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Abstract 

Dental implant treatment is a complex and sophisticated process, and implant provisional restorations play a vital role 
in ensuring its success. The advent of computer-aided design and computer-aided manufacturing (CAD/CAM) tech-
nology has revolutionized the field of implant restorations by providing improved precision leading to a reduction 
in chair time and more predictable treatment outcomes. This technology offers a promising solution to the drawbacks 
of conventional methods and has the potential to transform the way implant procedures are approached. Despite 
the clear advantages of CAD/CAM over conventional provisional implant restorations including higher accuracy 
of fit and superior mechanical properties, little research has been conducted on the biological aspect of these novel 
restorations. This study aims to fill that gap, comprehensively assessing the biocompatibility, gingival tissue attach-
ment and biofilm formation of a range of provisional implant restorations using CAD/CAM technology through mill-
ing and 3-D printing processes compared to conventional fabrication. The biocompatibility of the tested restorations 
was assessed by MTT assay, Calcein-AM assay as well as SEM analysis. The surface roughness of the tested samples 
was evaluated, alongside the attachment of Human Gingival Fibroblasts (HGF) cells as well as biofilm formation, 
and estimated Porphyromonas gingivalis (P. gingivalis) cell count from DNA detection.

The results showed all tested provisional implant restorations were non-toxic and good HGF cell attachment but dif-
fered in their quantity of biofilm formation, with surface texture influenced by the material and fabrication technique, 
playing a role. Within the limitation of this study, the findings suggest that CAD/CAM-fabricated provisional implant 
restorations using a milling technique may be the most favourable among tested groups in terms of biocompatibility 
and periodontal-related biofilm formation.

Keywords  Dental prosthesis, Computer-aided manufacturing, Porphyromonas gingivalis, Fibroblast, Cytotoxicity 
tests

Background
Provisional restorations play a crucial role in the success 
of implant therapy, as they help to preserve and shape 
peri-implant soft tissue prior the delivery of definitive 
restoration [1–5]. A range of materials is currently availa-
ble for the fabrication of provisional implant restorations, 
including polymethylmethacrylate (PMMA)-based mate-
rials and bis-acryl- based materials. PMMA self-cured 
acrylic resin is a material that is widely acknowledged 

*Correspondence:
Pobploy Petchmedyai
Pobploy.pet@mahidol.ac.th; Pbploypetch@gmail.com
1 Department of Pharmacology, Faculty of Dentistry, Mahidol University, 
Bangkok, Thailand
2 Dental Implant Center, Faculty of Dentistry, Mahidol University, Bangkok, 
Thailand

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-023-03468-z&domain=pdf
http://orcid.org/0000-0003-4679-9279
http://orcid.org/0000-0002-4710-8022
http://orcid.org/0000-0002-8401-9459
http://orcid.org/0000-0002-0324-3361
http://orcid.org/0000-0003-1616-9487
http://orcid.org/0009-0004-6652-9940


Page 2 of 15Parakaw et al. BMC Oral Health          (2023) 23:718 

for its versatility, affordability, and ease of handling. Its 
rapid setting time enables efficient chairside production 
of provisional restorations. While bis-acryl-based mate-
rials have become increasingly widely used due to their 
low polymerization shrinkage and high esthetics, allow-
ing for precise replication of the tooth anatomy and color 
matching. These materials offer enhanced stability during 
the healing phase, which is vital for successful implant 
therapy. Both PMMA and bis-acryl provisional restora-
tions have been extensively researched and demonstrated 
favorable clinical outcomes, making them the standard 
materials in clinical implant practice [6, 7]. In recent 
years, with the advent of computer-aided design and 
computer-aided manufacturing (CAD/CAM) technology, 
the fabrication of implant restorations has undergone 
a digital transformation, enabling the design of provi-
sional restorations using computer software and their 
subsequent production through milling or 3-D printing 
machines. This technology has revolutionized the field of 
implant dentistry by enabling the production of precise 
and accurate restorations utilizing an industrial manufac-
turing process, allowing for optimal fit and minimal need 
for manual adjustment which could reduce treatment 
time and enhance patient satisfaction [8–10].

Although numerous studies have investigated the 
mechanical properties of provisional CAD/CAM resto-
rations [11–15], few studies have focused on the biologi-
cal response of these materials, especially in the context 
of provisional implant restorations [16, 17]. Provisional 
restorations are close contact with gingival tissue, hence 
ensuring their biocompatibility and promoting tissue 
integration are of paramount importance to prevent 
any adverse reactions in the adjacent tissues. Evaluat-
ing the attachment of human gingival fibroblast (HGF) 
cells on these restorations becomes critically important 
as HGFs are primary cells involved in the wound heal-
ing process, playing a significant role in maintaining the 
health and integrity of gingival tissue. By facilitating both 

biocompatibility and tissue integration, a favorable envi-
ronment for the natural interaction between the restora-
tions and gingival tissue is established. Furthermore, high 
bacterial adhesion resistance is crucial for the success of 
implant treatment, as bacterial colonization can result in 
plaque formation and an increased risk of periodontal 
infections. Therefore, further investigation into the bio-
logical response of CAD/CAM provisional restorations 
is necessary to ensure their safety and efficacy in clinical 
practice.

To address this research gap, this study aims to com-
prehensively assess the biocompatibility and HGF cell 
attachment of a range of provisional implant restorations 
including those using CAD/CAM technology through 
milling or 3-D printing techniques compared to conven-
tional fabrication of PMMA and bis-acryl-based mate-
rials on HGF  cells and to evaluate their potential for 
biofilm formation by periodontal pathogenic bacteria. 
The rationale of this study is to assess whether the use 
of novel CAD/CAM provisional restorations is a suit-
able alternative to conventional fabrication, which is 
the standard practice in implant treatment, taking into 
account their biologic response in terms of biocompat-
ibility and resistance to bacterial adhesion. This study’s 
results could inform clinical practice and contribute to 
improved outcomes in implant therapy.

Methods
Sample preparation
Four different commercially available materials and fab-
rication techniques were used in this study, as demon-
strated in Table 1.

Conventional fabrication groups
A cylindrical silicone mold (diameter 10  mm, thickness 
2 mm) was prepared. To create Unifast Trad (UT) sam-
ples, the powder and liquid were mixed in a dappen dish 
using a mixing spatula according to a recommended 

Table 1  Tested samples

Sample Manufacturer Composition Fabrication technique

Unifast Trad
(UT)

GC America, IL, USA Powder: Methyl methacrylate & Ethyl methacrylate copolymer Liquid: 
Methyl methacrylate, N,N dimethyl-p-toluidine

Conventional fabrication- 
Hand mixing, chemical 
polymerization

Protemp 4
(PT)

3 M ESPE,
Seefeld,
Germany

Bis-GMA and a second functionalized dimethacrylate resin, silanated 
zirconia–silica and fumed silica fillers

Conventional fabrication 
-Automixing, chemical 
polymerization

VIPIblock -PMMA Trilux
(VP)

VIPI, São Paulo, Brazil Methyl Polymethacrylate, Biocompatible Pigments, EDMA, and Fluores-
cent

CAD/CAM fabrication
- milling technique

Nextdent C&B MFH (ND) NextDent, Soester-
berg, Netherlands

Methacrylic oligomer
Glycol methacrylate
Phosphine oxide

CAD/CAM fabrication
-DLP 3-D printing technique
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manufacturer’s ratio (P/L = 0.5 mL/g) for 10 s and poured 
into the mold. For Protemp 4 (PT), the material was dis-
pensed into the mold directly using a dispensing gun. A 
celluloid strip was placed over the material and pressed 
with a glass slide against the mold to remove the excess 
material and create a flat surface.

CAD/CAM fabrication groups
In CAD/CAM fabrication groups, CAD software (Tink-
erCAD, Autodesk, California, USA) was used to design 
the samples and STL files then were exported for sample 
fabrication. In the VIPIblock -PMMA Trilux (VP) group, 
a PMMA block was milled using a 5-axis milling machine 
(S2, VFS, Ammerbuch, Germany). In the Nextdent C&B 
MFH (ND) group, the 3-D printing process strictly fol-
lowed the manufacturer’s protocol. The printing material 
(Nextdent C&B MFH) was mixed using an LC-3DMixer 
(Nextdent, 3DSystems, Rock Hill, SC, USA). The print-
ing parameters were set automatically by Sprint soft-
ware (3DSystems, Rock Hill, SC, USA) with a 50-micron 
layer thickness. The specimens then were printed using 
Nextdent 5100 (Nextdent, 3Dsystems, Rock Hill, SC, 
USA). Following the printing process, all specimens were 
cleaned in an ultrasonic unit for 5 min, dried, and cured 
by a post-curing unit (LC-3DPrint box, Nextdent, 3D 
Systems, Rock Hill, SC, USA) for 30 min.

All samples were 2  mm in thickness and 10  mm in 
diameter. Each group replicated three samples for each 
experiment. The samples underwent polishing using sili-
con carbide paper grit 600 while being cooled with water. 
The polished surfaces were visually checked for any irreg-
ularities and deemed to be smooth. The samples were 
then cleaned using an ultrasonic cleaner and wiped down 
with 70% ethanol. Before each experiment, the samples 
were exposed to UV light for a duration of 30 min.

Cell viability analysis via MTT assay
HGF-1 (ATCC CRL-2014, Virginia, USA) in the third 
to sixth passage were cultured in completed Dulbecco’s 
modified Eagle medium (DMEM( Sigma Chemical Co., 
St. Louis, Missouri, USA) supplemented with 10% fetal 
bovine serum (FBS; Invitrogen, Carlsbad, California, 
USA) and 100 UT/mL penicillin, 100  μg/mL strepto-
mycin, and 2  mmol/L glutamine (Gibco, Grand Island, 
New York, USA). The cell lines were maintained under 
the condition of a humidified atmosphere (5%) of CO2 at 
37 °C until the cells achieve a confluence of 90%. 10,000 
cells were cultured on each material placed in 96-well 
plate. To determine the cellular responses of four dif-
ferent samples, each sample was immersed in a culture 
medium (DMEM) for 72  h at 37  °C before treating this 
medium with HGF. The same density of cells treated with 
completed DMEM was used as a control. After 24  h of 

incubation, HGF cellular responses were tested for cell 
viability by using the colorimetric tetrazolium assay 
(MTT assay). According to the manufacturer’s protocol, 
500 μL of diluted MTT solution (0.5  mg/mL) (Sigma-
Aldrich, USA) in serum-free DMEM culture medium 
was incubated with cell lines grown on each material for 
2 h at 37 °C. Then, 100 μL of dimethyl sulfoxide (DMSO) 
(LGC, Brazil) was added and incubated on a plate shaker 
for 15  min at room temperature. After the solubiliza-
tion of the crystal, 200 μL of solution from each well 
was transferred into a 96-well plate and determined by 
a microplate reader (Biotek Instruments, CA, USA) at 
570 nm, according to standard cultivation times by using 
reading at 690 nm as a background. The experiment was 
replicated three times for average cell viability. The cyto-
toxicity responses were evaluated as a percentage of the 
control cell viability. Cell viability was assessed accord-
ing to the previous studies if cell viability above 90% was 
deemed non-cytotoxic, while viability between 60 and 
90% was considered slightly cytotoxic, viability between 
30 and 59% was categorized as moderately cytotoxic, and 
those below 30% were indicative of severe cytotoxicity 
[18, 19].

Cell viability analysis via Calcein‑AM Staining and confocal 
microscopy
HGF-1 (ATCC CRL-2014, Virginia, USA) in the third 
to sixth passage were cultured in completed Dulbecco’s 
modified Eagle medium (DMEM) (Sigma Chemical Co., 
St. Louis, Missouri, USA) supplemented with 10% fetal 
bovine serum (FBS; Invitrogen, Carlsbad, California, 
USA) and 100 UT/mL penicillin, 100  μg/mL strepto-
mycin, and 2  mmol/L glutamine (Gibco, Grand Island, 
New York, USA). The cell lines were maintained under 
the condition of a humidified atmosphere (5%) of CO2 at 
37 °C until the cells achieve a confluence of 90%. 10,000 
cells were cultured on each material placed in 24-well 
plate and incubated for 24  h. On the day of imaging, 
2 µM Calcein-AM (Molecular Probes, Eugene, OR, USA) 
was added to the cells and incubated for 60  min. Then, 
the dye was removed and washed the stained HGF cells 
by incubation with pH 7.2 phosphate-buffered saline 
(PBS) (Gibco, Thermo Fisher Scientific, USA) for 15 min 
to allow for AM ester removal. Live cells growing on the 
materials was analyzed by confocal microscopy (Stellaris 
5, Leica Microsystems, Wetzlar, Germany) to determined 
mean intensity of the green fluorescent.

Scanning electron microscope (SEM) analysis
The morphology and cell spreading pattern of HGF 
cells were assessed by SEM (JEOL, Tokyo, Japan) after 
24-h incubation with the specimen. 2% Glutaraldehyde 
was used for fixing the specimens overnight at 4  °C and 
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dehydrated by incubation with increasing concentrations 
of ethanol. Before SEM scanning, the specimens were 
coated with a gold/palladium alloy (Agar Sputter Coater) 
at a voltage of 5 kV. On the day of imaging analysis, the 
specimens were assessed by SEM at 100X, 200X, 500X, 
and 1000 magnification.

Measurement of surface roughness
The surface roughness of all tested samples prepared 
in the same shape as used in cell culture test was meas-
ured using a stylus surface profilometer (Taylor Hobson, 
Leicester, UK). Each sample was placed on the machine, 
allowing the stylus to move across its surface. The trans-
ducer converts the movement up and down of the stylus 
along the surface into a signal, which was then processed 
by the machine’s processor. The results are displayed on 
the screen as a numerical value and visual profile. To cal-
culate the average surface roughness of each sample, the 
average value from three different areas on each sample 
was determined.

Measurement of HGF cell attachment
Each specimen was placed into each well of 24-well plate. 
50,000 cells of HGF were loaded on top of the specimen. 
Then, 24-well plate was incubated in 5% CO2 incuba-
tor for 24 h before the measurement of cell attachment. 
The attached cells on the specimen were fixed with 2.5% 
glutaraldehyde for 20 min followed by staining with 0.5% 
crystal violet in 20% ethyl alcohol for 10  min at room 
temperature. After all incubations, the stained cells were 
washed 3 times with phosphate buffered saline before 
adding 200 μL absolute ethanol. The plate was gen-
tly shaken for 15  min at room temperature. Then the 
extracted solution was transferred into a 96-well plate 
before the measurement of optical density at 590 nM by a 
microplate reader (Biotek Instruments, CA, USA).

Measurement of biofilm formation
For the biofilm formation measurement, Porphy-
romonas gingivalis (P. gingivalis) ATCC 33277 strain 
2561, a whole-genome sequenced bacterial type strain 
isolated from a human gingival sulcus, was utilized. 
The strain was kept at -80  °C and upon requirement, 
was thawed and transferred to culture in Anaerobic 
Basal Agar (ABA, Oxoid, Hants, UK) at 37  °C under 
anaerobic conditions. After 7  days, the single colony 
of P. gingivalis was moved to further culture in Anaer-
obic Basal Broth (ABB, Oxoid, Hants, UK) at 37  °C 
under anaerobic condition for 72 h. Then, P. gingivalis 
in broth culture was transferred to Biofilm Induction 
Media (3% w/v Todd Hewitt Broth (BD, USA) plus 
2.2% w/v ABB) and adjusted to achieved microbial den-
sity at 1–2 × 107 CFU/ mL. 50 µL of media containing 

adjusted microbial density was placed on each material 
and incubated at 37  °C under anaerobic condition for 
24 h. Before the analysis of biofilm formation, the bio-
film was stained using BacLight Live/ Death (0.75  µM 
SYTO 9, BacLightTM, molecular probes, Inc., USA) 
plus 3 µM Propidium iodide (Miltenyi Biotec, Bergisch 
Gladbach, Germany) for 15  min in light-protected 
conditions at room temperature. After incubation, the 
staining solution was discarded, and the biofilm was 
washed 3 times by Biofilm Induction Media. Then, the 
biofilm was fixed by 10% natural formalin for 30  min 
and mounted by using mounting media (Dako fluo-
rescent, CA, USA). After all preparations had finished, 
biofilm formation was analyzed by confocal microscopy 
(Stellaris 5, Leica Microsystems, Wetzlar, Germany) to 
determined biofilm thickness and intensity of the green 
fluorescent, which represent live microbial biofilms.

Detection of DNA of P. gingivalis via RT‑PCR
P. gingivalis kept in -80  °C was thawed and moved to 
culture in Anaerobic Basal Agar (ABA, Oxoid, Hants, 
UK) at 37  °C under anaerobic condition. After 7  days, 
the single colony of P. gingivalis was moved to further 
culture in Anaerobic Basal Broth (ABB, Oxoid, Hants, 
UK) at 37 °C under anaerobic condition for 72 h. Then, 
P. gingivalis in broth culture was transferred to Bio-
film Induction Media (3% w/v Todd Hewitt Broth (BD, 
USA) plus 2.2% w/v ABB) and adjusted to achieved 
microbial density at 1 × 107  CFU/ mL. Each material 
was put in each well of 24  mm disc and incubated in 
2 mL of media containing adjusted microbial density at 
37 °C under anaerobic condition for 72 h. After 72 h, all 
media containing bacteria was removed from each well. 
The materials were washed gently with normal saline. 
Biofilm form by P. gingivalis on top of each material 
was collected a clean 1.5 mL tube using normal saline 
as a vehicle. The DNA was extracted by using Favor-
Prep Bacterial DNA Extraction Kit (Favorgen,Taiwan). 
The extraction procedure was conducted by following 
the manufacturer’s instruction. Nanodrop was used 
to quantify nucleic acid concentration. PCR using a 
P. gingivalis primer (‘5GCT​TCG​AAA​TAC​GAA​ACG​
TG3’, ‘5TAT​ATC​CGT​CTG​TCG​GAA​CG3’) and KAPA 
SYBR Fast (Biosystem, MA, USA) were implemented to 
detect P. gingivalis DNA and estimated the amount of 
P. gingivalis biofilm on the materials from the standard 
curve. The standard curve was generated from known 
amounts of P. gingivalis which was added in serial dilu-
tion from 50,000 to 5  CFU. The reactions were car-
ried out in a PCR-Real Time Detection System (Biorad 
CFX96TM, CA, USA), and the fluorescence was moni-
tored throughout the reaction.
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Statistical analysis
Statistical analysis was carried out using Prism® ver-
sion 6 (Prism software Inc., San Diego, CA, USA). Data 
are represented as mean ± SEM. One-way ANOVA and 
Tukey’s HSD post-hoc test were used to compare the 
cell viability via MTT assay as well as Calcein-AM 
assay, surface roughness, HGF cell attachment, bio-
film thickness, biofilm mean intensity and estimated P. 
gingivalis cell count from DNA detection among four 
tested sample groups. P ≤ 0.05 was considered statisti-
cally significant.

Results
Cell viability analysis via MTT assay
The study measured the viability and cytotoxic effects 
of HGFs against both control and tested provisional 
restorations using MTT assay. The viability percentage 
of all tested groups was similar to the control as no sig-
nificant difference was shown between all tested group 
and control as demonstrated in Fig. 1.

Cell viability analysis via Calcein‑AM staining and confocal 
microscopy
Upon analyzing the live cells growing on the materi-
als using confocal microscopy, the mean intensity of 
the green fluorescent was determined. The results 
indicated a significant higher in the mean intensity of 
VP compared to the control group and other tested 
groups. However, the mean intensities for UT, PT, and 
ND showed no significant difference when compared 
to the control as shown in Fig. 2.

SEM imaging analyses
The imaging analysis by SEM, as presented in Fig.  3, 
shows both cell morphology and spreading pattern of 
cell adhesion. The images analyzed at a magnification of 
500X and 1000X (Fig. 3) displayed a clear spindle shape 
with long cytoplasmic elongations after 24-h incubation 
with all specimens representing good cell viability in all 
groups. The analyses at magnifications of 100X and 200X 
(Fig.  4) exhibited cell spreading on the surface of each 
specimen. The analysis showed generally well-spread and 
almost confluent HGF on all specimens except the speci-
men prepared by conventional technique (UT) (Fig. 4A, 
E), which had less cell adhesion on the material surface 
than the others.

Surface roughness
The roughness parameter obtained from the stylus sur-
face profilometer was determined in μm unit (Fig.  5). 
The VP group provided the smoothest surface, as rep-
resented by an average roughness of 0.5 μm. While ND 
and PT groups showed a similar surface roughness at 
approximately 0.6  μm, whereas the greatest degree of 
surface roughness among all groups was produced from 
UT group which showed an average roughness of 0.9 μm. 
Statistical analysis revealed a significant difference 
between the degree of surface roughness of the UT and 
other groups.

HGF cell attachment
The experiment showed greater cell attachment (OD at 
590  nm) of HGF cells on the surface of all specimens 
compared to the control (Fig. 6). Among all specimens, 
the HGF attachment on the surface of PT specimen 

Fig. 1  Cell viability of HGF of all tested groups. % HGF viability determined by MTT assay after 24-h incubation with the solution from the 72-h 
immersion of each specimen. Data are shown as mean ± SEM. Statistical significance was determined using a One-way ANOVA
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was the highest (1.45 ± 0.23 OD), while cell attachment 
on ND and VP surfaces were 1.29 ± 0.09 and 1.24 ± 0.27 
OD respectively. The UT group showed the lowest cell 
attachment which was 1.16 ± 0.11 OD. However, there 
was no statistically significant difference of cell attach-
ment between all groups of the specimens.

Biofilm formation
The study of biofilm formation analyzed by confo-
cal microscopy revealed that the thickness of P. gingi-
valis attached to the UT surface was highest among all 
groups of the samples (23.1 ± 9.86  µm) that were sta-
tistically significant to the control and VP which had 
the lowest biofilm thickness (Fig. 7). In terms of P. gin-
givalis intensity mean, ND showed the greatest value 
compared to the others (50.9 ± 10.55 fluorescent inten-
sity mean) followed by those in the PT (45.9 ± 6.99 fluo-
rescent intensity mean) (Fig. 8). There was a significant 
difference in P. gingivalis intensity mean analyzed from 
the PT and ND to the other groups. The value of live 
bacteria analyzed from the PT and ND were significant 
greater compared to the other groups. Moreover, the 
different patterns of bacterial formation were observed 
by confocal microscopy (Fig.  9). Specifically, the bac-
teria in the PT, ND, and VP groups were arranged in 
a parallel groove, while the UT group displays circular 
clusters of bacteria.

Detection of DNA of P. gingivalis
In the experiment focused on the detection of P. gingi-
valis DNA, it was observed that P. gingivalis was present 
in all tested materials. The bacterial counts ranged from 
1,000 to 4,000 CFU across the different materials. How-
ever, it’s important to note that there was no statistically 
significant difference in the P. gingivalis counts between 
the various material groups (Fig. 10 A, B).

Discussions
The complex chemical compositions of novel dental pro-
visional implant restorations fabricated by different tech-
niques have been the subject of various studies [10, 16, 
17, 20]. It has been reported that incomplete polymeriza-
tion of the material and the presence of toxic monomers 
can negatively affect the biologic response, particularly 
after surgical procedures such as implant placement 
where the provisional restoration is in close contact with 
the surgical site [8, 21]. To evaluate the biocompatibility 
of these materials, it is essential to assess their ability to 
maintain cell viability. As a result, the primary objective 
of this investigation is to evaluate the effect of differ-
ent materials and manufacturing techniques employed 
for provisional implant restorations on the biological 
response of HGF cells.

Assessing the biocompatibility of provisional implant 
restoration materials with HGF cells is vital for deter-
mining their suitability for use in implant therapy, as 

Fig. 2  Cell Viability Analysis via Calcein-AM Staining and Confocal Microscopy. Upon analyzing the live cells growing on the materials using 
confocal microscopy, the mean intensity of the green fluorescent was determined. Data are shown as mean ± SEM. Statistical significance 
was determined using a One-way ANOVA (p-value is shown on the right-hand side) followed by a Tukey’s HSD post-hoc Test, represented 
by ***P < 0.001
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HGF cells play a crucial role in maintaining the health 
and stability of the surrounding tissues. In this study, 
the MTT assay was selected to quantitatively assess the 
HGF cell viability of tested provisional implant resto-
rations. Both direct and indirect MTT assay methods 
were used in a previous study on mice gingival fibro-
blasts to investigate the cell compatibility of these res-
torations. The findings of that study indicated that 
conventional fabricated provisional restorative materials 
were cytotoxic to the cells compared to the control after 
24, 48, and 72 h [22]. The use of an indirect MTT assay 
for assessing the cytotoxicity may be more relevant to 

the anatomical morphology of the gingival sulcus. This 
is because the provisional restoration margin is nor-
mally placed in a zone of free gingiva [ [23], where indi-
rect exposure is more likely to occur, thus any potential 
toxic components may be released by the tested sample 
into the culture medium and can be detected. Specifi-
cally, each material was immersed in DMEM for 72 h to 
allow sufficient time for potentially toxic monomers to 
be released from the material, and the resultant solution 
was applied to HGF cells for a 24-h incubation period. 
The incubation period of 24  h was determined based 
on previous evidence that revealed the cytotoxicity 

Fig. 3  SEM images at magnification 500X and 1000X when HGF were cultured on UT (A, E), PT (B, F), VP (C, G), and ND (D, H) for 24 h. The scale bars 
represent 100 μm
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response of gingival fibroblasts to provisional materials 
is not time-dependent [22].

Cell toxicity in materials is described as the release of 
residual monomers or other by-products, which can 
induce genotoxic effects [24]. The release of residual mon-
omers depends on the chemical composition, degree of 
conversion, and solvents present under in vivo conditions 
[10]. Previous studies have indicated that milled PMMA 
can have a minor cytotoxic effect on HGF cells, and the 
degree of conversion of prefabricated PMMA blanks may 
vary across different manufacturers, potentially impacting 
their cytotoxicity towards HGF cells [20]. However, the 

results of this experiment indicated that no significant dif-
ference was demonstrated between all tested groups and 
control in cell viability of HGF. This suggests that none 
of the tested restorations had a negative impact on the 
gingival fibroblasts, and that these cells could function 
normally and survive when exposed to the tested restora-
tions. It could be speculated that in this study, all tested 
specimens were left for a week before testing to simulate 
the typical indirect fabrication method used in clinical 
practice. This delay could reduce the amount of unre-
acted monomer released during chemical polymerization, 
which in turn lowers the risk of cell toxicity.

Fig. 4  SEM images at magnification 100X and 200X when HGF were cultured on UT (A, E), PT (B, F), VP (C, G), and ND (D, H) for 24 h. The scale bars 
represent 100 μm
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The results from the Calcein-AM assay and confo-
cal microscopy analysis provide an understanding of 
the interactions between HGF cells and various mate-
rials. The significant difference in the mean intensity of 
HGF cells in VP compared to the control group suggests 
that VP might have unique properties or interactions 
that affect cell viability differently than UT, PT, and ND. 
This observation, as depicted in Fig. 2, warrants further 

investigation into the specific characteristics of VP that 
contribute to this variance.

While the MTT assay has been used in assessing the 
viability of HGF cells in different provisional implant 
restorations The distinct advantage of the Calcein-AM 
assay is its ability to provide insights into not just the 
survival, but the real-time functionality of cells. This 
is crucial because a material might not necessarily be 

Fig. 5  Surface roughness of all tested groups determined by the Stylus Surface Profilometer. Data are shown as mean ± SEM. Statistical significance 
was determined using a One-way ANOVA (p-value is shown on the right-hand side) followed by a Tukey’s HSD post-hoc Test, represented 
by **P ≤ 0.01, ***P ≤ 0.001 

Fig. 6  Analysis of HGF Cell Attachment on all tested groups. Data are shown as mean ± SEM. Statistical significance was determined using 
a One-way ANOVA
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toxic or lethal to cells but could still affect their normal 
functioning. For instance, while UT, PT, and ND did not 
show significant differences in cell viability compared to 

the control, it would be essential to understand if their 
presence affects cellular functions in any other subtle 
ways [25].

Fig. 7  Biofilm formation on all tested groups. Thickness of P. gingivalis attached to each specimen surface were analyzed by confocal microscopy. 
Data are shown as mean ± SEM. For all groups n = 3. Statistical significance was determined using a One-way ANOVA (p-value is shown 
on the right-hand side) followed by a Tukey’s HSD post-hoc Test, represented by *P ≤ 0.05, **P ≤ 0.01

Fig. 8  Biofilm formation on all tested groups. Mean intensity of P. gingivalis attached to each specimen surface were analyzed by confocal 
microscopy. Data are shown as mean ± SEM. For all groups n = 3. Statistical significance was determined using a One-way ANOVA (p-value is shown 
on the right-hand side) followed by a Tukey’s HSD post-hoc Test, represented by ***P ≤ 0.001
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The use of SEM imaging analysis provided valuable 
insights into the qualitative analysis of the biocompat-
ibility of the tested restorations in terms of cell morphol-
ogy and adhesion patterns of HGF cells. The microscopic 
images taken at 500X and 1000X magnification indicated 
that the normal morphology of HGF cells was maintained 
on all tested group. This finding confirms that all tested 
restoration did not have a harmful effect on the cells. 
The images captured at 100X and 200X magnification 
revealed that the HGF cells were well-spread and almost 
completely covering the surface of all specimens, except 
for the UT group, which showed some gaps between 

the cells, suggesting that the cells had not fully formed a 
continuous layer on the surface. This may be attributed 
to the inhomogeneous surface characteristic result-
ing from the manual mixing of the powder and liquid 
components during fabrication, as opposed to the auto-
mixing method used for the other groups [10]. It could 
be speculated that the inhomogeneous surface of the UT 
group could hinder cell adhesion on the surface of the 
restorations since this type of surface could create spaces 
between the material and the cells, which could reduce 
the contact area available for cell attachment. Addition-
ally, this inhomogeneous surface could make it difficult 

Fig. 9  Representative images for biofilm formation on all tested group. The green fluorescent representing live P. gingivalis biofilm attached to each 
specimen surface was captured by confocal microscopy. Imaged analyzed from control (A), UT (B), PT (C), VP (D), and ND (E) were shown. The scale 
bars represent 20 μm
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for the cells to form stable adhesions, resulting in less cell 
density on the provisional restoration surface [26].

The secondary objectives of this study covered the 
evaluation of the amount of biofilm formation and sur-
face roughness of the restorations. The degree of micro-
bial adherence on provisional restorations, with a specific 
focus on P. gingivalis, an anaerobic species associated 
with periodontal disease [27, 28] was quantified in terms 
of biofilm thickness and intensity. The surface roughness 
of these restorations was further evaluated since there 
have reported the surface roughness was susceptible to 
the biofilm formation [29]. Through the evaluation of 
these two parameters, this study attempts to provide val-
uable insights into the interrelationship between biofilm 
formation and surface roughness, which have significant 
implications in the context of dental restorations.

In biofilm formation assay, the bacteria were stained 
by BacLight Live/Death fluorescent in order to assess the 
amount of bacteria both live and death. The findings indi-
cated that bacterial growth and survival were not inhib-
ited by any of the tested restorations, as only live bacteria 
were observed. A closer look at the biofilm formation 
revealed distinct variations among the tested groups. The 
UT group, in particular, exhibited the most pronounced 
biofilm thickness, significantly higher than other groups. 
This increased biofilm thickness in the UT group aligns 
with its higher surface roughness value. This finding 
aligns with previous studies [17, 20, 30]. Furthermore, 
the intensity of P. gingivalis varied across the groups, 
with ND and PT showing notably higher values com-
pared to others. These variations in biofilm formation 
were further emphasized by the unique bacterial patterns 
observed under confocal microscopy. For instance, while 

PT, ND, and VP groups displayed bacteria arranged in 
parallel grooves, the UT group was characterized by cir-
cular bacterial clusters (Fig. 9).

Shifting the focus to the molecular level, the detec-
tion of P. gingivalis DNA across all materials was con-
sistent, with bacterial counts ranging between 1,000 to 
4,000 CFU. Yet, it’s crucial to highlight that these counts 
did not exhibit significant differences among the groups. 
The incorporation of RT-PCR experiments in our study 
was essential. This technique, known for its high sensitiv-
ity and specificity [31], offers a quantitative perspective 
on P. gingivalis presence, capturing even trace amounts 
of bacterial DNA. By complementing our confocal 
microscopy observations with RT-PCR data, we achieved 
a more holistic and accurate representation of P. gingi-
valis abundance on the tested materials. Such a dual-
method approach not only validates our findings but also 
underscores the intricate interactions of P. gingivalis with 
different restorative materials, strengthening the validity 
of our study.

The roughness observed on the surface of the UT 
group may be attributed to the presence of air bubbles 
that were introduced during the manual mixing of the 
liquid and powder components when filling the external 
mold [20, 32]. It was expected that UT would show the 
highest biofilm thickness and intensity due to its highest 
surface roughness since several studies have shown that 
rougher surfaces have more bacterial adhesion [33–35]. 
However, the results indicated that only the thickness 
of the biofilm was higher compared to other groups, 
while the biofilm intensity of the UT group was lower 
than that of the PT and ND groups. It may be specu-
lated that surface roughness and biofilm thickness are 

Fig. 10  Quantitation of P. gingivalis DNA extracted from biofilm forming on different type of the specimens by real-time PCR. A standard curve 
generated from known amount of P. gingivalis from 50,000 to 5 CFU (R2 = 0.9827) (A) was used for a calculation of estimated counted cells of P. 
gingivalis forming on each type of specimen (B). Data are shown as mean ± SEM. For all groups n = 3. Statistical significance was determined using 
a One-way ANOVA (p-value is shown on the right-hand side)
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correlated, with higher surface roughness potentially 
leading to greater biofilm thickness. However, there 
does not appear to be a correlation between surface 
roughness and biofilm intensity. Therefore, this suggests 
that surface roughness may not only be a major contrib-
uting factor of the amount of viable bacteria in biofilm 
or biofilm intensity.

Several studies have shown that bacterial attachment is 
not solely dependent on surface roughness, but also influ-
enced by other factors such as the chemical composition 
and other surface topographies [17, 36]. Although auto-
mixing was employed in the PT group and CAD/CAM 
was employed in the ND group, which were speculated 
to be superior to the manual mixing in the UT group, the 
biofilm intensity in PT and ND was higher than the UT 
group. It could be explained by the fact that despite all 
materials being polished with silicon carbide paper grit 
600 to simulate the clinical situation, the surface texture 
of the materials differed as different fabrication tech-
niques were employed for each group. Under a confocal 
microscope, the surface texture of the PT and ND groups 
shared a similar specific pattern of parallel grooves lead-
ing to a significantly higher biofilm intensity in these two 
groups compared to others. It is possible to hypothesize 
that this pattern could promote biofilm formation by pro-
viding sites for bacterial attachment and proliferation, 
resulting in high intensity of biofilm [35, 37].

Several studies have found that the hydrophilicity of 
the material and presence of some chemical groups that 
promote or inhibit bacterial adhesion could affect the 
biofilm formation [29, 38]. From the findings, the biofilm 
intensity in the UT and VP groups that shared a similar 
major chemical composition of PMMA was found to be 
significantly lower than other groups. This suggests that 
the PMMA may be favorable in preventing bacterial 
adhesion and resistance.

The results from the HGF cell attachment assay pro-
vide an interesting perspective on the characteristics of 
the tested materials. While surface roughness and texture 
have been shown to influence bacterial adhesion, How-
ever, in this study, despite the variations in surface rough-
ness and fabrication techniques among the groups, there 
was no significant difference in HGF cell attachment. 
This uniformity in cell attachment across the groups sug-
gests that the surface properties of the materials, while 
influential, might not be the sole determinants of cellu-
lar behavior. The chemical composition of the material, 
as well as any surface treatments or coatings, can also 
influence cell attachment. For instance, certain chemi-
cal groups on the material surface can either promote or 
inhibit protein adsorption, which in turn can influence 
cell attachment [17, 36].

Interestingly, even though the UT group had the high-
est surface roughness and was anticipated to exhibit the 
most cell attachment, the results did not align with this 
expectation. This might be because HGF cells, being 
larger than bacteria, may not be as affected by minor sur-
face variations. They could be more responsive to broader 
topographical features and the material’s overall compat-
ibility with living tissue. It’s also worth noting that while 
bacterial adhesion can be harmful, promoting cell attach-
ment is often a desired outcome, especially in the context 
of dental implants and restorations. Good cell attachment 
can promote tissue integration, leading to better clinical 
outcomes. The fact that all tested materials showed good 
HGF cell attachment, irrespective of their fabrication 
technique or surface roughness, is a positive indication of 
their potential suitability for clinical applications.

Selecting the most suitable material and fabrication 
method in provisional restorations is crucial to minimize 
any adverse effects in terms of biocompatibility and bio-
film formation. The results of the study indicated that the 
VP group, which contained PMMA and was fabricated 
using a milling technique, demonstrated a biocompat-
ible response toward the gingival tissue similar to other 
tested groups. Additionally, the VP group had less P. gin-
givalis biofilm formation.

This study may not fully capture the potential risks or 
benefits of using these provisional restorations over a 
prolonged period, as well as the fact that the study was 
conducted in the in vitro setting that may not fully rep-
licate the complex oral environment and the dynamic 
interactions between the implant and the surround-
ing tissues in vivo. Therefore, while the findings of this 
study provide insights into the biological responses 
associated with using these restorations, further 
research conducted in vivo and over a longer period is 
necessary to fully evaluate their efficacy and safety in 
clinical settings.

Conclusions

1.	 All tested provisional implant restorations were non-
toxic and good HGF cell attachment but differed in 
their quantity of P. gingivalis biofilm formation.

2.	 Surface texture, which can be affected by the type of 
material and fabrication technique used, may also 
play a role in the biofilm intensity of P. gingivalis.

3.	 Within the limitation of this study, it seems that the 
CAD/CAM-fabricated provisional implant restorations 
using a milling technique (VP) may be the most favora-
ble among the tested groups in terms of biocompatibility 
and resistance to periodontal-related bacteria adhesion.
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