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Abstract
The increasing use of digitally fabricated resin-based materials for definitive dental restorations has raised concerns 
regarding their biological performance and biocompatibility. This in vitro study evaluated the biocompatibility and surface 
characteristics of different indirect resin-based restorative materials used in definitive dental restorations. A total of 144 
disc-shaped specimens (diameter 15 mm, height 2 mm) were fabricated using printed, milled, and conventional resins (48 
specimens per material), with 12 specimens allocated to each analysis (n=12). Specimens were sterilized using ultraviolet 
irradiation. Culture medium extracts were obtained on days 1, 3, and 7 and evaluated using L929 mouse fibroblast cells. 
Cell viability was assessed using the XTT assay, apoptosis by Annexin V-FITC/PI staining, and interleukin-6 (IL-6) release 
using a Mouse IL-6 ELISA kit. Cell viability, apoptosis, and IL-6 levels were analyzed using two-way ANOVA; surface 
roughness was analyzed using one-way ANOVA, followed by Tukey’s HSD post hoc tests (p<0.05). Significant differences 
were observed among the manufacturing groups across incubation periods in terms of cell viability, apoptosis rate, and 
IL-6 release (p<0.05). The milled-resin group showed the highest cell viability on day 7, whereas the conventional resin 
group showed the lowest (p<0.05). On days 3 and 7, the conventional resin group exhibited the highest rates of apoptosis 
and IL-6 release (p<0.05). Both printed and milled-resin groups showed no significant impact on fibroblast cell responses, 
whereas exposure to eluates from the conventional resin group resulted in altered cell viability, IL-6 levels, and apoptosis, 
suggesting potential cytotoxicity relevant to material selection for definitive prosthodontic restorations.
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Introduction

Digital dental technologies have advanced, leading to the 
development of production techniques and resin-based 
materials for definitive indirect restorations, such as crowns, 
inlays, onlays, and endocrowns, that better mimic natural 
tooth structure [1]. Composite resins are among these mate-
rials, and permanent indirect composite restorations can be 
fabricated using either conventional techniques or digital 
workflows with computer-aided design and computer-aided 
manufacturing (CAD/CAM) technologies, including mill-
ing and three-dimensional (3D) printing [2, 3].

In the conventional manufacturing, hand-made, labora-
tory-processed composites are polymerized using special 
devices that apply light, heat, pressure, or their combina-
tions to improve durability and longevity [3]. Extended, 
multi-angle light polymerization increases the degree of 

http://crossmark.crossref.org/dialog/?doi=10.1007/s10266-026-01432-1&domain=pdf&date_stamp=2026-6-16
https://doi.org/10.1007/s10266-026-01432-1
mailto:ayse.atay@altinbas.edu.tr
mailto:ayseatay82@hotmail.com
http://orcid.org/0000-0002-5358-0753


1 3

Odontology

conversion (DC) [1]. The DC in direct composite resins typ-
ically ranges between 50 to 60% [4], increases to 70 to 80% 
[5] in laboratory-processed indirect composites, and reaches 
approximately 90 to 95% in CAD/CAM resin composites 
[6]. Compared with direct composites, indirect resin com-
posites achieve higher DC, which is associated with reduced 
residual monomer release, improved biocompatibility, and 
lower intraoral elution [7, 8]. Although degree of conversion 
is influenced by both material composition and processing 
conditions, differences in fabrication techniques may also 
affect residual monomer release and subsequent biological 
behavior [9, 10]. Additional clinical benefits include bet-
ter proximal contact formation, higher wear resistance, and 
simplified development of a natural anatomic form in large 
defects [11, 12].

Recent advances in intraoral imaging, data acquisition, 
and manufacturing have facilitated the integration of CAD/
CAM in dentistry. The CAD/CAM workflow comprises 
data acquisition, design, and fabrication using either sub-
tractive or additive methods [1]. Subtractive manufacturing 
mills prefabricated homogeneous blocks [1, 2]. Although 
efficient and compatible with high-quality materials, it has 
limitations, including high material waste, difficulty pro-
ducing complex geometries, and bur wear that depends 
on material properties [2, 3]. Worn tools can compromise 
restoration integrity, and the smallest bur diameter limits 
detail accuracy, which has driven interest in additive man-
ufacturing as an alternative [3]. In contrast to subtractive 
approaches, additive manufacturing fabricates structures 
through a layer-by-layer process using liquid, powder, or 
solid materials, enabling diverse applications such as frame-
works, crowns, splints, and complete dentures [2, 3]. For 
3D-printed objects, a post-processing protocol must fol-
low the manufacturer’s instructions and typically includes 
detachment from the build platform, washing, drying, and 
post-polymerization [7, 13, 14]. After detachment, unre-
acted monomers are removed by rinsing with an organic 
solvent such as isopropyl alcohol or ethanol [7], and then 
post-polymerization is performed with LED, UV, or flash 
units [13]. This final curing stage promotes additional cross-
linking of residual monomers. Since DC directly influences 

performance, higher DC generally reduces residual mono-
mer content, improves mechanical properties, and enhances 
biocompatibility [8, 15, 16].

CAD/CAM composite resin blocks offer standardized 
material properties because they are polymerized industri-
ally under controlled light, heat, and pressure, resulting in 
a high DC (90 to 95%) [6] and minimal porosity that sup-
ports mechanical strength, color stability, biocompatibility, 
and long-term performance [1, 2, 13, 17]. Moreover, CAD/
CAM fabrication enables precise milling with excellent 
reproducibility and can reduce chairside time compared 
with conventional hand-made techniques [1, 3].

The biocompatibility of definitive indirect restorations is 
clinically relevant because of their prolonged proximity to 
oral soft tissues. Several studies have investigated the bio-
compatibility of laboratory-processed indirect composites 
and CAD/CAM resin composites [17–19]. The emergence 
of 3D printing has introduced novel materials for permanent 
crowns; however, the literature evaluating the biocompat-
ibility of 3D-printed permanent crown materials remains 
limited [20–22]. Given the growing use of 3D printing in 
definitive restorations, optimizing the biocompatibility 
of printed resins is essential. Therefore, the present study 
aimed to investigate the biocompatibility of indirect resin-
based restorative materials produced by three different fab-
rication methods, focusing on cell viability, interleukin-6 
(IL-6) release, and apoptosis induction. In addition, surface 
roughness was evaluated to confirm comparable surface 
conditions among the tested materials. The null hypothesis 
was that there would be no significant differences in bio-
compatibility among the tested materials.

Materials and methods

Three indirect resin-based restorative materials fabricated 
using distinct fabrication techniques (printed, milled, and 
conventional) were investigated in this in vitro study, as 
outlined in Table 1. The overall experimental procedure is 
depicted in Fig. 1.

Table 1  The brand names, material type, classifications, compositions, and manufacturers of the materials used in the present study
Material Type Classification Composition Manufacturer
Saremco 
print-CROWNTEC

Additive Manufacturing
(Printed resin)

3D printed com-
posite resin

Bis-EMA, dental glass and silica fillers 
(30–50%), initiators, inhibitors, and color 
pigments

SAREMCO Dental 
AG, Rebstein, 
Switzerland

Grandio Blocs Subtractive Manufacturing
(Milled resin)

Nano-hybrid 
composite resin

86% nano silica and barium glass fillers in 
a polymer matrix. 14% UDMA, DMA.

VOCO GmbH, 
Cuxhaven, Germany

Gradia Plus Conventional Manufacturing
(Conventional resin)

Composite resin Bis-GMA (1–5%), TEGDMA (5–10%), 
UDMA (1–5%), and ceramic filler

GC Europe,
Leuven,
Belgium

Bis-EMA Ethoxylated bis phenol A dimethacrylate, Bis-GMA Bisphenol A diglycidyl ether dimethacrylate, DMA Dodecyl dimethacrylate, 
TEGDMA Triethylene glycol dimethacrylate, UDMA Urethane dimethacrylate.
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Specimen preparation

A total of 144 disc-shaped specimens (15 mm diameter, 
2 mm thickness) of three groups were produced follow-
ing ISO 10993-12:2012 [23] sample preparation standards 
and manufacturers’ instructions. Each group was randomly 
divided into four subgroups according to the evaluated 
parameters (n = 12): cell viability, apoptosis, interleukin-6 
(IL-6) release, and surface roughness.

Specimens of the printed resin group (Saremco Print 
CROWNTEC; SAREMCO Dental AG, Rebstein, Switzer-
land) were digitally designed using 3D modeling software 
(TinkerCAD; Autodesk, CA, USA). The digital design of 
each disc-shaped specimen was then transferred to a 3D 
printer (MAX UV; ASIGA, Sydney, Australia) for produc-
tion, and the printing process was performed at a controlled 
temperature of 35 °C. After printing, the specimens were 
separated from the build platform using a spatula. Any 
remaining uncured resin was eliminated by wiping with 
a cloth moistened in 96% alcohol, followed by ultrasonic 
cleaning in distilled water for 5 minutes and subsequent air-
drying. Final polymerization was performed in a UV-curing 
unit (Otoflash G171; NK-Optik GmbH, Baierbrunn, Ger-
many) under a nitrogen oxide atmosphere, delivering 4000 
light flashes within a wavelength range of 320–500 nm, 
according to the manufacturer’s instructions. Specimens 
of the milled resin group (Grandio Blocs; VOCO GmbH, 
Cuxhaven, Germany) were milled using a dental milling 
machine (Ceramill Motion 2 System; Amann Girrbach AG, 
Koblach, Austria). To produce the conventional resin group 
(Gradia Plus; GC Europe, Leuven, Belgium) specimens, a 
silicone mold was prepared. The Gradia Plus indirect com-
posite resin material was placed into the mold and overlaid 
with a transparent matrix strip. A glass coverslip was applied 
to remove any excess material and to achieve the desired 
shape. Subsequently, the specimens were polymerized using 
a light-emitting diode (LED) curing unit (VALO; Ultradent, 
South Jordan, UT, USA) in standard mode for 10 seconds. 
The irradiance was approximately 1000 mW/cm2 according 
to the manufacturer’s specifications. Additional polymeriza-
tion was performed in a composite light-curing unit (Labo-
light Duo; GC Corp., Tokyo, Japan) for 3 minutes.

After fabrication, the specimens were kept in distilled 
water at 37 ± 1 °C for 24 hours in a light-protected con-
tainer. Finishing and polishing procedures were performed 
sequentially under water cooling using aluminum oxide-
coated abrasive discs (OptiDisc; Kerr, CA, USA), in accor-
dance with the manufacturer’s guidelines. The finishing and 
polish set consists of 4 different aluminum oxide coated 
discs. Coarse (80 μm), medium (40 μm), fine (20 μm), and 
super thin (10 μm) types of discs were used respectively, 
under water-cooling at a constant speed of 10.000 rpm for 
15 seconds.

All specimens were ultrasonically cleaned in distilled 
water for 5 minutes, then air-dried. Subsequently, the speci-
mens were exposed to ultraviolet irradiation inside a lami-
nar flow cabinet (Airstream Class II BSC; ESCO, South 

Fig. 1  Flowchart of study design
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Yorkshire, UK) for 40 minutes to ensure sterilization prior 
to cell culture experiments.

Preparation of material extracts

The sterilized specimens were placed in 24-well culture 
plates, with each well containing 150 μL of Eagle’s mini-
mum essential medium (EMEM) supplemented with 10% 
fetal bovine serum (FBS) and 100 U/mL penicillin-strep-
tomycin. Wells without specimens served as the control 
group. Extracts of the materials were prepared following the 
guidelines of ISO 10993-5:2009 [24]. To obtain the 1 st, 3rd, 
and 7th day extracts, each material was divided into three 
subgroups, and separate specimens were used for each time 
interval; thus, each time point was evaluated using inde-
pendent specimens (n = 4 per material per time point). All 
plates were incubated at 37 °C in a humidified atmosphere 
containing 5% CO₂ to obtain the medium extracts of the test 
materials. The extracts were collected at 1, 3, and 7 days 
of incubation and stored at −20 °C until further cell culture 
analysis.

Cell culture preparation

The L929 fibroblast cell line was obtained from the Ameri-
can Type Culture Collection (Manassas, VA, USA) and cul-
tured in EMEM supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin-streptomycin. Cells were cultured 
at 37 °C in a humidified incubator with 5% CO₂, and the 
medium was refreshed every three days. Cells were pas-
saged following trypsinization.

Cell viability

Cell viability was assessed using the XTT assay (Cell Pro-
liferation Kit; Roche Applied Science, Basel, Switzerland) 
to quantify the metabolic activity of viable cells based on 
the reduction of the XTT reagent to formazan by mitochon-
drial enzymes. L929 cells were seeded at a density of 1 × 
104 cells per well in 24-well culture plates and allowed to 
adhere for 24 hours. Following the removal of the culture 
medium, 100 μL of the extract from each material was 
promptly dispensed into wells containing L929 cells. After 
an incubation period of 48 hours, cellular metabolic activity 
was determined by detecting the absorbance of the formazan 
derivatives at 450 nm using a microplate spectrophotometer 

(Thermo Scientific, Vantaa, Finland), which reflects the 
mitochondrial enzymatic activity of viable cells. These 
experiments were performed in triplicate per specimen. Cell 
viability assays with eluates were performed according to 
ISO 10993-12:2012 [23].

Induction of apoptosis

L929 fibroblast cells were cultured in 96-well plates at a 
seeding density of 1 × 104 cells per well and allowed to 
attach and stabilize during a 24-hour incubation period 
under standard cell culture conditions (37 °C, 5% CO2, 
and humidified atmosphere). Following this initial incuba-
tion, 100 μL of the existing culture medium was carefully 
aspirated from each well and replaced with 200 μL of the 
prepared medium extracts obtained from the tested materi-
als to evaluate their potential cytotoxic effects on the cells. 
Following 48 hours of treatment, the cells were rinsed with 
phosphate-buffered saline (PBS), resuspended in 100 μL of 
binding buffer, and stained with 1 μL propidium iodide (PI) 
and 1 μL Annexin V. After incubation, the cells were ana-
lyzed using an apoptosis detection kit (Annexin V FITC/PI; 
BD Biosciences, San Jose, CA, USA).

Fluorescence of the cells for Annexin V-FITC (FL1) and 
PI (FL3) was simultaneously detected and analyzed using a 
flow cytometer (Accuri C6; BD Biosciences, San Jose, CA, 
USA). The proportions of viable (Annexin V-/PI-; lower left 
quadrant), apoptotic (Annexin V+/PI-; lower right quadrant), 
and necrotic (Annexin V-/PI+ and Annexin V+/PI+; upper left 
and upper right quadrants) cells were determined according 
to the observed fluorescence patterns.

Inflammatory response

IL-6 concentrations in the cell culture supernatants were 
determined using a sandwich-type enzyme-linked immu-
nosorbent assay (ELISA). The specimens were placed in a 
24-well plate containing 150 μL of EMEM supplemented 
with 10% FBS and 100 U/mL penicillin-streptomycin at 
37 °C for 24 hours. After the initial incubation, the culture 
media were replaced with the previously prepared material 
extracts. IL-6 secretion was quantified using a Mouse IL-6 
ELISA Kit (Elabscience Biotechnology, Houston, TX, USA) 
after exposure periods of 1, 3, and 7 days. The absorbance 
was read at 450 nm using a microplate spectrophotometer. 
All assays were performed in triplicate for each specimen.
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Surface roughness measurement

Surface roughness measurements were conducted using a 
contact profilometer (Surtronic 25; Taylor Hobson, Leices-
ter, UK). Prior to data collection, the device was calibrated 
with a reference standard. Three random linear traces were 
recorded for each specimen, starting from the center, with a 
traverse length of 1.75 mm, a cut-off value of 0.25 mm, and 
a scanning speed of 0.5 mm/s. The mean Ra value (μm) was 
obtained by averaging the three readings for each sample.

Statistical analysis

All statistical analyses were performed using SPSS for Win-
dows 22.0 (IBM Corp., Armonk, NY, USA). Data normal-
ity was assessed using the Kolmogorov-Smirnov test, and 
homogeneity of variances was evaluated using Levene’s 
test. Cell viability, apoptosis induction, and IL-6 levels 
were analyzed using two-way ANOVA with material type 
and time as independent variables. Surface roughness val-
ues were analyzed using one-way ANOVA. Pairwise com-
parisons were performed using Tukey’s HSD post hoc test. 
Statistical significance was set at p < 0.05. The sample size 
(n = 12 per subgroup) was determined based on previous 
similar in vitro studies [17, 21].

Results

Cytotoxic effects of indirect restoration materials

The cell viability results of the tested materials at different 
time intervals are presented in Fig. 2. The baseline mea-
surements taken from the first-day medium extracts dem-
onstrated statistically significant variations in cell viability 
among the tested material groups (p < 0.05). The milled 
resin group had significantly higher cell viability values 
(98.30 ± 1.66) than the conventional resin group (93.16 ± 
1.85) and the printed resin group (90.17 ± 0.49) (p < 0.05). 
There were no significant differences between the printed 
and conventional resin groups (p > 0.05).

On the third day of evaluation, no statistically significant 
differences were observed among the tested material groups 
with respect to cell viability (p > 0.05). The recorded via-
bility values were 93.02 ± 2.90 for the milled resin group, 
86.59 ± 6.46 for the printed resin group, and 83.23 ± 4.51 
for the conventional resin group, respectively.

On the seventh day, the material type had a significant 
effect on cell viability (p < 0.05). The milled resin group 
showed the highest cell viability (93.69 ± 1.46), whereas the 
conventional resin group exhibited the lowest values (78.92 
± 0.65) (p < 0.05).

The printed resin group exhibited no statistically sig-
nificant variation in cell viability across the evaluated time 
intervals (p > 0.05). The recorded viability values for this 

Fig. 2  Cell viability (%) of L929 fibroblast cells exposed to 1 st, 3rd, 
and 7th day medium extracts of printed resin, milled resin, and con-
ventional resin groups. Different uppercase letters indicate statistically 
significant differences among materials within the same time point (p 

< 0.05). Different lowercase letters indicate statistically significant dif-
ferences among time points within the same material (p < 0.05). Bars 
without letters indicate no statistically significant differences (p > 0.05)
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group were 90.17 ± 0.49 on day 1, 86.59 ± 6.46 on day 3, 
and 87.63 ± 0.59 on day 7. In the milled resin group, sig-
nificant differences in cell viability were observed among 
the time periods (p < 0.05). Cell viability value on day 1 
(98.30 ± 1.66) was significantly higher than on day 3 (93.02 
± 2.90). The cell viability values of the conventional resin 
group showed a significant difference over time periods (p 
< 0.05). The highest cell viability values were observed on 
the 1 st day (93.16 ± 1.85). However, cell viability did not 
differ significantly between days 3 (83.23 ± 4.51) and 7 
(78.92 ± 0.65) (p > 0.05). Throughout the entire test period, 
the milled resin group consistently exhibited cell viability 
higher than 90% (Fig. 2).

Induction of apoptosis

Significant variations in apoptosis rates were observed 
among the tested material groups across different incubation 
periods (p < 0.05). However, on the first day, no statistically 
significant differences were detected among the tested mate-
rial groups (p > 0.05). The apoptosis rates on day 1 were 
recorded as 2.24 ± 0.39 for the conventional resin group, 
1.86 ± 0.32 for the printed resin group, and 1.55 ± 0.18 for 
the milled resin group, respectively.

On the third and seventh days, significant differences 
were identified among the tested material groups concern-
ing apoptosis rates (p < 0.05). The conventional resin group 

exhibited significantly higher apoptosis rates on days 3 (3.52 
± 0.28) and 7 (3.40 ± 0.60%) compared with day 1 (2.24 ± 
0.39%) (p < 0.05). For the printed and milled resin groups, 
no significant differences were observed in apoptosis rates 
across the incubation periods (p > 0.05) (Figs. 3 and 4).

Evaluation of inflammatory response

IL-6 levels after exposure to the resin eluates are shown in 
Fig. 5. The IL-6 release levels of the tested material groups 
exhibited statistically significant differences on day 1, day 3, 
and day 7 (p < 0.05). The conventional resin group demon-
strated the highest IL-6 release across all incubation periods 
(p < 0.05), whereas no significant differences were observed 
between the printed and milled resin groups (p > 0.05). The 
eluates of the printed resin group showed significant differ-
ences across incubation periods (p < 0.05). The IL-6 release 
levels of the printed resin group significantly decreased on 
the 7th day compared with the values observed on the 1 st 
and 3rd days (p < 0.05).

Surface roughness measurements

The mean surface roughness values are presented in Table 
2. One-way ANOVA revealed no statistically significant 
differences among the tested material groups (p > 0.05). 

Fig. 3  Apoptosis rates (%) of L929 fibroblast cells exposed to 1 st, 3rd, 
and 7th day medium extracts of printed resin, milled resin, and con-
ventional resin groups. Different uppercase letters indicate statistically 
significant differences among materials within the same time point (p 

< 0.05). Different lowercase letters indicate statistically significant dif-
ferences among time points within the same material (p < 0.05). Bars 
without letters indicate no statistically significant differences (p > 0.05)
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Mean surface roughness values were 0.39 ± 0.19 μm for 
the conventional resin group, 0.31 ± 0.09 μm for the printed 
resin group, and 0.28 ± 0.04 μm for the milled resin group, 
respectively.

Discussion

With their increasing performance, additively manufac-
tured resin-based materials are becoming an integral part 
of the digital dentistry workflow alongside subtractively 
manufactured resin-based materials. These materials inherit 
the structural properties of conventional resins; therefore, 

factors such as filler type, organic matrix composition, and 
polymerization parameters directly influence the mechani-
cal and biological performance of the definitive restoration, 
similar to conventional resins. Optimizing the biocompat-
ibility of printed resins is critical given the growing use of 
3D printing in dentistry. While the biological properties 
of conventional and milled resins have been extensively 
studied, the biocompatibility of 3D-printed resin materials, 
which are increasingly applied for permanent restorations, 
remains insufficiently characterized. The present in vitro 
study investigated the biocompatibility of indirect restora-
tion materials fabricated using three different manufacturing 
techniques by assessing cell viability, apoptosis induction, 

Fig. 4  Annexin V/PI staining of indicated cell groups. Cells were treated with 1 st, 3rd and 7th day medium extracts of indirect restorative materials 
for 48 h and then subjected to flow cytometric analysis. LL Vital cells, LR Early apoptosis, UR Late apoptosis, UL Necrosis
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IL-6 release, and surface roughness. According to the 
results, the printed resin group demonstrated more favor-
able biological responses, including higher cell viability and 
lower apoptosis and IL-6 release, compared with the printed 
resin group, whereas the conventional resin group exhibited 
the least favorable outcomes. Accordingly, the null hypoth-
esis was rejected, as significant differences were observed 
in biocompatibility among the tested materials. In addition, 
surface roughness, evaluated to confirm comparable surface 
conditions, did not differ significantly among the groups.

Toxins may affect not only the oral mucosa but also the 
periodontal ligament, alveolar bone, and salivary glands due 
to resin components released into gingival fluid and saliva. 
Fibroblast cells, which are abundant in gingival tissues 
and play a pivotal role in biological functions [20], were 
selected to evaluate the biocompatibility of the investigated 
materials. Fibroblasts play a key role in tissue architecture, 
producing the extracellular matrix, and are essential in the 
healing process [25]. Their involvement includes degrading 
fibrin clots, synthesizing collagen-rich extracellular matrix, 

and contributing to immune defense mechanisms [25, 26]. 
Continuous exposure to toxins may impair cell health, poten-
tially leading to compromised wound healing, increased 
risk of periodontitis, and reduced control of inflammation 
cascades [27]. ISO 10993-5:2009 describes multiple cell 
culture test models for evaluating the cytotoxicity of den-
tal materials, including direct contact, indirect contact with 
a barrier, and extract-based methods [24]. Some authors 
have suggested that the extract method is more sensitive in 
detecting subtle cytotoxic effects of dental composites [28]. 
Therefore, the extract test method was selected in the pres-
ent study.

Resin-based dental materials are typically formulated 
with monomers like Bis-GMA, UDMA, and TEGDMA. 
The monomers, such as Bis-GMA and UDMA, have high 
molecular weight and viscosity. Thus, low-viscosity resins, 
which may include ethoxylated Bis-EMA, TEGDMA, and 
other diluents, are commonly favored for 3D printing to 
improve accuracy [29]. In a prior investigation, researchers 
explored the mechanical and biological characteristics of 
3D printing resins designed for ultraviolet digital light pro-
cessing (UV-DLP) 3D printers, utilizing different monomer 
formulations [30]. They found that resins, incorporating 
Bis-EMA, UDMA, and TEGDMA, were effectively for-
mulated for 3D printing. These resins enabled the produc-
tion of objects with diverse shapes and sizes, demonstrating 
satisfactory accuracy and no cytotoxicity. TEGDMA played 

Table 2  Mean and standard deviation of surface roughness (Ra ± SD) 
values of tested materials
Material Mean Ra ± SD p-value
Printed resin 0.31±0.09 0.133
Milled resin 0.28± 0.04
Conventional resin 0.39±0.19
*p>0.05

Fig. 5  IL-6 concentration (pg/mL) released from L929 fibroblast cells 
exposed to 1 st, 3rd, and 7th day medium extracts of printed resin, 
milled resin, and conventional resin groups. Different uppercase letters 
indicate statistically significant differences among materials within the 

same time point (p < 0.05). Different lowercase letters indicate statisti-
cally significant differences among time points within the same mate-
rial (p < 0.05). Bars without letters indicate no statistically significant 
differences (p > 0.05)
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a role as a diluent, reducing viscosity and increasing the 
degree of conversion. In contrast, Bis-EMA and UDMA 
enhanced mechanical strength, as demonstrated by mechan-
ical testing [30].

Monomers present in resin-based dental materials 
are known to exhibit cytotoxicity [31]. A previous study 
reported that the subtractive manufacturing–based materi-
als demonstrated a cell response similar to lithium disilicate 
glass ceramic, suggesting no direct cytotoxic effect despite 
the resin content [17, 32]. In another comparison with the 
conventional resin group, the milled resin group showed 
superior biocompatibility based on factors such as prolif-
eration, cell morphology, and inflammatory response [33]. 
The improved biocompatibility of the SM group was attrib-
uted to its polymerization method under high pressure and 
temperature and the exclusion of photoinitiators from its 
composition. In the present study, the highest cell viability 
was observed in cells exposed to eluates from the milled 
resin group, followed by the printed resin group, while the 
lowest cell viability rates were observed in fibroblast cells 
exposed to the conventional resin group. A recent study 
comparing the effects of two printed resins (Saremco print 
CROWNTEC and Permanent Crown), two milled resins 
(Vita Enamic and Brilliant Crios), and a conventionally 
fabricated resin on cell viability found that all materials 
showed no cytotoxic effect [29]. After 72 hours, the highest 
cell viability was observed in cells exposed to Vita Enamic, 
a subtractively manufactured resin-based material, with no 
significant difference between the other materials [29]. This 
may be attributed to polymerization under high-pressure and 
high-temperature conditions, which results in a high degree 
of conversion. The level of monomer conversion has been 
identified to influence cell response, supporting previous 
findings that resin polymerization affects cytotoxicity [34, 
35]. Unlike many resin-based restorative materials, Vita 
Enamic lacks Bis-GMA, a monomer associated with higher 
in vitro cytotoxicity to fibroblasts than other methacrylate 
monomers [34]. In the present study, the milled resin group 
(UDMA/DMA-based) [36] showed a slight reduction in cell 
viability, whereas the conventional resin group exhibited the 
lowest cell viability, consistent with previous findings [29]. 
Notably, the comparable cell viability observed between the 
printed and milled resin groups, despite the higher organic 
content of the printed resin group containing Bis-EMA 
(Table 1), is a promising finding.

The notable decrease in cell viability observed after 
exposure to conventional resin group eluates, along with 
the increase in IL-6 cytokine, may be indicative of apop-
totic or necrotic processes [37]. IL-6 is a crucial cytokine 
in the regulation of host defense and inflammation [38]. It 
is released by cells combating infectious microorganisms, 
products, and damaged tissues [39]. IL-6 exhibits multiple 

biological functions, such as promoting B cell differentia-
tion, stimulating T cell proliferation, inducing acute-phase 
protein production, and enhancing phospholipase A2 activ-
ity [40]. Additionally, it serves as a key mediator in gingival 
and periodontal inflammatory processes [41]. Ideally, dental 
materials should not promote IL-6 production. According 
to the findings of the present study, a significant increase in 
IL-6 levels was observed after 72 hours in cells exposed to 
the conventional resin group eluates, accompanied by apop-
tosis induction. However, IL-6 was also increased in cells 
exposed to eluates from printed and milled resin groups; 
however, this increase was not comparable to that observed 
in the conventional resin group (Fig. 4). Interestingly, in 
a recent study on additively manufactured resin-based 
materials, monomer elution was associated with transient 
increases in cytokine release, which declined to non-signif-
icant levels after 7 days [42]. The increased release of IL-6, 
which peaks in the first 24 hours and gradually decreases 
from 72 hours to day 7 in cells incubated in the printed and 
milled resin groups, may also reflect processes of terminal 
differentiation, a phenomenon observed in healthy gingiva 
[43], rather than purely inflammatory activation. The ele-
vated IL-6 release in cells exposed to eluates from the con-
ventional resin group, coupled with reduced cell viability, 
may suggest a cellular defense mechanism involving the 
removal of damaged cells through terminal differentiation 
and apoptosis [44]. This finding aligns with the knowledge 
that IL-6-induced apoptosis occurs in a dose-dependent 
manner [45].

Unpolymerized methacrylate monomers, such as Bis-
GMA, TEGDMA, and UDMA, have been reported to 
exhibit cytotoxic effects even at relatively low concentra-
tions, leading to reduced cell metabolism, oxidative stress, 
and induction of apoptosis in cultured cells [46, 47]. Given 
that the printed resin material has a much higher organic 
matrix content than the other tested materials, it is more 
likely to be toxic. Additionally, when comparing the struc-
tures of Bis-EMA and Bis-GMA, which constitute the 
organic matrix of the examined printed resin, they may 
exhibit a higher tendency to elute. This phenomenon is 
attributed to the lack of hydrogen bonding within the poly-
mer network, which allows fluids to penetrate and expand 
the structure, thereby releasing entrapped residual mono-
mers [7, 48, 49]. A recent review emphasized that robust 
post-processing steps (washing + UV post-curing) dramati-
cally reduce residual monomer leaching and cytotoxicity 
in 3D-printed dental materials [50]. To ensure biological 
safety in additive manufacturing, it is crucial to use certi-
fied materials, select appropriate manufacturing parameters, 
and implement effective post-processing techniques, given 
the potential toxicity of the monomers used [20, 51]. Previ-
ous research reported that printed resin specimens without 
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post-polymerization exhibit noticeable cytotoxicity, indicat-
ing that post-curing is an essential step [1, 14]. On the other 
hand, there are a limited number of studies that measured 
the residual monomer release of printed resin materials, 
and these studies examined occlusal splints [2], complete 
dentures [13], or temporary restoratives [3]. A recent study 
reported that residual monomer release from indirect resin-
containing restorative materials, including printed and 
milled resins, was not clinically significant [21]. However, 
the monomer release of printed resins used as permanent 
restorative materials should be examined in future studies. 
Considering that complete polymerization does not occur 
on the restoration surface due to the oxygen-inhibition layer, 
finishing and polishing processes might contribute to reduc-
ing residual monomer release. Based on the results of the 
present study, it is observed that all tested specimens exhibit 
surface roughness values within a similar range. Surface 
roughness and finishing and polishing processes are essen-
tial not only for aesthetics but also for biological consider-
ations. Studies show that resin-based restorative materials 
processed with optimal finishing and polishing are more 
biocompatible [15]. Recent evidence also confirms that the 
surface microtopography and hydrophobicity of 3D-printed 
hybrid materials substantially influence bacterial adhesion 
and cell response, even in the absence of cytotoxicity. A 
recent investigation reported that materials exhibiting the 
lowest surface roughness and highest hydrophobicity dem-
onstrated minimal bacterial adhesion without compromis-
ing fibroblast viability [52]. These findings highlight that 
surface optimization and post-processing are as critical as 
polymer chemistry for ensuring the long-term biological 
compatibility of printed restorations.

The main limitation of the present study is that the residual 
monomers released from each material were not precisely 
quantified using methods such as gas chromatography-mass 
spectrometry. In this respect, only the information reported 
by the manufacturers was used to draw the study’s conclu-
sions. Cell-level responses obtained by knowing which 
monomers were released from each test material and at what 
level could have been interpreted more precisely. Another 
limitation is the fabrication characteristics of printed resin-
based materials, which vary across manufacturers because 
they are relatively new. Since there was only one type of 
printed resin-based material in the current study, only one 
fabrication protocol was included. The validity of the find-
ings of this study should be confirmed through studies 
involving different printed resin-based materials and differ-
ent parameters and printing protocols recommended by their 
manufacturers. The current study addresses specific aspects 
of fibroblast cell response; the findings suggest that the influ-
ence of printed resin-based materials was minimal under the 
conditions presented. While it has been demonstrated that 

monomer elution from printed resin-based materials can 
occur, post-polymerization and rinsing procedures have a 
positive effect on cell viability and response compared with 
the conventional resin group. Similarly, standardized manu-
facturing of milled resin-based materials can lead to higher 
monomer conversion and, consequently, lower monomer 
elution [8, 53].

Conclusion

Within the limits of this in vitro extract model, printed and 
milled indirect resin-based materials did not induce biologi-
cally relevant adverse effects on L929 fibroblasts, whereas 
the conventional resin showed a clear adverse response, with 
lower cell viability, higher IL-6 release, and greater apop-
tosis. Overall, biocompatibility followed the trend milled 
resin ≥ printed resin » conventional resin, leading to rejec-
tion of the null hypothesis. The biological response to the 
printed material improved over time (day-7 IL-6 attenua-
tion), supporting the importance of rigorous post-processing 
(thorough rinsing + post-curing). Surface roughness after 
standardized finishing/polishing was similar among groups, 
suggesting that manufacturing method and polymerization 
efficiency, rather than surface topography, primarily drove 
the biological response in this setup.
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