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ABSTRACT 
 

Mechanical, optical and surface properties of a composite to three-dimensional 
(3D) printing reinforced with nanofibers of niobium, bioactive glass and 

nanosilver. 

 

Rapid and automated prototyping (3D printing or additive manufacturing) have 

been hailed as a disruptive technology that tends to change the course of different 

production areas. The focus of our studies has been on technological strategy which 

allows to reduce the cost and chair time, boosting the work flow approach and 

comfort to the patient associated to the use of bioactive materials that promote tissue 

regeneration or repair in restorative dentistry.  Aiming to understand and improve the 

properties of a composite for 3D printing with dental applications, this research was 

developed in 2 parts with specific objectives. In the first study, commercial 3D-

printable resin for interim restorations (Next Dent C&B) was compared in vitro to two 

restorative materials (Filtek - Z350 and Protemp - 4) in relation to mechanical, optical 

and surface properties. The second study was conducted with the aim of 

synthesizing bioactive reinforcing nanofibers (niobium pentoxide, bioactive glass and 

nano-silver), incorporating them into a resin for 3D printing and to evaluate in vitro 

the effect on mechanical, optical and material surface properties. In the first study, 

the results showed properties suitable for use in interim restorations and highlighted 

its potential for a clinical approach in digital workflow. However, it also observed a 

concern about long-term color stability. The second study showed that the 

incorporation of nanofibers in the tested formulations modifies the mechanical, optical 

and surface properties of the resin for 3D printing at specific concentrations. In 

general, the studies support the use of 3D printing technology to interim restorations 

and highlighted the need for improvements regarding long-term color stability. In this 

gap, the reinforcement of niobium-based nanofibers, reveals to be a potential 

additive. These findings are of special interest to solidify the use of 3D technology 

and workflow approach in dentistry.  

 

Key words: 3D printing. Composite. Nanofibers 
 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

RESUMO 

Caracterização mecânica, óptica e de superfície de uma resina para impressão 
tridimensional (3D) aditivada com nanofibras de nióbio, vidro bioativo e 

nanoprata. 

A prototipagem rápida e automatizada (impressão 3D ou manufatura aditiva) é 

saudada como uma tecnologia disruptiva que tende a mudar o rumo de diversas 

áreas de produção. O foco de nossos estudos tem sido estratégias tecnológicas que 

possibilitem a redução do custo e tempo operacional, aumento do fluxo de trabalho e 

maior conforto ao paciente, aliado a utilização de materiais bioativos que promovam 

a regeneração ou reparo tecidual em dentística restauradora. Objetivando o 

entendimento e a melhoria das propriedades de uma resina para impressão com 

aplicações odontológicas, essa pesquisa foi desenvolvida em 2 partes com objetivos 

específicos. No primeiro estudo, uma resina para impressão 3D comercial (Next 

Dent C&B) com indicação para restaurações provisórias foi comparada in vitro a dois 

materiais restauradores (Filtek Z350 e Protemp 4) em relação às propriedades 

mecânicas, ópticas e de superfície. O segundo estudo foi conduzido com o objetivo 

de sintetizar nanofibras bioativas de reforço (nanofibras de pentóxido de nióbio, vidro 

bioativo e nanoprata), incorporá-las a uma resina para impressão 3D (Next Dent 

C&B) e avaliar in vitro o efeito nas propriedades mecânicas, ópticas e de superfície 

do material. No primeiro estudo, os resultados destacam propriedades adequadas 

para o uso em restaurações provisórias enaltecendo o seu potencial para uma 

abordagem clínica em fluxo digital. Entretanto, deixa evidente a preocupação em 

relação à estabilidade de cor a longo prazo. O segundo estudo mostrou que a 

incorporação das nanofibras nas formulações testadas modifica as propriedades 

mecânicas, ópticas e de superfície da resina para impressão 3D em concentrações 

específicas. De modo geral, os estudos embasam a utilização da tecnologia de 

impressão 3D para confecção de restaurações provisórias e, enaltecem a 

necessidade de melhorias em relação à estabilidade de cor a longo prazo. Neste 

hiato, a incorporação de nanofibras de Nb2O5, revela ser um potencial aditivo. Tal 

conhecimento é de especial interesse para apresentar ferramentas que solidifiquem 

a utilização da tecnologia 3D na prática clínica em odontologia.  

Palavras chave: Impressão 3D. Compósitos. Nanofibras. 
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1 INTRODUCTION 

 

Although the evidence of minimal intervention and health promotion in 

dentistry, the loss or partial destruction of important structures of the stomatognathic 

system (i.e. the teeth) is still prevalent in the world wied and have been demonstrated 

a severe impact on the quality of life (FERNANDES et al., 2017; MARCENES et al., 

2013; DYE et al., 2010; FRAZÃO et al., 2012). 

Overall, the oral health care is still curative and has been attributed to highly 

complex procedures such as restorations, reconstruction of lost tissues, or even 

mutilating interventions. Estimated annual costs for treating dental diseases are $ 

298 billion, corresponding to 4.6% of global health investments. This scenario has 

boosted the great scientific and technological development of Restorative Dentistry 

(LISTL S et al., 2015).  

Therefore, technological strategies that enable the reduction of cost and chair 

time, increasing the workflow approach and patient comfort as soon as promoting 

tissue repair and optimizing the maintenance of health conditions are highly desirable 

(TURNER et al., 2014; VAN NOORT, 2012; CHENG, 2017). Rapid and automated 

prototyping (i.e. 3D printing or additive manufacturing) has been hailed as a 

disruptive technology that tends to change the course of different production areas. 

Used in the aerospace industry, engineering, robotics, art, and design, it is 

considered promising in particular in dentistry due to its communication and 

compatibility with the imaging and modeling technologies already used, such as 

computed tomography and intra-oral scanning. To date, 3D printing allows obtaining 

surgical guides, dental models, temporary unitary restorations, and dental or 

maxillofacial prostheses (VAN NOORT, 2012; TAHAYERI et al., 2018; MAI et al., 

2017).  

The main advantages of this system are high precision, low-cost technology 

(i.e. compared to subtractive manufacturing - CAM), creation of geometrically 

complex and customized structures layer by layer, reduction in building time, less 

waste of material, easy reproducibility due to the storage of digital data and better-

quality control (REVILLA-LEÓN, 2018).  
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Currently, most computer-based manufacturing processes are based on 

subtractive manufacturing or milling. 3D printing was first developed in the 1980s, but 

with advances in computer-aided design (CAD) technology, these expensive and 

technologically limited 3D printers have improved. Nowadays, 3D printers are 

affordable, user-friendly, reliable, and capable of producing complex shapes. Many 

different printing technologies exist, each with their own advantages and 

disadvantages such as Light cured resin systems (stereolithography, photojet and 

digital light processing), Powder binder printers, Sintered powder (Selective laser 

sintering, Selective laser sintering and Electron beam melting), Thermoplastic 

systems (Fused deposition modelling). 

Most used in dentistry 3D printers are based on stereolithography (SLA) or 

digital light processing (DLP). In SLA, voxels of monomers are polymerized by a laser 

light track directed by a Galvano mirror scanner to build 3D structures. In DLP, a 

digital projector screen flashes light through the entire layer to build the 3D 

structures. (DAWOOD et al., 2015; REVILLA-LEÓN, 2018; DEHURTEVEN et al., 

2017; ASTUDILLO-RUBIO et al., 2018; TOPCU et al., 2009). 

Despite a few shreds of evidence about the use of 3D-printed materials in 

dentistry, information related to their optical and surface properties, including their 

compatibility with the oral environment, surface roughness, and esthetics, is scarce 

and need to be investigated. Nonetheless, the improvement in the mechanical, 

optical, chemical, surface, biological, and antimicrobial properties of this class of 

materials is highly desirable. (REVILLA-LEÓN, 2018; REVILLA-LEÓN et al., 2017; 

KORTES et al., 2018; HOMSY et al., 2017). 

The incorporation of nanostructures, mainly in the form of nanofibers, in 

restorative materials is considered a promising strategy (AL-EESA et al., 2018; 

WILLE et al., 2016;). Nanofibers mats have a high specific surface and high surface 

free energy, which is related to the increase in flexural strength of conventional 

composite resins (GAROUSHI et al., 2007; SUN et al., 2010). Zhang et al, 2012, 

reported about the ability of glass nanofibers to transfer stresses more efficiently than 

conventional filler because they are distributed in an aligned and in a uniform way 

into the resin. Thus, they act as bridges that limit the deflection of cracks, increasing 
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the toughness and fracture of the material (ZHANG et al., 2012; WILLE et al., 2016; 

CHEN et al., 2011; GUO et al., 2012). 

In the materials engineering area, the development of hybrid nanofibers (i.e. 

organic-inorganic) embedded with bioactive oxides, ceramics or metallic ions allows 

combining desirable properties of the inorganic phase, such as thermal stability and 

rigidity, with those of the organic phase, flexibility, processability, ductility, and 

biocompatibility (ANZAI et al., 2002; GAO Y et al., 2017; HOLOPAINEN et al., 2016; 

MEDEIROS et al., 2009; PAPKOV et al., 2013; TIAN et al., 2007; VIDOTTI et al., 

2015; WILLE et al., 2016;). 

In view of the above, the insertion of bioactive nanofibers in composites for 

additive manufacturing (3D printing) proposes the improvement of this class of 

materials, until now with limited applications in dentistry. Therefore, these may have 

their chemical, mechanical and antimicrobial properties improved and also can act in 

favor of tissue repair and regeneration. The synthesis of hybrid nanofibers (organic-

inorganic), non-toxic, with unique mechanical properties, high surface energy, 

biocompatibility, and bioactive/antimicrobial properties is undoubtedly a 

nanotechnological challenge proposed by this research work. 

In addition to the aforementioned, the response of this study will provide the 

basis for future interdisciplinary investigations of new dental materials for 3D printing 

applications which are more predictable and also potentially applicable to 

regenerative dentistry. We will also be able to infer the behavior of a nanofiber 

reinforced resin, which may open an arsenal of applications for doping other 

innovative composites with properties applicable in different areas of dentistry. 

Main objective 

To evaluate the properties of a 3D-printable resin for dental applications and to 

characterize mechanical, optical and surface properties of a 3D-printable resin with 

innovative nanotechnological potential. 
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Specific objectives 

First study  

1. To evaluate mechanical properties of a 3D-printed resin comparing to two 

restorative materials in flexure by 3-point bending (σ) and Knoop microhardness (H); 

2. To evaluate the smoothness of a 3D-printed resin by roughness analysis (Ra) 

comparing with two restorative materials; 

3. To evaluate the color stability after aging of a 3D-printed resin comparing with two 

restorative materials; 

Second study  

1. To synthesize three novel functional nanofibers of PDLLA embedded with 

orthorhombic niobium pentoxide (PDLLA/Nb2O5); PDLLA embedded with 

orthorhombic niobium pentoxide with network on bioactive glass 

(PDLLA/Nb2O5/SiO2); and nanofibers doped with bioactive nano-silver glass (PLA-

PEG/SiO2/Ag3). 

2. To incorporate three novel functional nanofibers of PDLLA embedded with 

orthorhombic niobium pentoxide (PDLLA/Nb2O5); PDLLA embedded with 

orthorhombic niobium pentoxide with network on bioactive glass 

(PDLLA/Nb2O5/SiO2); and nanofibers doped with bioactive nano-silver glass (PLA-

PEG/SiO2/Ag3), in a 3D-printed resin. 

3. To characterize mechanical properties of a 3D-printed resin reinforced with three 

novel functional nanofibers in flexure by 3-point bending (σ) and Knoop 

microhardness (H); 

4. To evaluate the smoothness of a 3D-printed resin by roughness analysis (Ra) 

reinforced with three novel functional nanofibers; 

5. To evaluate the color stability after aging of a 3D-printed resin reinforced with three 

novel functional nanofibers; 
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• ARTICLE 1 – Physical and surface properties of a 3D-printed composite 

resin for a digital workflow. 

• ARTICLE 2 – Improved behavior of a novel 3D-printed reinforced by 

nanofibers of niobium, nanosilver and bioactive glass. 
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ABSTRACT 

Statement of problem. Information related to the optical and surface properties, 

including health compatibility, surface roughness, and esthetics, of 3D-printed dental 

materials is scarce. 

Purpose. The purpose of this in vitro study was to compare the physical and surface 

properties of a 3D-printed resin with materials used for interim restorations. 

Material and methods. A 3D-printed resin (PR) (NextDent C&B MFH; 3D Systems), 

an autopolymerizing interim material (BA) (Protemp 4; 3M ESPE), and a composite 

resin (Z350) (Filtek Z350XT; 3M ESPE) were tested for degree of color change (∆E) 

(n=7) at different timepoints: 24 hours after polishing/baseline (P0), 8 days after 

polishing (P1), and after artificial aging in water at 60 ºC for 24 hours (P2) with a 

CIELab-based colorimeter; flexural strength (σ) (n=10) with a 3-point bend test; 

Knoop hardness (H) (n=8); and surface roughness (Ra) (n=7) with a profilometer. All 

specimens were polished 24 hours after polymerization, except for the additional 

group for surface roughness (BA) without polishing (BANP). Statistical analysis was 

performed by using 2-way repeated measures ANOVA followed by the Fischer test 

for ∆E and 1-way ANOVA followed by the Fisher test for microhardness and surface 

roughness(α=.05). 

Results. The Z350 showed the highest values for σ and H, followed by PR and BA 

(P<.05). Considering roughness, the Z350 showed similar values to those of BA, but 

lower than PR; PR showed similar roughness when compared with BA. PR showed 

the highest color variation among the groups at all timepoints, followed by BA. The 

Z350 was the most color stable material at all timepoints.  
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Conclusions. The 3D-printed composite resin had adequate mechanical and surface 

properties for an interim restorative material. It has the potential to be a low-cost 

workflow in dentistry, although its color stability could be a concern for long-term use. 

 

 INTRODUCTION  

Incorporating innovative technology has accelerated the adoption of a digital 

workflow in many dental practices, and computer-based methods of fabricating 

dental restorations are a growing field in dentistry.1-4 The advantages of digital 

technologies include the capability to improve restorative treatment steps, including 

diagnostic casts, diagnostic waxing, preparation guides, trial restorations, and interim 

restorations, as well as the digital treatment plan, diagnosis, and fabrication of the 

restoration, resulting in a more efficient dental practice.5-8  

Currently, most computer-based manufacturing processes are based on 

subtractive manufacturing or milling. 3D printing was first developed in the 1980s, but 

with advances in computer-aided design (CAD) technology, these expensive and 

technologically limited 3D printers have improved. Currently, 3D printers are 

affordable, user-friendly, reliable, and capable of producing complex shapes. Most 

3D printers are based on stereolithography (SLA) or digital light processing (DLP). In 

SLA, voxels of monomers are polymerized by a laser light track directed by a 

Galvano mirror scanner to build 3D structures.9,10 In DLP, a digital projector screen 

flashes light through the entire layer to build the 3D structures. Compared with 

milling, 3D printed appliances and restorations can improve patient acceptance, 

provide adequate marginal and internal fit, and reduce costs (1 liter of resin can print 

an average of 300 single crowns).11-13 Nevertheless, information on the properties 

and clinical behavior of printed materials is still lacking.8,14 



28  Articles 

 

Interim restorations are fundamental to achieving predictable successful 

definitive restorations. They maintain soft tissue health, protect the pulpal tissue, 

achieve an adequate emergence profile, stabilize the 3D position of the prepared 

tooth, enhance the acceptance of the treatment plan and patient comfort, and 

promote better communication among clinicians, patients, and laboratory 

technicians.15-20 

The most popular materials for interim restorations are polymethyl 

methacrylate (PMMA) and bis-acrylic resins. These materials are adequate and cost-

effective for clinical use but have limitations (especially PMMA) as they cannot be 

directly integrated into a digital workflow and rely on free-hand fabrication.10,15,21-32 

Despite recent research on the use of 3D-printed materials in dentistry,3,4,10,12,14,15,21-

34 information related to their optical and surface properties, including their 

compatibility with the oral environment, surface roughness, and esthetics, is scarce. 

Therefore, the purpose of this in vitro study was to compare the physical and 

surface properties of resins for 3D printing with those of resins for interim 

restorations. The null hypothesis tested were that no difference would be found in 

color stability, flexural strength, hardness, or roughness among the tested resin-

based materials. 

 

MATERIAL AND METHODS 

This in vitro study involved 1 factor (resins) at 3 levels: an interim material based in 

bisacryl resin (BA; Protemp 4; 3M ESPE); a microfilled 3D-printable resin for 

stereolithography (SLA) printing (PR; NextDent C&B MFH; 3D Systems), and a 

conventional composite resin (Z350; Filtek Z350XT; 3M ESPE) with response 
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variables of color stability (∆E), hardness (H), surface roughness (Ra), and flexural 

strength (σ). Product specifications are shown in Table 1.  

For the degree of color change (∆E), Knoop microhardness (H), and surface 

roughness (Ra) tests, disk-shaped specimens were prepared using 2-part Teflon 

molds (10 mm diameter; 2 mm height), with 2 glass slides on the top and bottom. For 

the light-polymerizing materials, a wide spectrum polywave (395 to 480 nm) light-

emitting diode (LED) light-polymerizing unit (Valo Grand; Ultradent Products, Inc) 

with 1000 mW/cm2 was used for 40 seconds for each specimen. The irradiance from 

the polymerization light was checked with a radiometer (RD-7; Ecel Indústria e 

Comércio Ltda) before starting each group. The specimens were completely covered 

by the polymerization light tip (ø10 mm). For the BA resin, specimens were allowed 

to polymerize for 5 minutes before being removed from the matrix. The specimens 

were embedded in epoxy resin and polished with decreasing grit abrasive papers 

(600-, 1200-, and 2400-grit) (Buehler Ltd), followed by a polishing cloth with 0.5-µm 

diamond paste (Buehler Ltd) either immediately (∆E) or 24 hours (H and Ra) after 

specimen preparation. Materials of similar color and opacity were chosen to 

standardize the conditions for all groups. To standardize specimen preparation, 

polishing procedures were performed by a single operator (K.C.S.) using an 

automated device. 

For the ∆E test (n=7) the color change was assessed at different time points 

by using a CIELab-based colorimeter (Vita Easyshade V; Vita Zahnfabrik). Before 

measurements, the spectrophotometer was calibrated according to the 

manufacturer’s instructions. An initial measurement (P0) was performed 24 hours 

after polishing; a second measurement (P1) 8 days after the polishing procedures (7 

days after P0); and a third measurement after artificial aging (P2) consisting of 24 
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hours water storage at 60 °C.16,34 Between P0 and P1, all specimens were dry stored 

at 37 °C in the absence of light. Three consecutive measurements were made in the 

center of each specimen until uniformity of values was observed.18,19,21 

The ∆E was calculated based on the following equation: ∆E=√(∆L*)2+ 

(∆a*)+(∆b*)2 , where ∆L*, ∆a*, and ∆b* correspond to the color differences observed 

between the baseline (P0) and after the storage period (P1 and P2). 

For the H test (n=8), 3 indentations separated by 100 µm (Knoop diamond, 

0.49 N, 15 seconds) were made at the center of each specimen with a digital 

microhardness tester (HMV–2000; Shimadzu). The built-in software program 

calculated the Knoop hardness (KHN) values based on the dimensions of the longest 

diagonal by using the following formula: KHN=  , where c is the load in gram 

force, and d is the length of the longer diagonal in µm. 

For Ra (n=7), including an additional group using BA without surface polishing 

(BA-WP), surface roughness was assessed with a roughness tester (Hommel-Etamic 

W10; PCE GmbH) following ISO 4287 guidelines35 with a 0.80 mm cutoff, 0.0001 µm 

resolution (8 µm range), 0.5 mm/second speed, and total length of 4 mm. The 

average of the 3 measurements of the x- and y-axes was calculated and adopted as 

a result for each specimen.  

 For the flexural strength (σ), 10 bars with standard dimensions (10×2×2 mm) 

were fabricated for each material, stored at room temperature for 24 hours, and 

tested by using a 3-point bend test attached to a universal test machine (Instron 

3342; Instron) with a cross-head speed of 0.5 mm/minute. A central load was applied 

between supporting rods (8-mm span length).  
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The mean σ values and the standard deviations were calculated for each of 

the materials using the following equation: σ=  , where F is the loading force at 

the fracture point, l is the length of the support span (8 mm), b is the width (2 mm), 

and d is the thickness (2 mm).  

The data were statistically analyzed using a statistical software program 

(Minitab 18; Minitab LLC). Normal distribution was checked for all variables using the 

Kolmogorov-Smirnov test. The σ, H, and Ra were analyzed by using 1-way ANOVA 

followed by the Fischer test, and ∆E was analyzed using 2-way repeated 

measurements ANOVA followed by the Fischer test (α=.05, for all tests).  

 

RESULTS 

The results for ∆E are shown in Table 2 and Figure 1. After 8 days in dry storage (7 

days from P0 measurement), Z350 (positive control group) showed lower ∆E(P1-P0) 

(1.19 ±0.26) than the PR (3.81 ±0.35) (P<.001) and BA (2.28 ±0.71)(P<.001) groups, 

which also showed significant differences among them (P<.001). Considering ∆E 

after artificial aging or ∆E(P2-P0), the behavior was similar, with Z350 showing the 

lowest ∆E values (1.82 ±0.73), followed by BA (2.88 ±0.71) (P<.001). PR group 

showed the highest ∆E values (9.32 ±0.63) when compared with Z350 (P<.001) and 

BA (P<.001).  

The σ and H means results are shown in Table 3. For both variables (σ and 

H), the Z350 showed the highest values followed by PR. BA showed the lowest 

values for both σ and H. The results for roughness analysis are shown in Table 4 and 

Figure 2. BA without polishing had the highest roughness values among all tested 

composite resins. No significant differences were observed between the BA and 
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Z350 groups (P>.05). The PR showed similar results when compared with BA but 

higher values when compared with Z350. 

 

DISCUSSION 

The potential increase in productivity and predictability, including the use of 

planning tools and 3D-printed interim restorations, has promoted the adoption of 

digital technology.8 Nonetheless, the authors are unaware of studies on the surface 

properties, mechanical properties, and color stability of microfilled resins for 3D 

printing. 

Based on data from the present study, all null hypotheses were rejected. The 

difference among the groups indicated a material-dependent effect. In general, the 

3D-printed resin was less color stable after aging than the other tested materials. The 

color stability of resin-based materials is influenced by factors including the degree of 

conversion, polarity of monomers, amount of cross-linking, initiator system, particle 

size and distribution, water sorption, monomer conversion, and pigment 

stability.18,19,23,24 

Aging may cause matrix softening, degradation, and increased staining in 

resin-based materials.25 The PR and BA groups had greater mean color change than 

Z350 up to 8 days in dry storage or ∆E(P1-P0). Such results indicate that Z350XT was 

almost completely polymerized after 24 hours, while PR and BA continued to 

polymerize for at least 8 days. After artificial aging (∆E(P2-P0)), similar results were 

observed (PR>BA>Z350), with PR (∆E values being clinically meaningful for both 

timepoints since they were higher than the clinical threshold of ∆E 3.3.18,19,23 The 

greater color change presented by PR and BA when compared with Z350 might have 
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occurred because of the lower filler content and higher organic matrix, which are also 

less hydrophobic than the resin matrix in conventional composite resins.3,31  

The significant change in ∆E for BA can also be attributed to the presence of a 

higher number of polar molecules, resulting in greater affinity to water.15 A systematic 

review reported that errors during preparation of bis-acrylic resins are common, 

resulting in poor homogenization, porosity, and compromised color stability, which 

might also help explain such results.15 The PR resin showed the highest color 

alteration for both timepoints, which might be related to a lower initial degree of 

conversion since the authors did not perform the 1-hour postpolymerization using the 

recommended UV light box. This approach was adopted since postpolymerizing 

printed resins for such a long time is not compatible with a chairside workflow. In 

order to approach a more feasible clinical protocol, a wide spectrum polywave light 

polymerization unit (Valo Grand – 395-480 nm) was used to light polymerize the 3D-

printed composite resins since it better approaches the UV light box reported 

wavelength (300-550 nm). Nonetheless, data for degree of conversion, polymer 

cross-linking density, and filler content is still uncertain, and further studies are 

needed.  

The results of the present study suggest that the chemical composition of the 

interim material affects its mechanical properties, as previously reported.14 The 3D-

printed resin (PR) showed higher mechanical properties (hardness and flexural 

strength) when compared with the bis-acrylic resin (BA). The results for the bis-

acrylic resin were similar to those reported in other studies,29-32 although a recent 

study reported similar flexural resistance of bis-acrylic and an unfilled 3D printed 

resin.3 Z350XT showed the highest values for mechanical testing, which might be 

explained by a higher amount of filler content and increased polymerization.17 
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Smooth interim restorations are essential to avoid biofilm accumulation and to 

maintain healthy periodontal tissues. The conventional nanofilled composite resin 

(Z350XT) had the smoothest surfaces, with significant difference when compared 

with PR and BA-WP, although similar to BA; PR was also similar to BA. Nonpolished 

bis-acrylic resin (BA-WP) showed the roughest surfaces. The manufacturers’ 

instructions for the bis-acrylic resin do not indicate polishing procedures since it could 

weaken thin structures such as cervical areas. The present data support the fact that 

large size particles result in surface irregularities and increased staining.26 In addition, 

larger filler particle content has been associated with increased roughness, 

consistent with the present study.27,28  

3D-printed resins could be a promising material for clinical applications in 

which bis-acrylic resins have been used. Although the high ∆E could be of concern in 

an esthetic area, the surface roughness and mechanical properties can be 

considered more important in ensuring the maintenance of health and the position of 

the prepared tooth, especially when considering short-term interim restorations. 

Moreover, the use of the recommended light polymerization protocol could improve 

the color stability and should be studied. Such restorations might be used for a 

limited time, explaining why there is no need to use a regular composite resin as an 

interim restoration. Their superior physicomechanical properties are not usually 

justified by the additional costs and more time-consuming fabrication nor by their 

more complex clinical handling as a result of a higher elastic modulus. 
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CONCLUSIONS 

Based on the findings of this in vitro study, the following conclusions were drawn: 

1. 3D-printed resin presented better mechanical and surface properties when 

compared with bis-acrylic resin, supporting its use for interim restorations. 

2. However, its limited color stability is of concern for use in esthetic areas or 

when the interim restorations are to be used for an extended time. 
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TABLES 
 
Table 1. Products, manufacturers, and composition of materials tested 
Resins Brand/ 

Manufacturer 
Shade Lot No.  Composition  

3D printable 
composite  

Crown & Bridge 
- MFH (Next 
Dent) 

A2 XK55N91 Methacrylic oligomers, 
Phosphine oxides, 
microfillers 

Nanoparticle 
composite 

Filtek Z350XT 
(3M ESPE) 

A2 911689 Bis-GMA, Bis-EMA, UDMA, 
TEGDMA, Zirconia and 
silica fillers. Silane and 
pigments. Loading 
percentage by weight: 82% 
(5-20 nm non-agglomerated 
silica and 5-20 nm 
zirconium/ silica 
nanoagglomerate. 0.6-
1.4µm agglomerated 
particles). 

Bis-Acrylic 
Interim 
Composite 
Resin 

ProTemp Plus 
(3M ESPE) 

A2 3712273 Functionalized 
Dimethacrylate polymer; 
Bis-GMA, Zirconia and 
Silica fillers, Silane and 
pigments. Loading 
percentage by weight: 78% 
 

Bis-GMA, bisphenol-A-diglycidyl methacrylate; Bis-EMA, bisphenol A ethoxylate 
dimethacrylate; TEGDMA, triethyleneglycol dimethacrylate; UDMA, urethane 
dimethacrylate. 
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Table 2. Mean ±standard deviation of ∆E (n=7) for tested resins 

Resins ∆E (P0-P1) 
 

∆E (P2-P0) 

Z350 1.19  ±0.26Aa 
 

1.82  ±0.73Aa 

BA 2.28  ±0.33Ba 
 

2.88  ±0.71Ba 

PR 3.81  ±0.35Ca 
 

9.32  ±0.63Cb 
Different uppercase letters indicate statistically significant differences between rows 
(inter-group) within same column (timepoint) (P<.05) 
Different lowercase letters indicate statistically significant differences between 
columns (intra-group) within same row (P<.05) 
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Table 3. Mean ±standard deviation values of flexural strength (n=10) and hardness 
(n=8) for tested resins 

Composite resins Flexural strength Hardness 

Z350 105.10  ±9.80A 61.70  ±5.70A 

BA 27.90  ±6.10C 22.10  ±3.10C 

PR 67.15  ±11.70B 35.00  ±2.50B 
Different uppercase letters indicate statistically significant differences between rows 
within same column (P<.05) 
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Table 4. Mean ±standard deviation values of surface roughness (n=7) for tested 
resins 

Resins Surface Roughness (Ra) 

BA-WP 0.37  ±0.10A 
 

PR 0.16  ±0.02B 

BA 0.15  ±0.03BC 
 

Z350 0.07  ±0.01C 
Different uppercase letters indicate statistically significant differences between 
groups (P<.05) 
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FIGURES 

Figure 1. Color difference comparison for tested resins. 

 

 

Figure 2. Surface roughness of tested resins. 
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ABSTRACT 

Objectives. In this study hybrid nanofibers embedded with niobium pentoxide, 

bioactive glass and nanosilver were synthesized, incorporated in a 3D printed resin, 

and their influence on mechanical, optical and surface properties was evaluated.  

Methods. PDLLA and PLA-PEG nanofibers with niobium, bioactive glass or 

nanosilver were formulated and spun into submicron fibers by solution blow spinning 

and air brushing technique. Three formulations of nanofiber (PDLLA/Nb2O5, 

PDLLA/Nb2O5/SiO and PLA-PEG/SiO/Ag) were combined with a 3D-printable resin 

for interim restoration (Next Dent C&B) in five mass fractions: 0.3wt%, 0.5wt%, 1wt%, 

2.5wt%, 5wt%. Mechanical, optical and surface properties were assessed in flexure 

by 3-point bending (σ), Knoop hardness (H), roughness (Ra), scanning electron 

microscopy (SEM) and color stability after aging (∆E).  

Results. There were significant differences among formulations and 

concentrations for ∆E, σ, H and Ra (P<0.05). PDLLA/Nb2O5 2.5 wt.%, provided the 

highest mechanical, surface and optical properties among all materials tested. Ra 

and H was affected for all groups, except for PDLLA/Nb2O5/SiO and lower 

concentration (0.3wt% and 0.5wt) of PLA-PEG/SiO/Ag. 

Significance. Hybrid reinforcement nanofibers are promising as filler for dental 

materials on 3D printing field. The resin with PDLLA/Nb2O5 nanofibers presented 

superior performance than the control group for all concentrations tested.  

 

Keywords: Niobium pentoxide; 3D printing; Nanofibers; Nanosilver; 
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INTRODUCTION 

 The emerging incorporation of technology has given a digital workflow 

approach in dentistry. It is evidenced by a predicted increase in the marked size by 

2020 to around $5 billion dollars [1]. However, the challenge for the dental materials 

research community is to link the technology with materials that are suitable for use 

in dentistry. This can potentially take dental materials research in a totally different 

direction [2,3]. 

Recent researches highlight the advantages of rapid and automated 

prototyping of dental restorations and crowns using a precise computer-aided design 

(CAD) software and additive manufacturing (3D printing) [4,5,6]. The most widely 

used method in dentistry is stereolithography (SLA) and the related digital light 

processing (DLP) technique. Overall, both methods produce less material waste than 

subtractive manufacturing (CAD-CAM), can reproduce complex geometries, material 

gradients can theoretically be generated, and have been reported as energy efficient 

method with relatively low-cost due to passivity of the build process. In this way, 

Dentistry is widely acknowledged as one of the fields that can greatly benefit from 

these 3D printing technologies to obtain clinical and restorative tools such as surgical 

guides, diagnostic models, occlusal splints, provisional restorations and prosthesis. 

However, to date there are no commercial resins whose properties allow their 

indication to permanent restorations [7,8].  

In addition, questions pertaining to parameters defining the properties of 3D 

printed restorative dental materials is unknow and it seems like there is still strikingly 

inferiority compared to subtractive manufacturing [2,9,10,11]. Therefore, 

development of strategies to improve 3D printed materials properties would be highly 

favorable [7,12,13].  

Resin-based materials have a dentin-like Young modulus (12.8 GPa), allows 

minimally invasive restorative approaches and has been demonstrated some 

advantages to ceramics (95 – 210GPa) manly if we consider the equal distribution of 

masticatory load. Therefore, strong efforts have been made to improve resin-based 

dental materials with submicron and nanostructures aiming to achieve enhanced 

long-term clinical performance [14,15,16].  



48  Articles 

 

In the field of composite resins, adhesives and resin cements, recent studies 

have been showed promising results on physical-mechanical properties and 

biological behavior when reinforced by silica, hydroxyapatite, titanium dioxide and 

silver [17, 18,19, 20]. The incorporation of nanofibers has been highlighted due to its 

remarkable physicochemical properties, mainly due to the effects of fiber bridging 

and pullout, which were able to transfer load more efficiently than particular fillers. 

Nanofibers are considerably more ductile than inorganic fillers and their extreme 

reduced diameter result in significant increase in strength [21, 22, 23]. Besides that, 

can provide a large ratio of surface area to volume, which can enhance the 

intermolecular hydrogen bonding between the nanofibrous filler and the resin matrix, 

providing good load transfer between them [24,25]. Also, in some other reports, filler 

was thought able to reduce polymerization shrinkage benefiting from the overlapping 

of fibers, and to improve wear resistance [24]. 

The method to synthetize nanofiber determines their configuration which 

includes: 3D-scaffolds, foams, fibermats and cotton wool-like. Once inorganic-organic 

nanofibers can act as a platform for therapeutic ion release, their use in dental 

materials could be explored to promote a tissue response or strategic environmental 

changes [25,26]. Currently, the reinforcement of biomaterials with niobium pentoxide 

(Nb2O5) has been highlighted due to its remarkable physicochemical properties and 

high biocompatibility [27]. It is considered a metal oxide, which presents bioactivity 

and promoter the growth of hydroxyapatite crystals when in contact with saliva. It 

also presents high mechanical stability, insoluble in water and similar optical 

properties to the dental structure [19,28]. Nanofibers of Nb2O5 present chemical and 

mechanical properties highly advantageous, such as mechanical strength, similar 

optical properties to dental structure, high light conductivity, presents photocatalytic 

properties and, therefore, high energy absorption. However, its application in 

Dentistry is still scarce [29,30].  

A range of bioactive ions can be explored as a dopant in nanofibers intended 

to reinforce resin-based materials. The use of bioactive glass (BAG) has been 

considerate an important strategy in modern regenerative dentistry due to stimulate 

tissue mineralization [31,32,33,34]. Bioactive glass presents high bioactivity index (IB 

= 12.5) and when embedded in nanofibers could promote deposition of 
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hydroxyapatite, enamel and dentin remineralization, act as antimicrobial agent as 

well as reduce MMP activity when BAG particles was incorporated into resin 

composites [35,36,37,38]. 

On the other hand, when nanofibers are doped with nanosilver plays an 

important role in mechanical properties besides presenting a stronger antibacterial 

effect against both gram-positive and gram-negative bacteria and may also improve 

the biological properties of the material [39,40]. Antibacterial activity of materials to 

provisional or permanent restorations was helpful in controlling secondary caries 

adjacent to the filling, which was reported the main cause for numerous restoration 

failures [40]. 

In order to boost the development of materials applicable to 3D printing with 

improved mechanical and bioactive properties, the purpose of this study was to 

synthesize three novel functional nanofibers of (1) PDLLA embedded with 

orthorhombic niobium pentoxide (PDLLA/Nb2O5); (2) PDLLA embedded with 

orthorhombic niobium pentoxide with network on bioactive glass 

(PDLLA/Nb2O5/SiO2); and (3) nanofibers doped with bioactive nanosilver glass (PLA-

PEG/SiO2/Ag3). Then, we evaluated the effects of their incorporation on the overall 

mechanical and surface properties, and color stability after aging of a dental 3D 

printable composite for fast prototyping. The null hypothesis was the incorporation of 

hybrid nanofibers would not influence the Knoop microhardness, flexural strength, 

color stability and smoothness of a 3D printed resin. 

MATERIALS AND METHODS 

2.1. Study Design 

This study presents three variation factors: (1) Resin (one level – Next DentTM 

C&B), (2) nanofibers (three levels: nanofibers of PDLLA embedded with 

orthorhombic niobium pentoxide; PDLLA embedded with orthorhombic niobium 

pentoxide with network on bioactive glass; and nanofibers of PLA-PEG doped with 

bioactive nano-silver glass, and (3) the mass fraction of each formulation (six levels – 

0 wt.%; 0,1wt.%; 0,5wt.%; 1wt.%; 2,5wt.% e 5wt.%).  
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The response variables were: color stability (∆E), flexural strength (σ), 

hardness (H), scanning electron microscopy (SEM) and surface roughness (Ra).  

 

2.2 Materials 

A commercial 3D printable resin (Crown & Bridge – MFH Next Dent, shade 

A2) composed of methacrylic oligomers, phosphine oxides and microfillers, was used 

in this study (Lot No XK55N91).  

The fibers of PDLLA/Nb2O5 and PDLLA/Nb2O5/SiO2 were produced by solution 

blow technique (Figure 1) according set-up described in previous studies (Zhou P, et 

al., 2017). To synthetize PDLLA based nanofibers, the parameters for spinning were: 

2 mm nozzle protrusion, a work distance of 20 cm at 40oC, 45 psi pressure, flow rate 

7.2 mL/h, internal (1.6mm) and external (3mm) nozzle diameter, and the hood 

remained with controlled temperature. Cotton-woll-like fiber with three-dimensional 

Poly (D,L-lactide, PDLLA) (Jamplas Inc., MO, USA – pellet form) were obtained by a 

rotation collector at ~19 m/s. Nanofibers were formulated and spun into submicron 

fiber via SBS.  Composite fibers were produced with precursor solutions of niobium-

filled PDLLA fibers.  

A silica precursor was used to produce the inorganic-organic hybrid sol-gel-

based fibers using formulations, in the stoichiometric ratio of 1:2:2:0.01 (TEOS, 

ethanol, H2O. AND 1 M HCl – Sigma-Aldrich, Germany), respectively in order to 

hydrolyze. Under constant stirring for 24 h at room temperature the solution was 

prepared and a second polymer solution with 20% in mass was prepared to contain 

initially 10 wt.% of niobium oxide powder (99% orthorhombic, Nb2O5 – Ogramac 

Metalização, São Paulo - Brasil) added in 10 mL of Dimethyl carbonate (DMC > 99%, 

Sigma-Aldrich, Germany) and sonification was performed for 3 h at 8 min intervals 

every hour.  

After, under stirring for 6h at 80oC, the mass of PDLLA (molecular weight of 

120kg/mol) was added to the initial solution. Next, 3.7 mL of the primer solution was 

slowing dripped onto 7.3 mL of the second solution (30 wt.% of silica) and constant 

stirring at room temperature per 3 h to result in the organic-inorganic hybrid solution.  
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To synthetize PLA bioactive nano-silver glass nanofibers (PLA-PEG/SiO3/Ag3), 

the sol-gel inorganic method was used. A solution containing TEOS, ETOH, 

deionized water in standard 1N HCl solution, in the proportions 1:3:3 (mol/L) were 

stirring during 6 hours, at room temperature, according to previous studies 

(Poologasundarampillai G, et al., 2011; Greenhalgh RD, et al., 2017). The hydrolyzes 

TEOS obtained and the reduce silver solution were mixed in the proportions 30:70, 

50:50 and 70:30 (w/v). The 50:50 solution was the one that shown visible 

homogeneity and there was no phase separation. The solution of the hydrolyzed 

TEOS + reduced silver was taken to the oven and kept at 600oC about 4 hours. This 

process was necessary to avoid organic residues or toxic reagents of the 

composition, also suggest that the silver ions may have fused the SiO3 particles and 

entered the interconnect silica network. Developing a product in the solid phase of 

bioactive nano-silver glass powder (BNSG).  

A polymeric blend solution of 15 wt.% containing poly lactic acid (PLA) and 

poly ethylene glycol (PEG) in 80:20 w/v (blend proportions) were solubilized in 

chloroform, constant stirring at a temperature of 55oC for ~2h. The polymeric blend 

solution (PLA-PEG) was added bioactive nano-silver glass powder up to solubility 

limit of 10% and kept under the same conditions for 1 hour. An ultrasonic equipment 

was used to disperse particles in blend polymer solution. The fibers were produced 

by air blowing, which uses a simple and low-cost equipment, a professional airbrush 

cup fixed, 0.3 mm, double action (Model BC 61 – 7cc Reservoir) to produce fibers 

layer-by-layer until creating the architecture of a no-woven fibermats. The parameters 

for spinning fibermats layer by layer were: 0.3 mm nozzle standard, a work distance 

of 40 cm at temperature of 18oC, 60 psi pressure. Subsequently, 2 ml of PLA-PEG + 

Bioactive glass solution was poured into the airbrush reservoir and rotated for 40 

minutes. The ultrafine nanofibers arranged in layers were successfully obtained 

according Figure 1.  

The nanofibers were measured with open source Image J software based on a 

minimum of 70 fibers per each sample according previous studies of our research 

team16. The image was obtained by Scanning Electron Microscopy (SEM) (CM 200, 

Phillps, Netherlands) with electrons acceleration of 200kV.  
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The samples were prepared by mixing the fibers into the composite. Different 

mass fractions (0.3, 0.5, 1, 2.5, 5 wt.%) of three formulations of nanofibers were 

weight with the value corresponding to the composite mass. These percentages were 

determined in previous pilot studies varying the fibers concentration in order to obtain 

a sufficient fluidity composite with improved mechanical properties. Fiber were 

manually added to the composite and mixed for 10s. All samples were light-activated 

with a third generation LED device (Valo, Ultradent) operating at 1000mW cm-2 for 20 

s at 1 mm distance. The irradiance was measured previously.  

For all tests, samples were prepared by dispensing materials in bi-part teflon 

molds (10mm diameter: 2mm height), covered with two glass slides on the top and 

bottom. For the light-curing materials, a third generation polywave LED-LCU (Valo 

Cordless, Ultradent) with 1000 mW/cm2 was used during 40s for each sample. The 

irradiance from the curing light was checked using a radiometer (RD-7, Ecel Indústria 

e Comércio Ltda) before starting each group. 

2.3 Color stability evaluation (∆E) 

 

Immediately after preparation of the specimens (n = 10), the color of all was 

recorded with a spectrophotometer (Easyshade Vita spectrophotometer, Vita-

Zanhnfabrik). First, the spectrophotometer was calibrated according to manufactures 

instructions. The color change was assessed at different time points using a 

CIEL*a*b*-based colorimeter.  The same examiner evaluated the color of all 

specimens and three consecutive color measurements were made for each 

specimen in the same area (center of the specimen), until uniformity of the values 

was observed.  

The first measurements were considered the baseline in the evaluation of the 

color change caused by post-irradiation conversion. The color change caused post-

irradiation period was evaluated after 24 hours and 8 days. After 8-day dry storage, 

the specimens were submitted to artificial aging, and the color stability was 

evaluated. All color readings were conducted after positioning specimens over a 

standard white background. 

After the baseline color measurement, the specimens were dry-stored at 37oC 

for 24h water storage in dark canisters, ensuring that the environment was fully 



Articles  53 

 

protected from light,22. The color parameters were measured, and the specimens 

were stored in the same canisters for 7 more days and measurements were 

performed again. This 8-day color measurement was considered the baseline color in 

the second phase of the study, in which the color stability after artificial aging was 

evaluated. For the artificial aging, the specimens were immersed in deionized water 

and stored at 60oC for 48h. The specimens were blot-dried and color parameters 

were measure again. 

The ∆E was calculated based on the following equation: ∆E = √(∆L*)2+ 

(∆a*)+(∆b*)2 where ∆L*, ∆a*, and ∆b* correspond to the color differences observed 

between the baseline and after the storage period, considering the respective 

coordinates.  

Three color variations were obtained: ∆E obtained after 24h of storage in dry 

dark canisters (∆E24h); ∆E after 8 days of storage in dry dark canisters (∆E8days), and 

∆E after artificial aging (∆Eaging). The ∆E24h, ∆E8days and ∆Eaging the L*, the a* and b* 

values obtained immediately after the light activation of the specimens were used to 

calculated the ∆L*,  ∆a*, and ∆b* respectively. ∆E values equal of higher that 3.3 unit 

were considered clinically significant and highly noticeable.  

 

2.4 Flexural strength (σ) 

The flexural strength (σ) values were determined using a 3-point bending test 

attached to a Universal Test Machine (Instron 3342, Ilinois Tool Works) with cross-

head speed of 0.5 mm min-1. A central load was applied between supporting rods (6-

mm span length). The mean σ values and the standard deviations were calculated 

for each of the materials using the following equation: σ =  , where F is the 

loading force at the fracture point, l is the length of the support span (6 mm), b is the 

width (2mm), and d is the thickness (2 mm).  

Ten bars with standard dimensions (8 mm × 2 mm × 2 mm) were fabricated for 

each material/group and stored at room temperature for 24 hours. The length, width 

and thickness of all bars were measured following ISO 4049 with adaptations in 

sample’s length in order to standardize the light curing protocol, avoiding 

overexposure or uncured resin areas.  
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2.5 Knoop Microhardness (H) 

Twenty-four hours after preparation, 90 disk-shaped specimens (n = 6 / per 

group) were polished using decreasing grit size abrasive papers (600, 1200, 2400 

grit, Buehler Ltd). A 0.5 µm diamond paste (Buehler Ltd) was used with a polishing 

cloth to obtain flat and smooth surfaces. Three indentations were made at the center 

of each specimen separated by 100µm (Knoop diamond, 50g, 15s), using a digital 

microhardness tester (HMV–2000, Shimadzu), (Micromet II, Buehler). The built-in 

software calculated the KHN values based on the dimensions of longest diagonal 

and on the following formula:  KHN =   , where c is the load in grams and d is 

the length of the longer diagonal in µm. 

 

2.6 Surface roughness (Ra) 

Surface roughness was assessed following ISO 4287 guidelines with 0.80-mm 

cutoff, 0.0001-µm resolution (8-µm range), 0.5 mm/s speed, and total length of 4mm, 

using a roughness tester (Hommel-Etamic W10 GmbH Nr 3947). The average of 

three measurements of the x- and y-axes was calculated and adopted as result for 

each specimen.  

 

2.7 Scanning electron microscopy (SEM) 

 Fractured samples of flexure strength test were mounted on stubs and 

analyzed by variable pressure SEM (Aspex Express; FEI Europe, Eindhoven, 

Holland) at voltage of 15-20 kV and at 1.000 and 3.500 X magnification. Images were 

captured, recorded, and analyzed. The SEM images were evaluated as a qualitative 

analysis. 

 

2.8 Statistical Analysis 

Normal distribution and equality of variance were checked for all the variables 

using Shapiro-Wilk test, results for microhardness, roughness and flexural strength 

were assessed using one-way ANOVA followed by Tukey test. For color stability, 

data were analyzed using 2-way repeated measurements ANOVA followed by Tukey 

test. All statistical analysis was performed adopting 5% significance level.  
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RESULTS  

Overall, the incorporation of nanofibers into 3D printed resin resulted in 

significant changes in H, σ, ∆E and Ra. The results for H, σ and Ra analysis were 

showed in Table 1. The resin without reinforcement of nanofiber (control group) 

displayed average flexural strength and hardness as 70.8 MPa and 36.22 KHN, 

respectively. The main effects plot for H, σ (material and wt.%) could be observed in 

figure 2. 

All the resins with the addition of PDLLA/Nb2O5 nanofibers achieved higher H 

values than the neat resin (control) (P>.05). When the mass fraction of 

PDLLA/Nb2O5 nanofibers increased to 5 wt.%, the hardness property of the 

composite improved significantly (P>.05).  There were no difference to PLA-

PEG/SiO2/Ag wt.1%, PLA-PEG/SiO2/Ag wt.2.5% and PLA-PEG/SiO2/Ag wt.5% 

compared to control, although higher values were obtained by mass fraction of 

PDLLA/Nb2O5 1wt.%, 2.5wt.% and 5wt.%, compared to all formulations (P>.05). On 

the contrary, the additional of all formulations of PDLLA/Nb2O5/SiO2(0.3-5wt.%) and, 

PLA-PEG/SiO2/Ag 0.3 and 0.5wt.%, did not differ from the control group without 

nanofiber (P>.05). 

Higher values were observed by mass fraction of PDLLA/Nb2O5 1wt.% and 

5wt.% compared to all formulations (P>.05) although without significant differences to 

PDLLA/Nb2O5 2.5wt% (figure 2).  

The results of roughness analysis showed there is no differences between 

control and all formulations tested of PDLLA/Nb2O5/SiO2 (P>.05). There is no 

difference between control and mass fraction of PLA-PEG/SiO2/Ag 0.3wt.%, 0.5wt.% 

and 1wt.% (P>.05). In contrast, the mass fraction of PLA-PEG/SiO2/Ag 5wt.% 

presented the higher value of Ra significantly different of control group (P>.05) (figure 

3).  

While the roughness began to descend when the mass fraction of 

PDLLA/Nb2O5 nanofibers were 2.5%. The lowest value of roughness was observed 

to mass fraction of PDLLA/Nb2O5 wt. 2.5% presenting differences between control 

group and all formulation of PDLLA/Nb2O5/SiO2 and PLA-PEG/SiO2/Ag (P>.05).  
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For the color change occurring after the post-irradiation storage, all ∆E values 

were higher than 3.3 units and therefore were considered clinically significant and 

highly visible. Figure 4 show the influence of formulations over ∆E values for different 

concentrations tested. At both evaluation periods (24h versus baseline and 24 h 

ageing versus baseline) the lowest ∆E was observed to PDLLA/NB2O5 wt. 2.5%. 

Although, at 8 days versus baseline, the lowest ∆E was observed to PLA-

PEG/SiO2/Ag wt. 1%, differing to the control group (P>.05).  

In overall perspective, the incorporation of PDLLA/Nb2O5 provided the highest 

mechanical, optical properties tested among all mass fraction (wt.) tested, principally 

to mass fraction of 2.5% with reduction of roughness.  

In the figure 5, the fractured surfaces of 3D-printed resin were displayed by 

SEM observation. In overall, until the range of wt. 5%, PDLLA nanofibers were seen 

disperses evenly throughout the resin matrix with no hint of aggregation. The 

presence of PDDLA and PLA on surface layer promotes an excellent interfacial 

adhesion between the nanofibers and the resin matrix. However, bundles of 

nanofibers could be detected as the addition mass fraction (2.5 wt.%) of PLA-PEG 

nanofibers as showed in Figure 5. The occurring of aggregation at high mass 

fractions of PLA-PEG/SiO2/Ag nanofibers was responsible for the decreasing surface 

property of the corresponding 3D-printed resin. To reinforced fractured samples, it is 

possible to observe that even around the nanofibers is broken, while nanofiber still 

links two layers they are inserted.  

DISCUSSION:  

 Inorganic-organic nanofibers had been reported as promising fillers for 

composites with dental applications to improve their performance including 

mechanical properties, polymerization shrinkage, and wear resistance [14,16,41,42]. 

Indeed, there is no finding in the literature that report the reinforcement of 3D-printed 

resins with nanostructures/nanofibers so far. Thus, this is the first exploratory study to 

understand the series of events relating to incorporation of nanofibers into 3D-printed 

resin with innovative nanotechnological potential. According the results of this study, 

the null hypothesis tested were rejected.  
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One of the procedures that can benefit the most from the recent developments 

in 3D printing technologies is the fabrication of interim restorations. It increases 

productivity in the clinic and allows for a more practical way (as little as 15 min) of 

making interim restorations in the same patient visit of tooth prepare and scan [4,5]. 

On the other hand, some recent studies have been reported a concern about color 

stability and smoothness of modern provisional materials (bisacryl resin and 3D-

printable resin) used in esthetic restorative procedures. Even if temporarily, a step of 

this kind of treatment compromising the esthetics it is considered unacceptable to the 

patient [4,11,]. In general, in degradation process of dental resins, the absorption of 

aqueous solvents is accompanied by a loss of non-reacted components, erosion of 

the filler-matrix interface, and plasticization with a reduction in hardness, stiffness, 

wear resistance, and flexural strength, which may compromise the clinical results of 

resin materials [43]. 

From this perspective, according to the results of this study, the addition of 

PDLLA/Nb2O5 nanofibers at wt. 2.5% and wt. 5% can represent an innovative and 

promising strategy, owing to the fact that showed improvement of all properties 

tested. Improvements in mechanical properties shown by present results could be 

explained by physicochemical properties of Nb2O5, such as high wear, corrosion 

resistance, photocatalytic properties, which improves the light absorption region of 

the light spectrum and together make it a stable material. Velo et al., 2019, reported 

an improvement in the degree of conversion and also mechanical properties of a 

resin cement reinforced by PDLLA/Nb2O5. As Nb2O5 is a semiconductor oxide and 

presents high-energy absorption, a higher degree of conversion was expected in the 

samples with Nb2O5 and Nb2O5/SiO2 considering that it improves the extent of the 

reaction of monomer into polymer [14, 19, 28, 44].  

An increase of hardness is expected in the presence of anisotropic fibers 

considering the polymer network formed although the relationship between the 

degree of monomer conversion and hardness is not always straightforward. In the 

present study the changing of the hardness seems depends of the mass fraction (wt. 

%), the surface area and orientation of fibers [45,46].  

Contrarily, the authors believe that the reduction of Nb2O5 proportion to allow 

the addition of bioactive glass in PDLLA/Nb2O5/SiO2 nanofiber was enough to prevent 

higher improvements in material properties as observed in the PDLLA/Nb2O5 groups. 
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The filler increases the viscosity of the resin reducing the mobility of 

monomers, which tends to decrease mechanical properties at higher concentrations 

[47]. However, it  was not observed in this study. The worst behavior of high 

concentrations of PLA-PEG/SiO/Ag (2.5% and 5%) to roughness analysis can be 

associated as PLA-PEG has a simpler structure than PDLLA which has a semi-

crystalline structure, i.e., monomeric chains of organized interatomic spaces. It 

promotes a network of chains, considering high energy surface of nanofillers 

reducing their aggregation and improving also mechanical and physical properties as 

observed [48]. Besides that, silver nanoparticles tend to localize on the outermost 

layers of the fiber changing its surface and making it rougher. In the higher mass 

fraction, it can be expressive and contribute to the formation of nanofiber-

agglomerations. 

The lower flexural strength of PLA-PEG/SiO/Ag and PDLLA/Nb2O5 comparing 

to PDLLA/Nb2O5 can be attributed to the presence of silver and silica compounds, 

which modifies the polymerization behavior, due to the refractive index difference 

which can influence the reflection and refraction effects that lead to turbidity or 

opacity [49]. Although the incorporation of all nanofibers tested differ of the control 

group.  

The authors attribute flexural strength improvement due to using fiber instead 

of fillers as reinforcement in composites allows better load transferability since the 

fiber produces the bridging effects and can promote higher fracture aspect ratios. A 

nanofibrous mat interleaved between two layers of a laminate can bridge the two 

plies even when the matrix is broken, carrying on additional loads [50]. In flexural 

strength testing, flexural forces are generated to simulate clinical situations where 

materials need to withstand flexing, especially in the posterior region. Although not 

confirmed clinically, high flexural strength is desired for these materials that might 

experience cracking under occlusal stress [51].  

The fractured surfaces after flexural strength test showed the nanofibers inside 

resin matrix and seems were rough. According to Tian et al., 2007,  a rough surface 

suggests the presence of nanofibers effectively deflected crack propagation [25]. The 

rougher surface fracture suggests energy consumption during fracture, and 

consequently, enhanced fracture resistance. Indeed, were observed that even 

though the sample had been fractured, the nanofibers remained intact as observed in 
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Fig 5, a fact also responsible for minimizing the dispersion of tension and increasing 

the strength of the material. Even when the matrix around the nanofibers is broken, 

the nanofibers still link the two layers between which they are inserted. It happens 

due to nanofibers provide good load transfer between them. It does not occur in the 

sample of the control group ensuring that the load is transferred to the stronger fiber 

and this is how the fiber actually works as a reinforcement [44, 47, 48].  

Nonetheless, smooth interim restorations are essential to avoid biofilm 

accumulation and maintain healthy periodontal tissues. Previous studies have shown 

the 3D-printed resin roughness similar to findings of this study. Scotti et al., 2020 

reported an improved behavior of 3D-printed surface properties than bisacryl resin 

[11]. In general, the incorporation of nanofiber into 3D-printed resin did not affect the 

roughness, an important finding considering the manufactures indication of interim 

restorations. The roughness did not reach unacceptable thresholds (0.3µm), which 

suggests that these differences in smoothness caused by nanofibers incorporation 

may not have clinical relevance and is according to the expected to provisional 

materials. A tendency was observed to roughness and color stability in the present 

study considering the concentration of each nanofiber formulation tested. Its finding 

corroborates Barakah and Taher (2014), that reported improvement in the color 

stability of resin composites to the smoothness surfaces [52].  

In contrast, Chen et al. (2014) found that the mechanical properties of dental 

composites could be improved with the incorporation of only a small mass fraction of 

hydroxyapatite nanofibers. However, it is important to emphasize that resin 

composition and nanofiber compounds tested differ from the present study [53].  

The diameter of the fibers plays an important role in the mechanical properties 

of composite resin materials. Nanofibers of lower diameter present an average failure 

strain stayed over 50%, due to this reason, they are considered more ductile [54, 55] 

PDLLA/Nb2O5/SiO and PLA-PEG/SiO2/Ag present higher diameters (300nm) than 

the PDLLA/NB2O5 (250nm)16. The higher diameter can make light penetration difficult 

since obstructs the passage of light, resulting in lower mechanical properties and 

higher ∆E compared to PDLLA/Nb2O5.  
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A tendency of color change was observed to the same group at different 

timepoint evaluations except to PLA-PEG/SiO/Ag which increased ∆E substantially at 

24 h aging versus baseline assessment. Although all groups present higher color 

change than were considered clinically significant and highly visible, it cannot be 

disregarded that some reinforced groups had ∆E values statistically lower than the 

control group. According to the results, we can speculate that PLA-PEG/SiO/Ag is 

more susceptible to hydrothermal degradation than the other groups. 

The polymer degradation promotes chemical and atomic 

structural/organization changes which can be simulated by artificial aging methods 

[56]. It is considered multifactorial and causes clinical problems such as 

discoloration, polish loss, opacity increase, loss of adhesion, as well as the 

appearance of fractures. The color alteration after aging is the one of methods to 

predict the hydrothermal degradation of resins which is mediated by sorption and 

solubility, phenomena that produce chemical changes with deleterious effects on the 

mechanical properties of polymeric materials [57].   

A volumetric expansion due to diffusion of solvents into the polymer network 

leads to a separation of polymeric chains and depends on the composition and 

microstructure of the materials [56, 57, 58]. Higher Young’s modulus and flexural 

strength of composite resins have been associated to a higher amount of inorganic 

filler. While a greater organic content has been commonly associated with increased 

hydrothermal degradation and greater polymerization shrinkage. In addition, defects 

and porosities may work as stress raisers, frequently associated with failure origin 

[50].  

From a procedural point of view, 3D printing resins have specific viscosity 

requirements which distinguish them from conventional composites. 3D printer 

manufacturers face certain challenges: After each exposure cycle, the build platform 

is raised to ensure that the resin can flow between the gap and the platform and vat. 

When the viscosity is increased by amount of fillers, gravity and surface tension will 

no longer be capable to produce a smooth surface, causing the object to be printed 

incompletely [5,8]. 

Therefore, a resin with low viscosity is therefore required, while at the same 

time fillers must be incorporated in order to improve the mechanical properties and 

achieve radiopacity. Compared to conventional composites, the total volume fraction 
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of fillers must be much smaller to keep a flowable material. According observed to 

calibrate operator, the viscosity kept low to all groups. However, other studies were 

necessary to investigate the effect of nanofiber reinforcement of 3D-printed resin in 

this property specifically.  

In contrast to our results, nano-silver and bioactive glass-containing resin 

composites have been shown improved mechanical properties to conventional 

composite, and antibacterial activities [53, 59]. Therefore, other studies investigating 

antibacterial and biological properties of 3D-printed resin reinforced by 

PDLLA/NB2O5/Si and PLA-PEG/SiO/Ag nanofibers are recommended. Besides that, 

owing to the knowledge that niobium oxide promotes crystal growth and biomimetic 

mineralization of adjacent tissues, further studies will address it to extend the 

applications of 3D-printed resin to permanent restorations in clinical practice. Among 

the limitations of this study is non-processing of specimens on a 3D printer.  

Considering the promising results, we present, and with the knowledge that 

hybrid nanofibers have been successfully processed and offer a promising 

reinforcement alternative to organic fibers or fillers, the present outcomes encourage 

more research with hybrid nanofibers in the field of dental materials.  

 

Conclusion 

The incorporation of inorganic-organic hybrid fiber embedded with niobium 

pentoxide, specially to 5 wt.%, provided the highest mechanical, optical and surface 

properties among all materials tested, which makes them a potential reinforcing 

agent for 3D-printed resin.  In overall, none mass fraction of PDLLA/ Nb2O5, PLA-

PEG/SiO2/Ag and PDLLA/Nb2O5/SiO worsened the properties compared to 3D-

printed resin without reinforcing.  
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TABLES  

Table 1. Mean and standard deviation values of 3D-printed resin control and 

reinforced with nanofibers. 

 Microhardness  

(KHN) 

 (n = 6) 

Flexural 

Resistence (MPa) 

(n = 10) 

Roughness 

(n = 10) 

Control 36.82 (0.89)CD 70.8 (3.99)H 0.18 (0.05)BC 

PDLLA/Nb2O5/SiO20.3% 36.22 (1.36)G 80.16 (9)G 0.15 (0.02)CDE 

PDLLA/Nb2O5/SiO20.5% 37.14 (2.91)G 80.22 (8.75)G 0.16 (0.02)CD 

PDLLA/Nb2O5/SiO21% 36.93 (2.53)G 80.52 (8.12)G 0.17 (0.01)C 

PDLLA/Nb2O5/SiO22.5% 39.14 (5.74)G 98.43 (16.96)F 0.16 (0.01)CD 

PDLLA/Nb2O5/SiO25% 39.7 (4.29)FG 118.68 (10.59)CDE 0.17 (0.01)C 

PLA-PEG/SiO2/Ag0.3% 37.37 (2.84)G 115.71 (4.04)DE 0.16 (0.02)C 

PLA-PEG/SiO2/Ag0.5% 37.94 (2.87)G 112.34 (4.54)E 0.16 (0.01)C 

PLA-PEG/SiO2/Ag1% 42.96 (3.79)EF 121.33 (4.98)CD 0.19 (0.05)BC 

PLA-PEG/SiO2/Ag2.5% 46.44 (2.35)DE 124.54 (6.39)C 0.26 (0.08)A 

PLA-PEG/SiO2/Ag5% 43.51 (2.76)E 115.41 (3.88)DE 0.21 (0.05)B 

PDLLA/Nb2O50.3% 50.11 (3.44)CD 119.07 (6.65)CDE 0.12 (0.03)DEF 

PDLLA/Nb2O50.5% 50.67 (3.87)BC 
123.23 (9.15)C 

0.12 (0.05)EF 

PDLLA/Nb2O51% 54.43 (3.11)B 133.41 (8.45)B 0.1 (0.05)FG 

PDLLA/Nb2O52.5% 54.29 (2.94)B 131.92 (5.84)B 0.08 (0.02)G 

PDLLA/Nb2O55% 58.56 (4.07)A 144.9 (10.94)A 0.11 (0.07)FG 

Distinct capital letters indicate difference statistically significant (p ≤ 0.05) among the lines.  
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FIGURES  

 

 

Figure 1. Schematic representation of nanofibers production. Air brushing technique: 

(A) Air compressor; (B) Airbrush double action trigger; (C) Polymer solution reservoir; 

(D) Air flow; (E) Internal pressure regulator; (F) Jet outlet; (G) Gas flow; (H) Polymer 

solution; (I) Jet outlet; (J) Collector; (K) No-woven fibermats layer by layer. Solution 

Blow Spinning technique: (a) Air compressor; (b) Injection pump; (c) Nozzle; (d) Jet 

outlet; (f) Gas flow; (h) Polymer solution; (j) Working distance; (k) Collector; (l) cotton 

wool-like fibers; (m) SEM image of nanofibers. 
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Figure 2. Main effects plot for H and σ of material (3D printed resin + nanofiber 

formulation) and wt.% 

 

 

Figure 3. Surface roughness of tested formulations  
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Figure 4. Color difference comparison for tested resins in each evaluation period. 

 

Figure 5. SEM images of fractured surfaces of flexural strength test samples of a 3D-

printed reinforced. a) Planar fracture pattern b) Unreinforced 3D-printed resin 

presenting visible fillers and voids c) Rougher surface fracture pattern of reinforced 

3D-printed resin d) Reinforced 3D-printed resin with matrix around nanofiber is 

broken and nanofiber liking two layers of resin e) Rougher surface of reinforced 

samples a 2.5 wt. % PLA-PEG/SiO/Ag f) bundles of nanofibers in 2.5 wt. % PLA-

PEG/SiO/Ag sample.  
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3 DISCUSSION 

 

 

The potential increase in productivity and predictability, including the use of 

planning tools and 3D-printed interim restorations, has promoted the adoption of 

digital technology (DAWOOD et al., 2015). 3D-printed resins could be a promising 

material for clinical applications in which bis-acrylic resins have been used.  

Based on data from the first study, although the high ∆E could be of concern 

in an esthetic area, the surface roughness and mechanical properties can be 

considered more important in ensuring the maintenance of health and the position of 

the prepared tooth, especially when considering short-term interim restorations 

(MONDELLI et al., 2018; MONDELLI et al., 2018; SALAR et al., 2018; 

FALKEMANNER et al., 2013; REVILLA-LEÓN et al., 2019; SINGH et al., 2016; 

RIZZANTE et al., 2019; TAHAYERI et al., 2018).  

The difference among the groups indicated a material-dependent effect. In 

general, the 3D-printed resin was less color stable after aging than the other tested 

materials. The color stability of resin-based materials is influenced by factors 

including the degree of conversion, polarity of monomers, amount of cross-linking, 

initiator system, particle size and distribution, water sorption, monomer conversion, 

and pigment stability (MONDELLI et al., 2018; MONDELLI et al., 2018; SALAR et al., 

2018; FALKEMANNER et al., 2013). 

Nonetheless, data for degree of conversion, polymer cross-linking density, and 

filler content is still uncertain, and further studies are needed.  

The results of the present study suggest that the chemical composition of the 

interim material affects its mechanical properties, as previously reported (REVILLA-

LEÓN et al., 2019). The 3D-printed resin (PR) showed higher mechanical properties 

(hardness and flexural strength) when compared with the bis-acrylic resin (BA). The 

results for the bis-acrylic resin were similar to those reported in other studies, 

although a recent study reported similar flexural resistance of bis-acrylic and an 

unfilled 3D printed resin (SINGH et al., 2016). Z350XT showed the highest values for 

mechanical testing, which might be explained by a higher amount of filler content and 

increased polymerization. 

Moreover, the use of the recommended light polymerization protocol could 

improve the color stability and should be studied. Such restorations might be used for 
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a limited time, explaining why there is no need to use a regular composite resin as an 

interim restoration. Their superior physicomechanical properties are not usually 

justified by the additional costs and more time-consuming fabrication nor by their 

more complex clinical handling as a result of a higher elastic modulus. 

On the other hand, considering the results of second study, the addition of 

PDLLA/Nb2O5 nanofibers at wt. 2.5% can represent an innovative and promising 

strategy, owing to the fact that showed improvement of all properties tested. 

Improvements in mechanical properties shown by present results could be explained 

by physicochemical properties of Nb2O5, such as high wear, corrosion resistance, 

photocatalytic properties, which improves the light absorption region of the light 

spectrum and together make it a stable material (ALTMANN et al., 2017; MARINS et 

al., 2019; LEITUNE et al., 2013). Velo et al., 2019 reported an improvement in the 

degree of conversion and also mechanical properties of a resin cement reinforced by 

PDLLA/Nb2O5. As Nb2O5 is a semiconductor oxide and presents high-energy 

absorption, a higher degree of conversion was expected in the samples with Nb2O5 

and Nb2O5/SiO2 considering that it improves the extent of the reaction of monomer 

into polymer.  

The worst behavior of high concentrations of PLA-PEG/SiO/Ag (2.5% and 5%) 

to roughness analysis can be associated as PLA-PEG has a simpler structure than 

PDLLA which has a semi-crystalline structure, i.e., monomeric chains of organized 

interatomic spaces. It promotes a network of chains, considering high energy surface 

of nanofillers reducing their aggregation and improving also mechanical and physical 

properties as observed (BEHRENS et al., 2016). Besides that, silver nanoparticles 

tend to localize on the outermost layers of the fiber changing its surface and making 

it rougher. In the higher mass fraction, it can be expressive and contribute to the 

formation of nanofiber-agglomerations as highlighted in figure 5.  

The lower flexural strength of PLA-PEG/SiO/Ag and PDLLA/Nb2O5 comparing 

to PDLLA/Nb2O5 can be attributed to the presence of silver and silica compounds, 

which modifies the polymerization behavior, due to the refractive index difference 

which can influence the reflection and refraction effects that lead to turbidity or 

opacity (HABID E et al., 2017). Although the incorporation of all nanofibers tested 

differ of the control group.  
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The authors attribute flexural strength improvement due to using fiber 

materials instead of fillers as reinforcement in composites is their better load 

transferability due to the fiber bridging effects and the higher fracture aspect ratios. A 

nanofibrous mat interleaved between two layers of a laminate can bridge the two 

plies even when the matrix is broken, carrying on additional loads (YANCEY et al., 

2019). In flexural strength testing, flexural forces are generated to simulate clinical 

situations where materials need to withstand flexing, especially in the posterior 

region. Although not confirmed clinically, high flexural strength is desired for these 

materials that might experience cracking under occlusal stress (ILIE et al., 2017). 

Nonetheless, smooth interim restorations are essential to avoid biofilm 

accumulation and maintain healthy periodontal tissues. Previews studies have shown 

the 3D-printed resin roughness similar to findings of this study. Scotti et al., 2020 

reported an improved behavior of 3D-printed surface properties than bisacryl 

composites. In general, the incorporation of nanofiber into 3D-printed resin did not 

affect the roughness, an important finding considering the manufactures indication of 

interim restorations. The roughness did not reach unacceptable thresholds (0.3µm), 

which suggests that these differences in smoothness caused by nanofibers 

incorporation may not have clinical relevance and is according to the expected to 

provisional materials. A tendency was observed to roughness and color stability in 

the present study considering the concentration of each nanofiber formulation tested. 

Its finding corroborates Barakah and Taher (2014), that reported improvement in the 

color stability of resin composites to the smoothness surfaces (BARAKAH AND 

TAHER, 2014).  

In contrast to our results, nano-silver and bioactive glass-containing resin 

composites have been shown improved mechanical properties to conventional 

composite, and antibacterial activities (CHENG et al., 2012; MIAO et al., 2017). 

Therefore, other studies investigating antibacterial and biological properties of 3D-

printed resin reinforced by PDLLA/NB2O5/Si and PLA-PEG/SiO/Ag nanofibers are 

recommended. Besides that, owing to the knowledge that niobium oxide promotes 

crystal growth and biomimetic mineralization of adjacent tissues, further studies will 

address it to extend the applications of 3D-printed resin to permanent restorations in 

clinical practice.  



78  Discussion 

 

Considering the promising results, we present, and with the knowledge that 

hybrid nanofibers have been successfully processed and offer a promising 

reinforcement alternative to organic fibers or fillers, the present outcomes encourage 

more research with hybrid nanofibers in the field of dental materials.  

 



 

 

 

 

 

 

 

 

 

 

4 FINAL CONSIDERATIONS 



 

 

 

 

 

 



Final Considerations  81 

 

4 FINAL CONSIDERATIONS 

 

 

The present results focused on 3D-printable resin properties and the effects of 

their reinforcement with bioactive nanofibers. The main idea was to understand and 

improved 3D-printable resin to boost workflow approach in dentistry.  It was showed 

in vitro that 3D-printed resin had adequate mechanical and surface properties for 

interim restorative indications. It has the potential to be a low-cost workflow in 

dentistry, although its color stability can represent a concern for long-term use. 

Second, it was observed that the incorporation of inorganic-organic hybrid fiber 

embedded with niobium pentoxide, provided the highest mechanical, surface and 

optical properties among all materials tested, which makes them a potential 

reinforcing agent for 3D-printed resin. Therefore, this material can present other 

behavior from other important properties, thus further studies are necessary.  
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