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1. Introduction

The introduction of computer-aided design/computer-aided 
manufacture (CAD/CAM) systems into dental restoration production 
has resulted in a gradual increase in the proportion of dental pros-
theses produced using digital dentistry technology[1,2]. CAD/CAM 
systems reduce the errors that occur in conventional prosthesis fab-
rication techniques and are cost-effective[1]. Because of these advan-
tages, CAD/CAM systems have replaced the conventional techniques 
used in medical care[3].

Subtractive or additive methods can be used to manufacture 
prostheses designed using CAD software[4]. Milling technology, 
which cuts prefabricated blocks or disks into a desired shape, en-
ables prosthesis fabrication with high mechanical performance and 
accuracy and good biological properties[5,6]. However, manufactur-

ing complex shapes by using subtractive methods is difficult, and 
the consumption of materials and milling burs is considerable[7–9]. 
In contrast, additive methods, such as 3D printing, do not use drills or 
burs, avoid wear-related problems, and can produce more complex 
shapes or designs, such as the emptying of internal structures[5,7]. 
Thus, the popularity of additive methods for temporary crowns, im-
plant surgical guides, and dental models is increasing[10,11].

Unlike blocks used in subtractive manufacturing that are mar-
keted after polymerization at high temperatures and pressures[12], 
the residual monomer toxicity of acrylic resins used in additive 
manufacturing is considered a major disadvantage[13–15]. Printable 
photosensitive resins consist of monomers mostly based on (meth)
acrylates, photoinitiators (PIs), and additives[16,17]. The ultraviolet 
(UV) laser or the light emitted from 3D printers activates the PI of the 
liquid resin[18] to produce free radicals that change the resin from a 
viscous to a hard state and then initiate the additional methacrylate 
reaction[19].

After the resin photocuring process is performed, although the 
cross-linked polymer matrix may not have been leached, unreactive 
monomers, short-chain polymers, PIs, and additive residues become 
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prone to leaching when the printed resin is stored in an aqueous 
medium. Therefore, these leachates can reduce the biocompatibility 
of the material[20]. In toxicity studies, methacrylate monomers have 
been shown to exhibit aquatic toxicity, genotoxicity, and embryo-
toxicity[21–23]. These cytotoxic effects can affect cellular lipid me-
tabolism and even induce apoptosis or necrosis[24,25]. In previous 
studies, unpolymerized monomers induced irritation that can lead 
to pulpitis, glossitis, or stomatitis[26]. Therefore, an effective post-
process that reduces the toxicity of 3D-printed resin prostheses is 
required.

Isopropanol (IPA) can reduce cytotoxicity by removing uncured 
monomers from the surface of the 3D-printed resin[23]. However, ex-
tending the washing time with IPA may dissolve the monomer and 
swell the polymer. During this swelling process, IPA molecules can 
gradually diffuse into the polymer matrix, loosening the polymer 
network and reducing its mechanical strength[27,28]. In a previous 
study in which the effect of the postcuring time on resin biocompat-
ibility was investigated, even with an increasing postcuring time, cell 
viability was found to decrease as the incubation time increased[29]. 
In previous studies, a wax coating was applied to the resin to delay 
and reduce toxic compound leaching in 3D-printed resins[30,31]. 
However, in the case of dental prostheses, this coating can be eas-
ily removed via occlusal adjustment or mastication in the oral cavity, 
and the coating thickness may negatively affect the fit. Methods for 
reducing the residual monomer content of acrylic resins have been 
reported, such as immersing them in hot water or irradiating them 
using microwaves[32–34]. However, for photopolymerized 3D-print-
ed resins, the method of increasing the cytocompatibility of the ma-
terial by enhancing the reductions of residual monomers and resin 
compounds has not been explored in previous studies.

The purpose of this study was to develop a method for lower-
ing cytotoxicity by performing additional heat-treatments, such as 

immersing the specimen in hot water or using an autoclave after 
cleaning and postcuring the 3D-printed dental crown and bridge 
resin. The effects of this process on the accuracy, color tone, and me-
chanical properties of the printed prostheses were evaluated. The 
null hypothesis was that biocompatibility, color stability, accuracy, 
and mechanical properties would not differ with the heat-treatment 
method applied to 3D-printed dental resins.

2. Materials and Methods

The overall workflow of the experiments is shown in Figure 1.

2.1. Specimen Preparation

Universal CAD software (Rhinoceros® version 5, Robert McNeel & 
Associates, Seattle, WA, USA) was used to design the specimen, and 
the design file was exported in the STL format. The digital light pro-
cessing (DLP) resin from NextDent C&B (NextDent, Soesterberg, The 
Netherlands) was used as the material for the specimen output in 
3D printing, and all specimens were printed using a DLP 3D printer 
(NextDent 5100, 3D Systems, NextDent). As per the instructions of 
the manufacturer, the uncured resin remaining on the specimen sur-
face was washed with 3D printing washer (Twin Tornado, MEDIFIVE, 
Incheon, Korea) and 90% isopropyl alcohol for 10 min. Postcuring was 
performed for 30 min using curing equipment (Form Cure, Formlabs, 
Berlin, Germany) at a UV intensity of 220 µW/cm2 UV intensity and an 
internal temperature of 60 °C. The completed specimens were kept 
in darkness and divided into groups based on their heat-treatment 
method: 1-month storage at controlled room temperature, 20 to 25 
°C (RT), 24-hour storage at RT, 24-hour storage in room temperature 
water (RTW), 1-min immersion in 80 °C water, 1-min immersion in 100 
°C water, 5-min immersion in 100 °C water, and autoclaving at 121 
°C for 15 min under 2 bar (autoclave). Figure 1 presents the heat-
treatment groups.
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Fig. 1. Overall workflow of the experiments
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2.2. Cell Viability Analysis

Cell viability and cytotoxicity analyses were performed to de-
termine the cytocompatibility of the 3D-printed specimens based 
on the heat-treatment process. For the cytocompatibility test, five 
specimens, having a diameter of 9.5 mm and a thickness of 2 mm, 
per group (n = 5) were printed, and heat-treatment was performed 
on each group, with all specimens sterilized using ethylene oxide 
gas to prevent surface contamination. Primary human gingival fi-
broblasts (PCS-201-018, ATCC, Manassas, VA, USA) were used in this 
experiment. Cell culture was performed in a cell culture dish by using 
Dulbecco’s modified Eagle’s medium (WelGene, Daegu, Republic of 
Korea) supplemented with penicillin/streptomycin (100X, WelGene), 
MEM nonessential amino acid solution (100X, WelGene), and 10% 
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) at 
37 °C in an atmosphere with 5% CO2 and 95% air and 100% relative 
humidity. The cell culture media were replaced with a fresh medium 
every 2 or 3 days, and the cells were treated with 0.21% trypsin-eth-
ylenediaminetetraacetic acid (Trypsin-EDTA, 1X, WelGene) solution 
when they reached 85–90% confluency. The separated cells were 
centrifuged to remove the old medium and Trypsin-EDTA solution, 
and the cells were diluted to a density of 5×104 cells/ml in the fresh 
medium.

The cell viability was evaluated using a CELLOMAX™ viability 
kit (Precaregene, Hanam, Kyungido, Korea) based on tetrazolium 
salt (2-[2-methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disul-
fophenyl]-2H-tetrazolium) and monosodium salt (WST-8; Precare-
gene). First, the circular 3D-printed resin from each group was dis-
tributed on 48-well plates. Gingival fibroblasts were trypsinized and 
seeded into the 48-well plates with each 3D-printed resin sample 
at a density of 5×104 cells/well. After 24, 48, and 72 h of incubation, 
50 μL of the CELLOMAX™ solution (CELLOMAX™ viability assay kit, 
Precaregene) was added to the 48-well plate of the specimen. Wells 
in which only cells without specimens were cultured were used as a 
positive-control group and incubated for 90 min at 37 °C as per the 
instructions of the manufacturer. From each well, 100-μL aliquots of 
the media were subsequently transferred to a 96-well plate, and their 
optical density at 450 nm was recorded using a microplate reader 
(VERSA max, Molecular Devices, Sunnyvale, CA, USA). The percent-
age of cell viability was calculated using the following equation:
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2.3. Cytotoxicity Analysis

The cytotoxicity of the 3D-printed resin on gingival fibroblasts 
was measured using a lactate dehydrogenase (LDH) release as-
say (Quanti-LDH™ Cytotoxicity Assay Kit, BIOMAX, Seoul, Korea) as 
per the instructions of the manufacturer. Gingival fibroblasts were 
seeded on the 48-well plate of each 3D-printed resin at a density of 
5×104 cells/well. After 24, 48, and 72 h, 20 μL of the culture medium 
was collected and centrifuged at 7000 rpm for 3 min. Then, 10 μL 
of the obtained supernatant was transferred to a new 96-well plate, 
to which 100 μL of the LDH substrate mixture was added. After 30 
min of incubation at RT, the absorbance of the resultant solution was 
measured at 450 nm. For the cytotoxicity assay, the medium was not 
changed until after 72 h. The percentage of cytotoxicity was calcu-
lated using the following equation:
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where the background control was the medium only, the low control 
was the culturing of the supernatants of the fibroblast cells only, and 
the high control was the culturing of the supernatants of the fibro-
blast cells after homogenization of the cell lysis buffer.

2.4. Cytoskeleton Staining and Confocal Laser Scanning Microscopy

After the cells were cultured for 24 h on the specimens of each 
group, the specimens were washed thrice with phosphate buffered 
saline (PBS), and the cells were fixed with 4% paraformaldehyde in 
PBS for 15 min at RT. The specimens were then washed three more 
times and permeabilized with 0.1% Triton™ X-100 in PBS for 15 min. 
Finally, the specimens were washed thrice with PBS. For cytoskeletal 
quantification, the cytoskeleton was bound to β-actin and fluores-
cently stained with phalloidin (Alexa Fluor 488 Phalloidin, Invitrogen, 
Thermo Fisher Scientific) as per the instructions of the manufacturer. 
The specimens were then mounted on an antifade mounting me-
dium (VECTASHIELD, Vector Laboratories, Burlingame, CA, USA) and 
scanned by performing confocal laser scanning microscopy (CLSM; 
LSM 700, Carl Zeiss Microscopy, Jena, Germany). Z-stack continuous 
capture images were used to determine the coexpression levels.

2.5. Degree of Conversion

Fourier transform infrared spectroscopy (FTIR) was performed 
to identify the functional groups present in the 3D-printed resin. Five 
specimens, having a diameter of 10 mm and a thickness of 2 mm, 
were prepared per group. After the heat-treatment of the specimens, 
infrared spectra were acquired using a Vertex 70 FTIR spectrometer 
(Bruker, Karlsruhe, Germany). The spectra were recorded in the ab-
sorbance mode using a diamond crystal plate and obtained with a 
resolution of 4 cm–1 in the spectral region of 500–4000 cm–1. The 
experiment was performed three times for each specimen. In each 
spectrum, the heights of the absorption bands of the aliphatic and 
aromatic C=C bonds were measured at 1637 cm–1 and 1608 cm–1, re-
spectively. The degree of conversion (DC) was determined according 
to the following equation:
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2.6. Flexural Strength

The flexural strength was tested using a universal tester (Model 
3366, Instron Corporation, Norwood, MA, USA). A 10-kN-loaded cell 
with a crosshead speed of 0.75 mm/min–1 was used based on the 
ISO-4049 standard[35]. In the mechanical property tests, a bar speci-
men (n = 15 per group) was designed with a length of 25 mm, width 
of 2 mm, and thickness of 2 mm, according to the ISO-10477 stan-
dard[36]. Before the experiment, measurements were performed 
to an accuracy of 0.001 mm using digital calipers, and the flexural 
strength was measured. Two round supports separated by 20 mm 
were used for the fracture test, and the fracture load was measured 
in Newtons. The flexural strength (σ) was calculated in megapascals 
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using the following equation:

 
23 / 2  ,=σ Fl bh

where F is the breaking load in Newtons, l is the distance between 
the supports in millimeters, b is the specimen width in millimeters, 
and h is the specimen height in millimeters.

2.7. Vickers Hardness Test

The Vickers hardness was measured using disk-shaped speci-
mens with a diameter of 9 mm and thickness of 2 mm, which were 
prepared using water-cooled polishing with a 1200-grit carbon pa-
per. Five specimens (n = 5) from each group were measured three 
times, and the average of these measurements was used. The inden-
tation was produced by applying a 200 g (1.96 N) load for 15 s using a 
micro Vickers hardness tester (HMV-G31ST, Shimadzu, Kyoto, Japan)
[37]. The Vickers hardness was calculated using the following equa-
tion:
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where F is the breaking load in Newtons) and D2 is the indentation 
area (measured in square millimeters).

2.8. Dimensional Accuracy

To determine the effects of the heat-treatment on the accuracy 
of the specimen, dental CAD software (Exocad DentalCAD, Exocad, 
Darmstadt, Germany) was used to design a three-unit bridge for 
teeth 4, 5, and 6 (Fig. S1). The completed file was exported in the 
STL format. All specimens (n = 5 per group) were fabricated using 
a DLP 3D printer (NextDent 5100, 3D Systems, NextDent) and the 
crown and bridge resin (NextDent C&B), with five printed specimens 
for each group. Each printed specimen was scanned using a tabletop 
scanner (T500, Medit, Seoul, Korea), and the STL file was applied to 
a 3D analysis software program (Geomagic Control X, 3D Systems, 
NextDent). The outer surfaces of the STL files were evaluated in three 
dimensions by comparing them with those of the CAD design files 
used as reference data.

The trueness and precision can be analyzed using the ISO-5725-
1 standard, where trueness represents how close the sample data are 
to the reference values, and precision denotes how close the values   
are between the comparison data. A best-fit algorithm was used 
to perform 3D analyses of the trueness of the obtained data; it has 
been used as a method for evaluating accuracy in several previous 
studies. The error between the reference and comparison data was 
quantified as the root-mean-square error (RMSE) and presented as a 
map with colors based on the tolerance ranges. The RMSE is a type of 
mean calculated as the square root of the mean square; it can present 
the error index in units similar to the actual value and is commonly 
applied to measure the volume and shape variability of surfaces[38]. 
The RMSE values   were calculated using the following formula:
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where x1,i is the measurement point of the reference, x2,i is the mea-
surement point of the dataset, and n is the total number of points 
measured in each analysis.

2.9. Color Measurement

To evaluate the color changes in the specimens according to the 
heat-treatment process, the color of each untreated specimen was 
examined after 3D printing and the completion of the heat-treat-
ment process. Specimens (n = 5 per group) with a diameter of 9 mm 
and a thickness of 2 mm were prepared for each group. The color 
of each finished specimen was evaluated three times using a color-
imeter (CR-321 Chromameter, Minolta, Osaka, Japan), and the aver-
age value of the three measurements for each specimen was used. 
The color change was evaluated by applying the L*, a*, and b* values   
measured at each point to the CIEDE2000 formula (ΔE00):
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2.10. Statistical Analysis

Statistical analyses were performed using the SPSS software 
(version 25, IBM, Armonk, NY, USA). The normality of all data was con-
firmed by performing the Shapiro-Wilk test. The data from the cell 
viability and cytotoxicity assays were analyzed by applying the two-
way analysis of variance (ANOVA) to confirm the two-way interac-
tion between the heat-treatment method and incubation time. The 
one-way ANOVA was used to identify the differences between the 
heat-treatment method groups and the incubation times in the ob-
tained data. The data on the DC, color difference, flexural strength, 
and Vickers hardness were analyzed using the one-way ANOVA. The 
significance level was calculated, and Scheffe’s test was performed 
as a post-test (α=0.05). The mean and standard deviation values were 
calculated and evaluated for each group. Paired-sample t-tests were 
performed with a significance cutoff of α=0.05 to identify the dimen-
sional changes in the three-unit bridge before and after the heat-
treatment process.

3. Results

3.1. Cell Viability Evaluation

The two-way ANOVA of the incubation time and heat-treatment 
method for cell viability (Fig. S2, Table S1) indicated significant main 
effects of the heat-treatment method (F=96.701, p<0.001) and incu-
bation time (F=5.078, p=0.008). However, it also indicated that there 
was no significant effect between the heat-treatment method and 
incubation time (F=1.850, p=0.053).

To determine the differences in the cell viability for the differ-
ent heat-treatment methods, one-way ANOVA was performed to 
compare the average standard deviations of the cell viability (Fig. 
S3, Table S2). No intergroup difference was observed for the cell vi-
abilities after 24 h of incubation in the RT-1-month, RT-24-hour, RTW-
24-hour, and 80-°C-water 1-min groups. However, for the autoclave, 
100-°C-water 1-min, and 100-°C-water 5-min groups that had heat 
applied to them, the cell viabilities after 24 hours of incubation were 
83.5±16.6%, 89.1±15.2%, and 80.3±14.5%, respectively, which were 
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significantly higher than those in the remaining groups. After 48 h 
of incubation, the cell viability rates in the autoclave, 100-°C-water 
1-min, 100-°C-water 5-min groups were 90.2±17.4%, 99.9±28.6%, and 
86.4±9.1%, respectively, which were significantly higher than the 
other groups. Cell viabilities after 72 h of incubation of the 100-°C-
water 1-min and 100-°C-water 5-min groups were significantly high-
er than the other groups, at 87.7±14.3% and 99.5±14.4%, respectively.

3.2. Cytotoxicity Test

The two-way ANOVA of the incubation time and heat-treatment 
method for cytotoxicity (Fig. 2, Table S3) indicated significant main 
effects of the heat-treatment method (F=320.900, p<0.001) and incu-
bation time (F=306.837, p<0.001), as well as a significant interaction 
between the heat-treatment method and incubation time (F=73.092, 
p=0.001).

To determine the differences in cytotoxicity according to the 
heat-treatment methods, one-way ANOVA was performed to com-
pare the average standard deviations of cytotoxicity (Fig. S4, Table 
S4). After 48 and 72 h of incubation, the cytotoxicity did not increase 
in the autoclave, 100-°C-water 1-min, and-100 °C-water 5-min groups. 
However, in the 80 °C water 1-min group, the cytotoxicity increased 
significantly to 8.6±6.8% after 72 h, and in the RT-1-month, RT-24-
hour, and RTW-24-hour groups, it tended to increase at both 48 and 
72 h. After 72 h of incubation, the cytotoxicity was highest in the 
RT-1-month group, followed by the RT-24-hour and RTW-24-hour 
groups, at 69.8±4.1% and 30.9±1.8%, respectively.

3.3. CLSM Analysis

When the cells were cultured on the specimens prepared for 
each group for 24 h, the cytoskeleton fluorescently stained with 
phalloidin, and the cell morphology of the specimen surface was 
identified using confocal laser scanning (Fig. 3). In the RT-1-month, 
RT-24-hour, and RTW-24-hour groups, relatively few cells were at-
tached to the surface of each specimen, and cell malformation was 
observed. Conversely, the 100 °C-water 1-min and 100 °C-water 
5-min groups were more attached to the specimens in the autoclave. 
Comparisons of the morphology of the blue-stained multinucleate 
cells and green-stained cytoplasm and filopodia indicated that the 
cells in the autoclave, 100 °C-water 1-min and 100 °C-water 5-min 

groups developed well into an elongated shape. Additionally, more 
cell-to-cell contacts were detected on the surfaces of the specimens 
in these groups than in the RT-1-month, RT-24-hour, and RTW-24-
hour groups. Therefore, the CLSM results were consistent with the 
cell viability and cytotoxicity evaluation results.

3.4. Degree of conversion

The results for the DCs are depicted in Figure 4A and Table S5. 
The DC of the 3D-printed resin used in the experiments varied de-
pending on the heat-treatment method (p<0.001). The DC increased 
significantly in the 80 °C-water 1-min and the 100 °C-water 1-min 
groups compared with the RT-24-hour group. The DC was the high-
est in the 100 °C water 5-min group, at 76.0±1.9%

3.5. Flexural Strength

The flexural strengths of the different groups are shown in  
Figure 4B and Table S6. The flexural strength of the 3D-printed res-
in used in the experiments varied with the heat treatment method. 
No significant differences in the flexural strength were found among 
the RT-1-month, RT-24-hour, RTW-24-hour, 80 °C-water 1-min, 100 °C-
water 1-min, and 100 °C-water 5-min groups. However, the flexural 
strength was significantly lower in the autoclave group at 95.3±16.9 
MPa.

3.6. Vickers Hardness Test

The changes in the Vickers hardness according to the heat-treat-
ment method are presented in Figure 4C and Table S7. There was no 
difference in the surface hardness according to the heat treatment 
method.

3.7. Dimensional Accuracy

Five three-unit bridges were printed and scanned for each 
group to determine the trueness before and after heat treatment 
and to obtain each RMSE value (Fig. 5A, Table S8). The overall devia-
tion distribution is displayed as a color map (Fig. S5). One-way analy-
sis of variance was performed to identify the differences between 
the groups. There were no significant differences in the RMSE val-
ues   between the groups before and after the heat treatment. The 
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Fig. 2. Two-way ANOVA results of cytotoxicity. A) Cytotoxicity based on heat-treatment method. B) Cytotoxicity 
based on incubation time. The data are the mean and standard-deviation values.   Different lower-case letters 
indicate significant intergroup differences (p<0.05).
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paired-samples t-test indicated the absence of significant differences 
among all groups, except for the RTW-24-hour group.

3.8. Color Difference

The ΔE00value was calculated to determine color changes in the 
specimens according to the heat-treatment method, and the differ-
ences between the groups were determined using one-way ANOVA 
(Figs. 5B, 6, and Table S9). The color difference was the lowest 
(ΔE00=0.72) for the RT-24-hour group, and there were no significant 
differences between those of the RT-1-month, RTW-24-hour, 80 °C-
water 1-min, and 100 °C-water 1-min groups. The average color dif-
ference in the 100 °C-water 5-min group was ΔE00=1.63, which was 
significantly higher than that in the RT-24-hour group. The color dif-
ference in the autoclave group specimens was highest at ΔE00=6.7.

4. Discussion

In this study, hot-water immersion treatment and autoclaving 
were applied to 3D-printed crowns and bridge resins. The aim of 
this study was to determine whether the cytotoxicity of 3D-printed 
crowns and bridge resins could be reduced and whether cell viabil-
ity could be increased. The effects of the heat treatment method on 
the mechanical properties, color stability, and dimensional accuracy 
were also evaluated. The experiments indicated that biocompatibil-
ity was significantly greater in the group with 3D-printed resin stored 
in water than in the group stored at RT. Moreover, increasing the 

water temperature to 80 °C and 100 °C could further increase cyto-
compatibility. Autoclaving did not affect the dimensional accuracy of 
the 3D-printed three-unit bridge, but significantly affected its color 
stability and flexural strength. However, there were no differences in 
the color stability, dimensional accuracy, or mechanical properties 
among the other groups. Therefore, the null hypothesis is partially 
accepted.

The cell viability on the 3D-printed resin was found to be sig-
nificantly lower in the RT-24-hour and RT-1-month groups with no 
treatment than in the other groups, and the cytotoxicity was signifi-
cantly higher than in the other groups. In addition, as the incubation 
time increased from 24 h to 48 h to 72 h, the cytotoxicity significantly 
increased, indicating that the biocompatibility of the material de-
creased. This is consistent with the findings of Kim et al.[29], where 
3D-printed crowns and bridge resins exhibited increased cytotoxic-
ity after 48 h of incubation compared to that after 24 h. This is also 
similar to the results obtained by Bayarsaikhan et al.[39], who found 
that the cytotoxicity rapidly increased as the incubation time in-
creased from 24 to 48 to 72 hours. The unpolymerized monomers in 
the deeper layers of the printed resin leached over time, inducing a 
cytotoxic effect[40], and resin-based restorative materials have been 
reported to exhibit leaching that induces cytotoxicity by 2 weeks[41]. 
As the incubation time increased to 72 h, the cytotoxicity probably 
increased rapidly owing to the accumulation of leaching among the 
decomposed compounds[42]. In the present study, cytotoxicity was 
significantly lower in the RTW-24-hour group than in the RT-24-hour 
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Fig. 3. Confocal laser microscopy images of human gingival fibroblasts cultured on specimens. The heat-treatment method was found to affect cell growth. In 
the case of the groups that were heat-treated at 100 °C water, the cell growth was considerably high. Cell malformations were observed in the room tempera-
ture storage groups (RT-24-hour and RTW-24-hour).

Fig. 4. Mechanical property results. A) DC, B) Flexural strength, and C) Vickers hardness of the 3D-printed resins based on post-treatment method.
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group. This can be interpreted based on the results of Tsuchiya et 
al.[34], where denture resin immersed in water for 60 min was found 
to induce preleaching of formaldehyde and methyl methacrylate. 
This can be explained by the reduction in the concentration of toxic 
substances in the specimen, as residual monomers and compounds 
in the resin diffuse into water[43]. Compared with the specimens im-
mersed in RTW and 80 °C water for 1 min, the cytotoxicity was sig-
nificantly lower and the cell viability was significantly higher in the 
groups where the water temperature was high, such as the 100 °C-
water 1-min, 100 °C-water 5-min, and autoclave groups. In addition, 
the cytotoxicity in the groups involving immersion in a water bath at 
100 °C water for 1 min and 100 °C water for 5 min, and the autoclave 
group, did not increase even after 48 or 72 h. This was due to the 
increase in temperature, which improved the diffusion of residual 
monomers[32,33]. This may also be due to the reduction in toxic sub-
stances that result from the preleaching of resin compounds such as 
PI, monomers, additives, and residual monomers in aqueous media 
at high temperatures[20,34]. Another factor may be the hydrolysis of 
the residual monomers to methacrylic acid. Therefore, the increase 
in the biocompatibility of the printed resin samples in this study 
may have been caused by the diffusion and hydrolysis mechanism of 
toxic compounds into water. These results can also be interpreted as 
indicating that the treatment temperature strengthened the effect 
of the above mechanism. In a previous study by Park et al.[44], the 
effect of the chemical substances released from polymers and the 
physiological side effects of the products were tested. The author 
has mentioned the need for additional research using actual human 
gingival fibroblasts, and this study is noteworthy in that it confirms a 

method for successfully reducing the toxicity of dental polymer res-
ins to human gingival fibroblasts.

Fibroblasts are the most abundant cell types in connective tis-
sue, have diverse functions, and produce complex cellular signaling 
networks by contacting other cells[45]. Gingival fibroblasts also play 
an essential role in wound healing, respond differently to growth 
factors, and produce matrix proteins for specific cells[46]. The CLSM 
images obtained in this study showed a significant effect of the heat 
treatment method on the biocompatibility of the printed resin, indi-
cating clear differences in the shape, size, and number of cells. Well-
developed morphology and increased cell adhesion were observed 
in the group in which the specimen was immersed in 80 °C water for 
1 min, and the number of adherent cells significantly increased in the 
groups subjected to 100 °C water for 1 min, 100 °C water for 5 min, 
and autoclaving. These CLSM findings were consistent with those 
of the biocompatibility tests. The resins used in 3D printing contain 
UV-sensitive PIs, methacrylate monomers, fillers, and auxiliary com-
pounds that exhibit cytotoxic effects[20,47]. Substances leached 
from these resin-based dental restorative materials have potentially 
negative effects on basic cellular functions, such as proliferation, me-
tabolism, cell morphology, and cell membrane integrity[48]. There-
fore, a simple and effective protocol to increase the biocompatibility 
of 3D-printed resin materials is required. The comprehensive results 
of the cell viability, cytotoxicity, and CLSM analyses obtained in this 
study demonstrate that immersing photocured resin in hot water 
can effectively improve cytocompatibility by inducing the preleach-
ing of residual toxic substances[49].
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Fig. 5. Clinical property results. A) Trueness analysis performed by scanning the printed three-unit bridge and comparing it with the design file. B) Differ-
ences in color changes based on post-treatment method for the printed resin.

Fig. 6. Photographs of the qualitative color changes of the 3D-printed resins
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Franz et al.[50] reported that DCs are essential for medical resin-
based devices because they have a significant impact on biocom-
patibility. It has been reported that there is an inverse relationship 
between DC and the amount of residual monomer, that is, the higher 
the DC, the lower the amount of the residual monomer[43,51]. Leach-
ing of residual monomers due to low DC can cause allergic reactions, 
such as local chemical irritation, hypersensitivity, and mucositis; 
therefore, it is necessary to improve DC[52–54]. A previous study 
reported that the glass transition of unpolymerized UDMA resin oc-
curs at 90 °C[55]. Therefore, in this study, the DC was increased by ap-
plying heat above the glass transition temperature of the resin, and 
the heat-treatment method was designed by varying the tempera-
ture and time. An analysis of the DC of the specimens showed that 
it was affected by additional heat treatment, even after postcuring 
was complete. The DC was observed to have significantly increased 
in the groups whose specimens were further heated, namely, 80 °C- 
water 1-min and 100 °C-water 1-min groups. The highest DC, how-
ever, was obtained in the 100 °C-water 5-min group. These results 
were similar to those obtained from other methods of increasing the 
DC, such as heating in a drying box[56], microwave irradiation[57,58], 
and immersion in water at elevated temperatures[59,60]. The similar-
ity in the results can be attributed to the fact that the polymerization 
rate of the resin was accelerated by heat. Increasing the temperature 
during resin polymerization enables better movement of the free 
radicals and development of polymer chains, thereby improving the 
monomer conversion rate and further polymerization[61–63]. From 
the results, it can also be observed that the decrease in the content 
and release of residual monomer in the resin significantly reduced 
the cytotoxicity[50,64]. The results of the FTIR analysis prove that the 
100 °C-water 5-min method can be used as a simple method to in-
crease the DC of the printed photopolymer resin while reducing the 
toxicity of the material. The residual monomer of the resin is tem-
perature-dependent; however, because the resin is sensitive to high 
temperatures and pressure, it should be carried out within a range 
that does not affect the properties of the polymer.

The present analyses of the effects of the heat-treatment meth-
od on the volume changes in the 3D-printed three-unit bridge pros-
theses indicated that there were no significant differences between 
pre- and heat-treatment in all groups, except for the RTW-24-hour 
group. Several previous studies have compared and evaluated the 
dimensional accuracy of different 3D printing technologies, with er-
rors of 0.20–0.50 mm defined as a clinically acceptable difference 
range[65–67]. The mean difference between the RMSE values before 
and after heat-treatment in the present RTW-24-hour group was 
approximately 5 μm, which was within the clinical tolerance range. 
Török et al. and Sharma et al.[68,69] autoclaved 3D-printed resin at 
a high temperature of 121 °C and analyzed the RMSE values of the 
specimens. Their results revealed no major deformations or struc-
tural changes, consistent with the trends identified in our study. The 
3D-printed resin had a stable volume even after immersion in hot 
water at 80 °C and 100 °C when it was printed in the form of a three-
unit bridge. This further supports the use of the hot water immersion 
method as a preleaching method. In this experiment, an analysis of 
the outer surface of a three-unit bridge was performed to evaluate 
its dimensional accuracy. However, additional studies, such as mar-
ginal fitness analysis, are required to analyze the prosthesis accuracy.

The color changes in the materials before and after heat treat-
ment were quantitatively evaluated using a spectrophotometer[70]. 
A color difference (ΔE00) value higher than 2.25 is considered clini-
cally observable[70,71]. The color of the 3D-printed resin was indi-

cated to vary according to the heat-treatment method and in the 100 
°C-water 1-min and 100 °C-water 5-min groups, the red hue increased 
in intensity; however, the color change in all groups other than the 
autoclave groups did not exceed the clinical acceptance threshold. 
The color difference in the autoclave group exceeded the clinically 
acceptable value of ΔE00 2.25, which may be explained in several 
ways. Water absorption during the autoclave process may affect the 
color stability of the resin, and the water absorption of the 3D-print-
ed resin may contribute to increasing the migration or adhesion of 
the pigments[72,73]. Therefore, it can be inferred that the increased 
water absorption potential of the 3D-printed resin during 20 min of 
autoclaving may have played a role in the observed color change. 
Another possible reason is the effect of the low inorganic filler con-
tent of the 3D-printed resin, which is necessary during the manufac-
turing process of 3D-printed objects because it maintains the resin 
viscosity as low as possible to facilitate the flow of the material and 
create a smooth surface[74]. However, a reduced filler content can 
lead to surface deterioration in the hydrothermal reaction process of 
the resin material and induce precipitation in the filler particles dur-
ing storage[75]. These factors may have contributed to the increase 
in color change[74].

The flexural strength of the 3D-printed crown and bridge resin 
after heat treatment in the RT-24-hour group without any treatment 
was 133.8±18.4 MPa, whereas in the autoclave-treated group it was 
95.3±16.9 MPa, which was a significant decrease. This indicates that 
the heat-treatment process exerted a strong effect on the flexural 
strength. These results are consistent with the decreased flexural 
strength found by Török et al.[68] for 3D-printed resin subjected 
to 121 °C steam sterilization. This decrease in the flexural strength 
can be attributed to several factors. Berli et al.[76] found that their 
3D-printed resin group had significantly increased water absorp-
tion after thermal aging and that moisture adsorption significantly 
decreased the flexural strength and increased the deterioration of 
other mechanical properties. Another reason may be the monomer 
remaining in the resin, which could be induced by moisture absorp-
tion and swelling from the residual monomer, contributing to sur-
face and mechanical property deterioration[77]. The Vickers hard-
ness tests indicated that the flexural strength was not affected by 
heat treatment, with an average HV of approximately 20.9, which is 
similar to previous values found for 3D-printed crown and bridge 
materials[29]. This was also consistent with the results obtained by 
Török et al.[68], who found no significant difference in the Vickers 
hardness before and after dental surgical guided 3D-printed resin 
received steam sterilization at 121 °C.

One limitation of the present study is that only one type of 3D-
printed resin was used in the experiments. Different types of printing 
equipment and resins produce different results. This study also used 
standardized specimens to quantify the biological and mechanical 
properties; therefore, the results for the final printed prosthesis may 
be different. Because environmental characteristics such as oral pH 
fluctuations, chewing, and the presence of bacteria and saliva were 
not considered in the present experiments, further corresponding 
standardized protocols and clinical studies are needed to strengthen 
our conclusions.

Within the limitations of this study, a method for lowering the 
cytotoxicity and increasing the cell viability of 3D-printed crowns 
and bridge resins was tested. Immersing printed resin samples in 
100 °C water for 1 or 5 min after the curing process was an effective 
method for increasing the cytocompatibility by inducing preleach-
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ing of toxic substances such as unpolymerized monomers, PIs, and 
additives. Simultaneously, it is possible to increase the DC by addi-
tional polymerization without affecting the flexural strength, surface 
hardness, or color changes of the material. This represents a suitable 
method for increasing the cytocompatibility of 3D printed photo-
polymer resin prostheses.

5. Conclusions

Within the limitations of this study, the following conclusions 
can be drawn:

1. The cell viability can be increased and cytotoxicity can be de-
creased by immersing a printed crown and bridge resin in 100 
°C water for 1 or 5 min.

2. None of the applied heat-treatment methods affected the vol-
ume of 3D-printed three-unit bridge samples.

3. The heat-treatment method of immersing the printed resin in 
100 °C water for 1 or 5 min can increase the DC without affect-
ing the mechanical or optical stability of the printed resin.

4. Using an autoclave as a heat-treatment method decreases the 
flexural strength and increases the color differences.

5. None of the heat-treatment methods affected the Vickers hard-
ness of the 3D-printed resin.
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