposed to the films containing the higher ketoprofen concentrations of 0.5 mg/mL and 1 mg/mL
at all three-time points examined (Figure 5). In contrast, cell viability/proliferation (p<0.001) for
almost all different films containing 0.1 mg/mL ketoprofen increased at 24 h. Overall, the films
with the highest concentration of each cellulose derivative had slightly better cell viability

performance than the films with the lowest concentration. Besides, the 3% CMC derivative showed
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a better biological performance than the 3% HPMC derivative when combined with 1 mg/mL

ketoprofen. Comparison between the electrospun fibers containing CMC 3% and the ones without

any cellulose derivative showed a better biological performance of the CMC-based films for the

three higher concentrations of ketoprofen used. Overall, there was a concentration-dependent

impact of the ketoprofen in the films, with a decrease in viability at the highest concentrations

(0.5- and 1 mg/mL), while achieving the highest cell viability/proliferation values at 0.1 mg/mL

at 24 h.

This ketoprofen concentration (0.1 mg/mL) was selected for the further gene expression analysis

of the pro-inflammatory cytokines MMP-3, MMP-9, MMP-13, MCP-1 and IL-6, and the anti-

inflammatory marker IL-10. The present study results showed that application of PVA-Keto0.1-

Zn0O on LPS-stimulated RAW264.7 cells induced significant upregulation of pro-inflammatory

genes compared with the control group at 24 h (Figure 6). In contrast, the films containing different

concentrations of cellulose derivatives induced a significant downregulation of the pro-

inflammatory genes while suppressing the transcription of IL-10. The HPMC 3%-Ket00.1-ZnO

film induced the most pronounced effect in downregulating the expression of MCP-1, IL-6, and

MMP-13 at both 24 h and 48 h (p<0.001), MMP-3 at 24 h (p<0.001), MMP-9 at 48 h (p<0.001)
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and IL-10 (p<0.05 at 24 h and p<0.001 at 48 h). The fibers containing CMC at different

concentrations induced variable results regarding their anti-inflammatory action. Both scaffolds

stimulated the transcription of MMP-9 at 24 h (p<0.001), while reducing it at 48 h. CMC 3%-

Keto0.1-ZnO had the same performance regarding MCP-1, increasing its expression at 24 h

(p<0.001), while decreasing it at 48 h (p<0.05), but showed optative results in the downregulation

of the rest of pro-inflammatory genes [MMP-13 at 24 h (p<0.05), MMP-13 at 48h (p<0.001) and

IL-6 at 24 h (p<0.05) and 48 h (p<0.001)].
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Figure 6. Gene expression analysis of pro- and anti-inflammatory markers A. IL-6, B. IL-10, C.
MMP-9, D. MCP-1, E. MMP3 and F. MMP13 of RAW 264.7 cells exposed to the electrospun

polymeric films containing ketoprofen at 0.1 mg/mL for 24 h and 48 h.

Antibacterial efficacy against E. faecalis

MIC, MBC, and MBIC assays. The MIC, MBC and MBIC values are shown in Table S3. All
films exhibited a MIC of 75 pg/mL, whereas their MBC was 300 pg/mL. It was interesting though,
that the MBIC values of the films were quite lower, with HPMC 3%-Keto-ZnO and HPMC 1%-
Keto-ZnO having a MBIC of 0.29 pg/mL and CMC 3%- Keto-ZnO, CMC 1%-Keto-ZnO, and

PVA-Keto-ZnO exhibiting a MBIC of 0.15 pg/mL.
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Time-Kill Kinetics. The time-kill kinetics of HPMC 3%-Keto-ZnO, CMC 3%-Keto-ZnO, and
PVA-Keto-ZnO are shown in Figure S2. The 1*MIC (75 pg/mL) and 2*MIC (150 pg/mL)
concentrations of the HPMC 3%-Keto-ZnO film showed an effect, with the 2*MIC concentration
inducing a bacteriostatic effect. The CMC 3%-Keto-ZnO film showed a similar trend, with the
1*MIC concentration (75 pg/mL) and the 2*MIC concentration (150 pg/mL) showing inhibition
of bacterial growth. The 3*MIC concentration (225 ug/mL) was characterized as bacteriostatic.
The PVA-Keto-ZnO film 1*MIC (75 pg/mL) and 2*MIC (150 pg/mL) concentrations showed a
similar trend to the CMC 3%- Keto-ZnO, with the 1*MIC concentration showing a temporary
inhibitory effect and the 2*MIC concentration exhibiting inhibition. However, the 3*MIC
concentration (225 ug/mL) of the PVA-Keto-ZnO formulation was bactericidal, resulting in no

bacterial growth after 24 h.

Ex vivo studies. The viable E. faecalis counts recorded during the ex vivo experiment are shown
in Figure 7B. The viable counts from the root channels after treatment with all films were
comparable to the ones after NaOCl application, which is considered the standard practice for root
canal disinfection. The PVA-Keto-ZnO film showed a significantly higher bactericidal effect
compared to the NaOCl treatment (p<<0.05). The HPMC 3%-Keto-ZnO and HPMC 1%-Keto-ZnO
films showed a trend for lower E. faecalis counts compared to NaOClI, failing, however, to reach
statistical significance (p>0.05). The effect of HPMC 3%-Keto-ZnO, HPMC 1%-Keto-ZnO, CMC
3%-Keto-ZnO and CMC 1%-Keto-ZnO films on the underlying broth culture was minor, whereas

the effect of the PVA-Keto-ZnO film was comparable to that of NaOCI.
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Imaging-based characterization of the ex vivo human tooth model. Imaging with pCT allowed
for root-canal inspection prior to destructive testing, and the volume images serve as an archive of
the sample’s geometry for future reference. After treatment, the canal appeared empty in its entity,
although in some cases, film residues were observed towards the lower part of the canal (Figure
7A, HPMC 1%-ZnO-Keto film-treated). No biofilm was visible in the uCT volume images. The
uCT images of all treated tooth samples are shown in Figure S3. SEM imaging confirmed the
presence of both biofilm and bacteria in the negative control (Figure 7C). The biofilm appears
dense and populated by bacteria, covering the dental matrix and intruding the dentinal tubules. The
bacteria show the characteristic structure of E. faecalis and appear to be present both on the surface
and within the biofilm. The positive control, on the other hand (Figure 7D/a-d), is free of biofilm
with clean dentinal tubules, and no bacteria were observed in the exposed root canal. The treated
samples showed an intermediate morphology (Figure 7E/a-d and Figure S4). Bright areas similar
to the biofilm ones in the negative control samples were observed, nevertheless, at higher
magnification, these areas were identified as nanofiber film residues coating the surface of the
canal, since they were much less-dense, patchy, and consisting of a dense network of fibrils. It is
possible that some biofilm was also present at some point, however the treatment most likely
affected the amount of biofilm deposited by controlling the viability of the bacterial population.
Similar to the positive control, no bacteria were observed in the exposed root canal or the film

residue areas.

ACS Paragon Plus Environment

38

Page 38 of 57



Page 39 of 57 ACS Biomaterials Science & Engineering

L

= Tooth
—1Broth

&S S S S @c"
F & & & F e

W4 2S4S &
oY ol \0110' ar =

coNOULIT D WN =
Log10 CFU/mL @
=

=N & o o

E‘ : 3 2 mm
25 s 5 1S ] e FH—— e e e T v | S—

46 554

49 955  Figure 7. A. Opaque and semi-transparent volumetric rendering of human tooth showing residue
51 556  of the film (middle- and right panel; pseudocoloured blue). B. E. faecalis counts in the root canal
53 557  and the underlying broth after the ex vivo application of the films. C. Negative control at different

558  magnifications. a. Exposed root canal in the centre of field of view showing the bright biofilm
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areas. Fracture areas are also visible at this magnification on either-sides of the image; b. Image
focusing on the exposed root canal. Bacterial population appears as small bright dots across the
canal surface; c¢. Thick biofilm development and intrusion into the dentinal tubules; d. Thick
biofilm with individual bacteria spread across it; e. transition zone from biofilm-free to biofilm
containing an area of the canal; f -h. Higher magnification images of biofilm structure, bacteria,
and single dentinal tubule for comparison. D. a -d: Positive control at different magnifications.
Canal surface appears free of biofilm with clean dentinal tubules, although some unidentified
sparce residue can be seen in some areas. No bacteria could be seen anywhere in the exposed root
canal. E. a -d: PVA-Keto-ZnO film treated tooth sample at different magnifications. Bright areas
shown in the low-magnification image consist of a dense network of fibers corresponding to the
PVA-Keto-ZnO film. These areas are much less-dense, patchy and in some areas consisting of a

dense network of fibrils.

DISCUSSION

Successful management of endodontic infections is essential to avoid persistent periapical
infections following root canal treatment. Irrigation with NaOCl is the “gold standard” for clinical
root canal disinfection; however, its unpleasant odor, high toxicity, and high potency of provoking
allergic reactions has driven research interest in alternative nanomaterial-based therapeutic
approaches to address the anti-inflammatory, antimicrobial, as well as postoperative pain relief
requirements of root canal treatment. In this work, we aimed to address the shortcomings of current
treatment approaches, stemming from the anatomical restrictions of the root canal space, by
fabricating a hydrophilic electrospun nanofiber film for the local co-administration of an

antimicrobial (ZnO NPs) and an anti-inflammatory (ketoprofen) agent. Rapid disintegration of the
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films occurred within seconds upon contact with aqueous media to constitute both active agents
readily available at the site of action. This is highly desirable to mitigate the side effects commonly
associated with the non-specific distribution of orally administered non-steroidal anti-
inflammatory drugs in the treatment of post-operative pain and inflammation32. In addition, drug
amorphization, confirmed by both DSC and XRD findings, combined with the increased nanofiber
surface area available for drug release were the determinant factors contributing to the significant
dissolution enhancement of the poorly water soluble ketoprofen from the electrospun films.

Ketoprofen has been widely used as an anti-inflammatory agent incorporated in electrospun drug
delivery systems. When examined in terms of cell viability in other eukaryotic cell types, such as
fibroblasts, it has been shown that it does not substantially affect cell viability, which is indicative
of a good biocompatibility?3-. Li et al. (2017) combined ketoprofen with electrospun fibers blend
of ethyl cellulose (EC) and poly [di (ethylene glycol) methyl ether methacrylate] PDEGMA at a
standard drug-to-polymer ratio of 1:5 (w/w)33. Results showed that L929 fibroblast cell viability
after exposure to all different electrospun compositions remained close to their negative control,
without any statistical significance. In other experiments, Li et al. (2018) combined the
thermosensitive polymer poly(N-isopropylacrylamide) (PNIPAAm) co-dissolved with the pH-
sensitive polymer Eudragit (EL100-55) into fibers utilizing electrospinning incorporating
ketoprofen as model drug. They performed the MTT assay to examine the cytotoxicity of three
different electrospun fibers (PNIPAAm, EL100-55 and PNIPAAmM/EL100-55) at three different
concentrations each (100 mg/L, 50 mg/L, 25 mg/L), all of them loaded with 4% (w/v) ketoprofen
on L.929 fibroblasts. Results showed no statistically significant decrease in cell viability in none
of the three different concentrations of fibers at 24 h compared to the control of untreated cells®4.

These results are indicative of acceptable biocompatibility of different polymers prepared via
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electrospinning and containing ketoprofen at relatively low concentrations, come in accordance
with the results of the present study.

The effect of ketoprofen in the current study reflects that the electrospun fibers present acceptable
biocompatibility and could be suitable for several oral applications, requiring the presence of a
local anti-inflammatory agent releasing system. LPS induction has served as an in vitro model of
immune response stimulation in combination with many different cell types, especially with blood
monocytes and tissue macrophages, responsible for the onset of inflammation3®. While
identification of the transcriptional profiling of tissue-resident macrophages presents extreme
diversity and heterogeneity regarding tissue-specific functions during development and
adulthood?®, the in vitro macrophage assay applied in this study represents a widely used valid tool
for the assessment of anti-inflammatory activity3’.

Regarding the genes under investigation, MMPs are a family of endoproteases with a broad
spectrum of action in tissue remodeling, and degradation of multiple components of the
extracellular matrix (ECM)383%40, They affect a variety of bioactive molecules in cellular surfaces
and modulate signaling pathways, therefore they play a fundamental role in leukocyte infiltration
and tissue inflammation®®#. Various MMPs, including MMP-3 MMP-9 and MMP-13, are
involved in the pathogenesis related to endodontic lesions and periapical tissue destruction and
their presence constitutes an important factor for the progression and persistence of
inflammation3%4°, MCP-1 belongs to the family of chemokines which are secreted in response to
signals related to inflammation and are responsible for selectively recruiting monocytes,
neutrophils and lymphocytes. Chemokine MCP-1 has been detected in the periapical fluid of
human root canal infections in recent studies*’. IL-6 constitutes a pro-inflammatory cytokine

present in multiple diseases®®and IL-10 is a potent inflammatory cytokine with a key role in
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preventing inflammation and autoimmune pathologies*. Both of them have been detected in high
ratios in apical periodontitis in the course of an endodontic infection due to the action of Gram-
negative bacteria virulence factors presented 3446, Therefore all the cytokine examined have been
thoroughly selected since they are all present in apical periodontitis.

Comparing the overall effectiveness of downregulating pro-inflammatory and maintaining or
upregulating anti-inflammatory factors among the different formulations, the conclusions favor
HPMC 3%-Ket00.1-ZnO and CMC 3%-Keto0.1-ZnO. The first one had more effective results in
downregulating most pro-inflammatory markers, exhibiting the most distinct anti-inflammatory
performance amongst all different formulations, therefore showing promising therapeutic
potential.

In the current study, the ability of ZnO-loaded electrospun films to inhibit bacterial proliferation
and eradicate biofilm formation was investigated and verified both in vitro and ex vivo in an
experimentally infected with E. faecalis human tooth culture model. E. faecalis is a Gram (+)
anaerobic microbe present in periradicular infections. Given that it is the most frequent species
present in post-treatment disease, it plays a crucial role in persistent periapical infections following
root canal treatment?’. It appears in both primary and secondary endodontic lesions and is often
linked to endodontic failure, and therefore it is important to eradicate the infection to promote
healing. Referring to the use of ZnO nanoparticles as antimicrobial agent, there are studies that
have examined metallic NPs on their bactericidal effect in root canal irrigation. Luna et al.*
developed an ex vivo root canal model contaminated with E. faecalis and examined the efficacy of
silver NPs (537 mg/mL) irrigation compared to silver NPs with 17% EDTA, NaOCIl and negative
control by turbidity of the bacterial samples taken from the root canals. The silver NPs solution

significantly eliminated the bacterial culture. NaOCI irrigation proved to be slightly more efficient
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but not statistically significant compared to the effect of silver NPs. Silver NPs irrigation also
achieved removal of smear layer according to Atomic Force Microscopy findings, compared to
the action of EDTA and saline solution. The antimicrobial potency of ZnO NPs has been
previously verified against both Gram (+) and Gram (-)*°. In a study assessing E. faecalis biofilm
structure after ZnO treatment, a significant reduction in the distribution of viable bacteria was
observed after ZnO treatment for 24 h3°, while in an attempt to amplify the antibacterial action of
commercialized root canal filling materials, gutta-percha (GP) points were coated with ZnO NPs
showing significant inhibition in the viability of both E. faecalis and S. aureus®'. The in vitro
results of the current study demonstrate the antimicrobial and antibiofilm efficacy of Keto-ZnO
loaded electrospun films against E. faecalis highlighting their clinical potential in antimicrobial
endodontic treatment. /n vitro findings were further corroborated by the ex vivo root canal model
of bacterial contamination, a well-established model for antimicrobial endodontic tests32. The ex
vivo model stimulates better the in vivo conditions with reference to a bactericidally infected root
canal providing with an artificial environment for this purpose compared to an in vitro model with
easier accessibility and less complexity than the in vivo stimuli®3. Intracanal administration of the
nanofiber films resulted in comparable post-treatment intracanal and periradicular CFU values to
the ones obtained after NaOCI irrigation. Moreover, there has been shown that there are many
cases up to 60% where positive bacterial cultures can still arise even after chemo-mechanical
preparation with different NaOCI concentrations in cases of apical periodontitis®*>3. This fact
could come to terms with the limited decrease in E. faecalis culture within the root canal of our ex
vivo experiment of NaOCI action compared to the negative control in 24 h sampling. SEM

visualization of the treated root canals further confirmed the antimicrobial potency of the films,

ACS Paragon Plus Environment

44

Page 44 of 57



Page 45 of 57

oNOYTULT D WN =

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

ACS Biomaterials Science & Engineering

which were deposited on the root canal surface, forming a hostile environment for bacterial growth
and proliferation.

Electrospun nanofiber films loaded with pharmaceutical agents have been applied as drug delivery
systems to eradicate bacterial infections in endodontic treatment. Karczewski et al. developed
polydioxanone electrospun nanofibers containing a clindamycin-modified triple antibiotic to
achieve bacterial elimination in cases of immature permanent teeth pulpal necrosis '2. Porter et al.
developed 3D tubular-shaped electrospun nanofibers containing either minocycline or doxycycline
to examine tooth discoloration against different TAP systems in an ex vivo model of human
canines®%. Furthermore, Albuquerque et al.!' aimed to investigate the antimicrobial action of 3-
dimensional (3D) tubular-shaped triple antibiotic-eluting nanofibrous constructs against a
multispecies biofilm on human dentin. Yet, to our knowledge, there is no report so far on a single
solid dosage form that fulfills the antimicrobial, anti-inflammatory, and post-operative pain relief
requirements for root canal treatment. Further investigation should focus on the in vivo efficacy of
the proposed in the current study electrospun drug delivery system for the treatment of

periradicular infections and endodontic lesions.

CONCLUSIONS

In the current study, polymeric fast-disintegrating films were successfully developed to address
the antimicrobial and anti-inflammatory requirements for root canal treatment. The electrospun
films showed good in vitro anti-inflammatory action on LPS-stimulated RAW 264.7 cells and
adequate antimicrobial efficacy against E. faecalis, one of the most frequent species present in
post-treatment disease. The antimicrobial efficacy of the nanofiber films was verified not only in

vitro but also ex vivo in a human tooth model experimentally infected with E. faecalis. The
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combination of anti-inflammatory and antimicrobial activity to be exerted directly at the site of
action shows a very appealing application for the treatment of periradicular infections and

endodontic lesions.

ASSOSIATED CONTENT: Composition of the spinning solutions, primers designed for the
Real-time PCR analysis, MIC, MBC and MBIC values against E. faecalis, thermograms and X-
ray diffractograms of the films, time-kill kinetics of the films against E. faecalis and p-CT and

SEM images of the root canals.
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