
mdpi.com/journal/jfb

Special Issue Reprint

Advanced Biomaterials 
and Biotechnology
Applications in Dental Medicine

Edited by 
Lavinia Cosmina Ardelean and Laura-Cristina Rusu



Advanced Biomaterials
and Biotechnology:
Applications in Dental Medicine





Advanced Biomaterials
and Biotechnology:
Applications in Dental Medicine

Editors

Lavinia Cosmina Ardelean
Laura-Cristina Rusu

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Lavinia Cosmina Ardelean

Department of Technology of

Materials and Devices in

Dental Medicine

“Victor Babes” University of

Medicine and Pharmacy

Timisoara

Romania

Laura-Cristina Rusu

Department of Oral

Pathology

“Victor Babes” University of

Medicine and Pharmacy

Timisoara

Romania

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Functional Biomaterials (ISSN 2079-4983) (available at: www.mdpi.com/journal/jfb/

special issues/MKBY06M08Z).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2006-1 (Hbk)

ISBN 978-3-7258-2005-4 (PDF)

doi.org/10.3390/books978-3-7258-2005-4

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license. (https://creativecommons.org/licenses/by-nc-nd/4.0/).

www.mdpi.com/journal/jfb/special_issues/MKBY06M08Z
www.mdpi.com/journal/jfb/special_issues/MKBY06M08Z
https://doi.org/10.3390/books978-3-7258-2005-4


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
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Preface

“Advanced Biomaterials and Biotechnology: Applications in Dental Medicine” is a reprint of the

Special Issue in the Journal of Functional Biomaterials, and consists of 13 articles, providing an updated

outlook on the applications of advanced biomaterials and biotechnologies in dentistry and addresses

to scholars and researchers in the field.

Biotechnology aims at the application of biological knowledge and techniques to enhance human

health. From a healthcare perspective, a biomaterial is defined as a natural or synthetic material that

can be placed into living tissues without developing an immune reaction.

Biomaterials and biotechnology applications in dentistry are currently on an upward trend and

are leading dental research. As dentistry implies rehabilitation of damaged tissues and function

restoration, tissue engineering applications in dentistry have advanced over the last few years in

order to recreate functional, healthy tissues and thus replace diseased ones. Dental biomaterials

play an important role in the reconstruction of damaged oral hard and soft tissues, encompassing

the fields of periodontology, endodontics, oral surgery, implantology, and ultimately attempting the

replacement of the whole tooth organ. Biomaterials have evolved from simply replacing the damaged

tissue to allowing the 3D development of a structurally complex regenerated tissue. The development

of biotechnology applications in dentistry has achieved its goal regarding the implementation of

biomaterials in order to replace oral tissue, including various novel approaches such as biomimetics

and nano-biotechnology.

The Guest Editors would like to thank all contributing authors for the success of this Special

Issue. This Special Issue would not have been of such quality without the constructive criticism of

the reviewers.

We also extend our sincere appreciation to the MDPI Section Managing Editor.
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Abstract: Re-tightening the loosened dental implant abutment screw is an accepted procedure,
however the evidence that such screw will hold sufficiently is weak. The purpose of this study
was material analysis of lost dental implant abutment screws made of the TiAlV alloy from various
manufacturers, which became lost due to unscrewing or damaged when checking if unscrewed;
undamaged screws could be safely re-tightened. Among 13 failed screws retrieved from 10 cases,
10 screws were removed due to untightening and 3 were broken but without mechanical damage
at the threads. Advanced corrosion was found on nine screws after 2 years of working time on all
surfaces, also not mechanically loaded. Sediments observed especially in the thread area did not
affect the corrosion process because of no pit densification around sediments. Pitting corrosion visible
in all long-used screws raises the question of whether the screws should be replaced after a certain
period during service, even if they are well-tightened. This requires further research on the influence
of the degree of corrosion on the loss of the load-bearing ability of the screw.

Keywords: dental implant abutment screw; titanium alloy; titanium nitride coating; failure; fracture;
loosening; unscrewing; pitting corrosion

1. Introduction

In dental implants, various types of failures may occur at the implant–abutment
connection [1,2]. The abutment and screw are mainly made with titanium-vanadium-
aluminum alloy (Ti6Al4V). There are many studies on load transfer onto abutment and
implant–abutment connection, and the abutment screw itself between the head and screw
thread [3–5]. Tests of contact stresses between the abutment and the implant reveal fretting
and wear phenomena of the less harder pure titanium implant surface, but also tribo-
chemical processes in the alloy [6–8].

Pitting corrosion is suggested to be the mechanism of the alloy degradation [9]. How-
ever, there is weak clinical study evidence for this, especially in the case of abutment screws
which are not in direct contact with tissues and the oral environment. Available literature
shows that re-tightening the mounting screw is an accepted procedure [10]. Routine screw
replacement is not recommended, but routine screw-tightening assessment is recommended
to minimize more serious complications. It seems reasonable to ask whether the unscrewed
abutment screw is still a valid screw and can be reused to mount a prosthetic work.

The aim of this work was a material analysis of dental implant abutment screws
made of the TiAlV alloy from various manufacturers which became lost due to unscrewing
or damage.

J. Funct. Biomater. 2024, 15, 96. https://doi.org/10.3390/jfb15040096 https://www.mdpi.com/journal/jfb1
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2. Materials
2.1. Clinical Study

On average, 300 implants are implanted annually at the ANIDENT Dental Clinic, and
645 implants were inspected from the period between 1 January 2023 and 1 June 2023.
These were cases of our own and external patients. Among them, there were 45 loosened
screws, including 7 broken ones. Among the 45 screws removed, 36 were single crowns and
9 were screws in prosthetic bridges (implants connected by a superstructure). Only 3 screws
were from the anterior segment, but all of them were connected by a bridge to the posterior
teeth, and 42 screws were from posterior crowns. Patients reported feeling the mobility
of a single or multi-point denture. Patients who presented with a loose crown reported
biting, for example, an eggshell, nut, bone, or salt crystal. They claimed that they felt this
event, but without any consequences, and only after a few weeks did they notice the crown
loosening. Interestingly, they claimed that they felt the loosening on soft foods such as
a roll. In cases where the screws broke, it was easy to unscrew them. In other cases, the
loose screws were removed also without any problems, disinfected, and sent for material
assessment. A total of 13 screws from 10 cases (CsNo) were selected as representative for
material investigation. Table 1 shows the characteristics of these clinical cases.

Table 1. Implant identification.

Case No. Implant Side
Anterior/Lateral Denture Type

Implant Type/Abutment
Dimensions and

Manufacturer
Case Description

1 lateral single crown 46 IRES 4.1 mm × 8 mm

The tested screw was used to attach a single crown in the
lateral section 46 (mandibular first molar, right side) to an
implant with a diameter of 4.1 × length of 8 mm. The
implant was implanted in 2018, the crown was made in
2019, and the screw worked for four years. The patient did
not come for regular check-ups and only came to the
emergency room due to loosening of the crown.

2 anterior + lateral bridge 6 pts.
21–26

ZIMMER
3.7 mm × 13 mm

ZIMMER
4.1 mm × 11.5 mm

ZIMMER
4.1 mm × 10 mm

ZIMMER
4.1 mm × 10 mm

The four screws tested attached a six-point bridge to
implants in sections 21–26 (front and lateral sections of the
maxilla, left side). Implant in the incisor area with a
diameter of 3.7 mm and a length of 13 mm, implant in the
canine area with a diameter of 4.1 mm and a length of
11.5 mm, in the area of the first premolar with a diameter of
4.1 mm and a length of 10 mm, and last implant in the area
of the molar tooth with a diameter 4 and 10 mm long.
Implant placement in 2016. The prosthetic work was
installed in 2020, the screws lasted for three years. The
patient did not come for regular check-ups and started
treatment in another office, which resulted in overloading
the bridge on implants 21–26 and breaking two of the four
implant-fixing screws in the premolar and molar area.

3 lateral bridge 3 pts.
15–17

ZIMMER
3.7 mm × 11.5 mm

ZIMMER 4.7 mm × 8 mm

The loosened screw came from a 3-point bridge based on
two implants in the lateral part of the maxilla, right side
15–17. Implants in the area of the first premolar (14) with a
diameter of 3.7 mm and a length of 11.5 mm (implanted in
2017) and the second one in the area of the first molar of the
maxilla, right side (16) with a diameter of 4.7 mm and a
length of 8 mm (implanted in 2018). The bridge was
constructed in 2021, the screw operated for two years. The
patient came for follow-up visits and the screw was
tightened once.

4 lateral single crown 14 ZIMMER
4.1 mm × 10 mm

The tested screw attached a single crown placed on the right
side of the maxillary first premolar (14), lateral section.
Implant with a diameter of 4.1 mm and a length of 10 mm.
It was implanted in 2014. The prosthetic work was installed
in 2015. The screw functioned for eight years. The patient
did not attend regular follow-up visits. The screw did not
come loose before.
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Table 1. Cont.

Case No. Implant Side
Anterior/Lateral Denture Type

Implant Type/Abutment
Dimensions and

Manufacturer
Case Description

5 lateral single crown 37 ZIMMER
3.7 mm × 8 mm

The screw comes from a single crown on an implant placed
near the second molar of the mandible on the left side (37),
lateral section. The 3.7 mm diameter and 8 mm long
implant was placed in 2015, and the single crown was
placed in 2016. The screw lasted for six years. The patient
came for follow-up visits sporadically and irregularly, and
the screw was tightened twice.

6 lateral single crown 36 ZIMMER
3.7 mm × 10 mm

The screw comes from a single crown on an implant placed
near the first molar of the mandible, left side (36), lateral
section. An implant with a diameter of 3.7 mm and a length
of 10 mm was implanted in 2015. A single crown on the
implant was placed in 2016. The screw functioned for six
years. The patient came for follow-up visits sporadically,
irregularly. The screw was tightened once.

7 lateral bridge 3 pts.
44–46

IRES
3.75 mm × 11.5 mm

IRES
3.75 mm × 10 mm

The screw tested comes from a 3-point bridge in the lateral
section 44–46 mounted on two implants. Implants in the
area of the mandibular first premolar (44) with a diameter
of 3.75 mm and a length of 11.5 mm. And the second one in
the area of the first molar of the mandible, right side (46),
with a diameter of 3.75 and a length of 10 mm were
implanted in 2018. The prosthetic work was installed in
2019. The tested screw functioned for four years. The
patient did not come for regular check-ups, and the screws
did not loosen earlier. The examination revealed, in
addition to the loose screw, a fracture of the implant 46.

8 lateral single crown 24 IRES
4.1 mm × 11.5 mm

The tested screw was used to attach a single crown to the
implant in the area of the maxillary first premolar, left side
(24), lateral section. Implant with a diameter of 4.1 mm and
a length of 11.5 mm was implanted in 2019. The crown was
installed in 2021. The screw worked for two years. The
patient came for follow-up visits and the screw was
tightened once.

9 lateral single crown 46 IDI 3.7 mm × 12 mm

The broken screw attached a single crown to the implant in
the area of the first mandibular premolar, right side (46) in
the lateral section. Implant with a diameter of 3.7 mm and a
length of 12 mm was implanted in 2009. The screw worked
for one year. The patient did not come for follow-up visits.

10 lateral single crown 36 ZIMMER
4.1 mm × 10 mm

Patient 10. The broken screw attached a single crown to the
implant in the area of the first molar of the mandible, left
side (36), lateral section. Implant with a diameter of 4.1 mm
and a length of 10 mm was implanted in 2020. The crown
was attached in 2020. The screw lasted three years and was
tightened twice. The patient did not attend regular
follow-up visits.

2.2. SEM

Analysis of the implant screw surfaces were made using a Supra 35 scanning electron
microscope from Zeiss (Jena, Germany). Observations were made in both SE and InLens
modes. The analysis of the chemical composition in micro-areas and the element distri-
bution maps were performed using an EDS scattered X-ray detector from Thermo Fisher
Scientific (Waltham, MA, USA) at an accelerating voltage in the range from 10 to 20 keV
and the required work distance of 14 mm.

2.3. Light Microscopy

A digital microscope (Leica DVM6 A, Wetzlar, Germany) with image sensor 1/2.3′′

CMOS 3664 × 2748 pixel and LED light source software-controlled was used. Images
with resolution from 2MP (1600 × 1200) to 10MP (3648 × 2736) were snaped with LAS X
software 5.0.3. Automated motorized focus drive allows 3D imaging with resolution of

3
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0.25 µm in vertical direction. Screws were investigated with two lenses (PlanAPO FOV
43.75, working distance: 60 mm, max. magnification: 190:1, max. resolution: 415 lp/mm;
PlanAPO FOV 12.55, working distance: 33 mm, max. magnification: 675:1, max. resolution:
1073 lp/mm)

Metallographic examinations of the specimens were performed on the implant us-
ing 2 broken screws, CsNo2 and CsNo10, using a light microscope (Zeiss Axio VertA1
MET Brightfield/Darkfield Metallurgical Microscope, Oberkochen, Germany). Cross-
sections were standardly ground, polished, and etched with Kroll’s reagent (Sigma Aldrich,
Darmstadt, Germany). Grinding and pit searching were repeated, and the deepest pits
were documented.

2.4. Surface Roughness

The roughness measurement was made with using mechanical contact profilometer
(Taylor Hobson, Leicester, United Kingdom) on the shank along the screw axis. Due to
the impossibility of measuring perfectly on the axis, the curvature of the cylinder was
superimposed on the roughness measurement.

3. Results
3.1. Clinical Observations

Figure 1 shows an example of a broken screw, while Figure 2 shows X-ray exemplary
images of the failures. The case histories were known and the duration of screw use is
given in Table 2.

The analysis showed that single crowns were more likely to unscrew than those
connected in prosthetic bridges. This seems logical, as when biting, there will be an
additional rotational force on the chewing surface of the tooth. So far, we have not observed
any unscrewing of the crown or bridge installed in the anterior section. The problem
most often concerned the posterior section—the molar area. Screws regardless of diameter
became loose. The sets we use included implants with a diameter of 2.7 mm—used only in
the anterior section due to very narrow ridges and small interdental space—we have not
observed any breakage or unscrewing of them. All other available diameters, i.e., 3.7, 4.1,
and 4.7 were loosened or broken in the side sections. The doctor performing the procedure
has no influence on the type, shape, or method of screwing/stabilizing the prosthetic
superstructure. All these features depend on the implant socket, the shape of the hex, the
depth of the hex, the type of screw stabilizing the superstructure, and the shape, depth,
and type of hex of the prosthetic superstructure/connector. All these elements are specified
and prepared by the implant manufacturer and were the same in all these cases.
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in implants 24 and 25 CsNo2; lower-right X-ray, broken hex in implant 46, both screws in 44 and 46
were loose in CSNo7.

Table 2. Results of retrieved abutment screw investigation.

Case No. Clinical Inspection Optical/SEM Inspection Lifetime
Years

1 1 screws loosening extremely numerous deep pits 4

2 2 fractured screws
2 screws loosening extremely numerous deep pits 3

3 1 screws loosening less numerous deep pits 2

4 1 screws loosening numerous deep pits
brownish sediment 8

5 1 screws loosening numerous deep pits 7

6 1 screws loosening moderately numerous deep pits 7

7 1 screws loosening numerous deep pits
white sediment 4

8 1 screws loosening crack on the shank below head
extremely numerous deep pits 2

9 1 fractured screw few initial shallow pits difficult to see 1

10 1 fractured screw numerous deep pits 3

5



J. Funct. Biomater. 2024, 15, 96

3.2. Material Analysis

Light microscopy revealed pitting corrosion in all screws, although in the one that
had been in use for 1 year, initial pits were few and difficult to find. Figures 3 and 4 show
sample selected images for the cases: CsNo1, CsNo2, CsNo4, CsNo8. Pits were revealed
on all surfaces and were not concentrated on the thread or screw head contact surfaces.
There was also no density of pits around the sediments. No signs of wear or tribo-corrosion
were revealed on the threads and screw heads. The threads showed no signs of plastic
deformation, and the traces of mechanical machining were intact. Minor scratches and
mechanical damage that were clearly caused by screwing and removing screws were not
considered. Screw CsNo8 with a gold-colored titanium nitride coating (TiNc) was corroded
after 2 years to at least the same extent as screws with a standard oxide coating that lasted
in the oral cavity much longer. A screw with TiN coating had an extensive crack (but not a
fracture) on the shank in the stress concentration area around the notch under the head.

J. Funct. Biomater. 2024, 15, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 3. Pitting corrosion, crack on the shank below screw head, and brownish/white sediments 
shown in order: CsNo1, CsNo8 (TiNc), CsNo2, CsNo4. 

Figure 3. Pitting corrosion, crack on the shank below screw head, and brownish/white sediments
shown in order: CsNo1, CsNo8 (TiNc), CsNo2, CsNo4.

6



J. Funct. Biomater. 2024, 15, 96

 

 

 

 
J. Funct. Biomater. 2024, 15, x. https://doi.org/10.3390/xxxxx  www.mdpi.com/journal/jfb 

 

Figure 4. Pits on the shank of CsNo2 implant abutment screw and visible traces at the bottom of the 

pit. 

 

Figure 4. Pits on the shank of CsNo2 implant abutment screw and visible traces at the bottom of
the pit.

The selected screws for cross-sectional study had the most pits that appeared to be
the deepest, however, repeated grinding and cross-sectional study allowed us to find the
deepest pits as shown in Figure 5. In thread root, an example was found at the beginning of
the dissolution of tips remaining after machining. The Figure 6 profile shows the roughness
for the CsNo2 implant screw with visible uniform machining traces. Sediment heights
were revealed, which are difficult to measure reliably on a microscope. An example of wide
pitting corrosion was shown along with its depth, which turned out to be relatively shallow,
as the depth relative to the adjacent tip only exceeded 2 microns. Due to the surprisingly
shallow dimensions of the pits, we additionally looked at them under a microscope and, in
fact, most of them were visible at the bottom of the remains of the machining grooves. The
3D measurement on the microscope also did not exceed a few microns, but due to the lower
quantitative reliability of this technique, we chose a contact profilometer for presentation.

The fractures in the broken screws in case CsNo2 as shown in Figure 7 were kneaded,
which proves that still compression loads were transferred on the two remaining unbroken
screws in the denture supported on 4 implants. At one of the fractures were visible sedi-
ments grouped along a line that appears to be a fatigue fracture. Fracture type was hard
to estimate due to the destroyed fracture surface during kneading. Primarily, plastically
deformed zones during fracture were mixed with those plastically destroyed during knead-
ing, and the zone of fatigue initiation was not distinct. Numerous cracks were also visible
in the areas of plastic rupture and ran parallel to the lines of the sediment cluster. The
front of the fracture was indicated only on the basis of general shape and clear direction
of cracks.
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Figure 5. Examples of the deepest pitting corrosion found on the thread and the beginnings of
dissolution of machining tips at thread root in cross-sectional micrographs of a CsNo2 implant screw.
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Figure 6. Roughness profile for implant screw CsNo2 with visible uniform traces of machining
and clear dimensions of deposits, and an example of wide pitting corrosion with its depth. Region
between 0 and 1 related to bottom and the edge of the pits respectively.
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The SEM EDS analysis of sediments presented in Figure 8 in places of signal, where
different elements overlapped, were those that were least likely to be arbitrarily elimi-
nated. Analysis showed that a brownish sediment mainly contained elements from food or
toothpastes. The white sediment was rich in zinc.
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Figure 8. SEM EDS of brownish and white sediments.

Figure 9 shows an EDS map for a TiNc screw around a corrosion pit. The distribution
of nitrogen shows its loss inside the pit, while more oxygen appears, which comes from the
spontaneously formed titanium oxide. The exposure of the alloy substrate resulted in the
appearance of a strong aluminum and vanadium signal, as well as a significant increase in
the titanium signal.
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Figure 9. SEM EDS map around a corrosion pit on the CsNo8 implant screw with TiN coating.

4. Discussion

The analysis showed that among inspected implants all types of crowns are subject to
unscrewing regardless of the implant diameter (3.7, 4.1, and 4.7 mm), implant abutment
diameter, and used abutment screw. Analysis led to the conclusion that the implantation
area (usually the lateral/distal section) had a greater impact on crown unscrewing rather
than the implant diameter.

In threaded connections, failure under cyclic loading is often caused by screw loos-
ening and loss of preload due to micro-movements on the contacting thread surfaces.
Especially with simultaneous activation of corrosion processes, micro-damages, fretting
and wear, and plastic deformations of the thread will appear in heavily loaded areas, which
result in the loss of preload. Among ten failed screws, seven screws were removed due
to untightening and three were broken albeit without mechanical damage at the threads.
Advanced corrosion was found on nine screws after 2 years of working time on all surfaces,
also not mechanically loaded. A long crack on the one non-fractured screw was found lo-
cated close to the notch on the shank under the screw head. Among three fractured screws,
there was the one with the shortest working time of 1 year and there were difficulties in
seeing a few initial shallow corrosion pits. The summary of our finding is that the existence
of mechanical deformations or micro-damages on the threads has not been confirmed.

The outcome observed in the in vivo result was unexpected, particularly because we
anticipated the mechanical effects identified in in-vitro studies which were suggested as the
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mechanism for the decrease in screw preload and unscrewing [8,9,11–13]. However, our
results were consistent with those showing pitting corrosion in this titanium alloy. In the
work [9], on the basis of X-ray spectroscopy (EDS) of the Ti6Al4V implant removed from
the patient due to inflammation, after one year it showed that the titanium and vanadium
decreased on the surface and the content of aluminum slightly increased. The study is
based on one implant and it is not known how it can be personally dependent. In the work,
the initiation of micro cracks and the destruction of the implant under the influence of
mechanical loads are suggested, however, there is no confirmation of the hypothesis.

In the work [14], pitting attacks were observed in the five clinically retrieved implants,
albeit pits, located mostly in the abutment surfaces over the implant edge. A crack nucleat-
ing inside a pit about 20 µm in size is documented. The implant bone interface discoloration
is justified with oxidation of unprotected bulk titanium to the violet-colored trivalent ions
(Ti 3+) and also in SEM/EDS analysis metal ion dissolution with depletion of the Ti oxide
film. In the work, it is suggested that degradation is the combining effect of corrosion
and mechanical loadings, because scratches, fretting, cracks, and surface delamination are
observed. The discovery of pitting on many screws in mechanically weakly loaded and
free from interfacial compression areas in our study shows that corrosion progresses inside
the implant directly under the influence of the oral environment without contact with
tissues or other materials. The screws came from different manufacturers, which allows
us to conclude that this is not a material defect caused by the technological process of the
selected manufacturer. We cannot confirm that the sediment was rich in elements of screw
alloy. The signal from substrate metals may be an artifact and a thorough examination of
the composition of the sediment requires its removal from the surface and examination
separately from the substrate. We were able to evaluate signals from elements that are not
present on the alloy substrate. The brownish sediment gave a signal of many elements that
are commonly found in foods or toothpaste, while the white sediment gave a Zn-rich signal.

Corrosion of Ti6Al4V hip joint implants can occur in a tissue environment isolated
from external factors present in the oral cavity [13]. However, some in vitro investiga-
tions [15–18] indicate that factors of the oral cavity may influence corrosion. Our observa-
tions lack a concentration of pits around the deposits, but this does not prove that there is no
acceleration of corrosion by oral environmental factors that are found in saliva or biofilm.

Measurements of the depth of the pits showed that they are very shallow and do not
reach such depths as in in vitro tests. Our results also differ from the in vivo results of
work [17] in which depth is assessed based on microscopic images from three hip implants.
Based on our surface images, we were convinced of the great depth of the pits, but neither
profilometer measurements nor cross-sectional imaging showed a depth greater than
several microns. However, our samples were not exposed to friction, as in works [13,17],
and did not show wear, cracks, or mechanical damages, which lead to failures in the oxide
layer and a different mechanism of pitting corrosion. These depths were slightly greater
than the roughness after the machining process, so their influence as a notch on fatigue
strength seems to be very limited, although it cannot be ruled out, especially in the context
of hydrogen corrosion demonstrated in the work [13], which we were unable to investigate
due to our hardware limitations. However, in vivo pitting corrosion depth results indicate
that in vitro corrosion simulation conditions may differ significantly from actual conditions
for surfaces exposed only to corrosion without mechanical loads.

The limitation of the study was three manufacturers, and among the cases we had
only one screw coated with TiN. The time-consuming statistical analysis of the number
and dimensions of pits was abandoned, although determining the relationship between
the growth of pits and the material working period may be useful in comparative studies
between variable materials in the future.

Our cases were limited to one similar design of implant–abutment connection. Inci-
dence of screw loosening is related to many factors albeit among them only several factors
depend on system design. Initial torque and clamped force loss are affected by torque
magnitude, screw diameter, head and thread design, and implant–abutment connection
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design [17]. The compressive force that shortens the shank of a screw when it is greater
than the preload in the shank can activate unscrewing. Hence, theoretically, the more
flexible implant–abutment connection promotes screw loosening. The phenomena become
complicated and compliance is not a clear determinant due to bending. On the tension side,
the compliance prevents shortening of the screw. However, at the same time, the additional
tension of the preloaded screw may cause it to break. In practice, screw loosening is a
common mechanical complication with an incidence of 4.3–10% during the first year [17,18]
and 12.7% in single crowns and 6.7% in fixed partial dentures [17]. In vitro, an overloading
study suggests that the internal and external connection systems could not prevent screw
loosening [19]. In the in vitro studies, on the basis of reverse torque value, this shows that
the ITI system is the most stable and resistant to screw loosening compared to others [20,21].
In turn, according to work [22], one-piece abutments are more resistant to screw loosening
than the two-piece. The use of compatible components with original implants showed sig-
nificant micromovements when compared with the use of the same manufacturer part [23].
Other works present opposite results in that the non-original components are interchange-
able and do not lead to screw loosening if manufacturing discrepancies are lower than
10 microns [5,24–26]. Manufacturers are not able to guarantee failure-free screws, so for
each system, it is worth having proprietary tools for removing broken screws and, above
all, using radiographic detection of the gap at the implant–abutment interface [27,28].

The limitation of these in vivo tests was the lack of an implant for testing, which, being
softer with pure titanium, may be subject to wear and deformation, and we did not find
any traces of this on the screws. Although ideal thread surfaces do not indicate such a
scenario, it cannot be ruled out without testing the implants also at the implant–abutment
interface, where wear leads to changes in the forces existing on the screw.

5. Conclusions

No clear signs of “fretting”, wear, or tribo-corrosion were found at the screw head
and thread contact interfaces. However, numerous corrosion pits were found in many
areas, including those not subject to mechanical loadings. Sediments observed especially
in the thread area did not affect the corrosion process because of no pit densification
around sediments.

The pitting corrosion visible in all long-used screws raises the question of whether
the screws should be replaced after a certain period during service, even if they are well
tightened. This requires further research on the influence of the degree of corrosion in
in vivo conditions on the loss of fatigue strength of the screw.
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Citation: Woźniak, A.; Smok, W.;

Szewczenko, J.; Staszuk, M.; Chladek,

G. Influence of Hybrid Surface

Modification on Biocompatibility and

Physicochemical Properties of

Ti-6Al-4V ELI Titanium. J. Funct.

Biomater. 2024, 15, 52. https://

doi.org/10.3390/jfb15030052

Academic Editors: Lavinia

Cosmina Ardelean and

Laura-Cristina Rusu

Received: 24 January 2024

Revised: 14 February 2024

Accepted: 18 February 2024

Published: 20 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

Influence of Hybrid Surface Modification on Biocompatibility
and Physicochemical Properties of Ti-6Al-4V ELI Titanium
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Abstract: Titanium-based materials are the most widely used materials in biomedical applications.
However, according to literature findings, the degradation products of titanium have been associated
with potential allergic reactions, inflammation, and bone resorption. The corrosion process of Ti-
6Al-4V in the human body environment may be exacerbated by factors such as reduced pH levels
and elevated concentrations of chloride compounds. Coatings made of biopolymers are gaining
attention as they offer numerous advantages for enhancing implant functionality, including improved
biocompatibility, bioactivity, wettability, drug release, and antibacterial activity. This study analyzes
the physicochemical and electrochemical behavior of the Ti-6Al-4V ELI alloy subjected to PCL and
PCL/TiO2 deposition by the electrospinning method. To characterize the polymer-based layer, tests
of chemical and phase composition, as well as surface morphology investigations, were performed.
Wetting angle tests were conducted as part of assessing the physicochemical properties. The samples
were subjected to corrosion behavior analysis, which included open circuit potential measurements,
potentiodynamic tests, and the electrochemical impedance spectroscopy method. Additionally, the
quantification of released ions post the potentiodynamic test was carried out using the inductively
coupled plasma atomic emission spectrometry (ICP–AES) method. Cytotoxicity tests were also
performed. It was found that surface modification by depositing a polymer-based layer on the
titanium substrate material using the electrospinning method provides improved corrosion behavior,
and the samples exhibit non-toxic properties.

Keywords: Ti-6Al-4V; corrosion; EIS; SEM; electrospinning; nanofibers; PCL

1. Introduction

In medical applications, stainless steel, cobalt-based alloys, and titanium and its alloys
are often used for long-term implants. Each is characterized by distinct properties and
applications. Stainless steel, especially type 316 L, is used in orthopedic applications such
as joint replacements, bone plates, and screws. However, corrosion-resistant stainless steel
may exhibit wear and tear over time. Additionally, stainless steel is characterized by the
lowest corrosion resistance in the metal biomaterials group. Its magnetic properties can
interfere with medical imaging [1,2]. In turn, cobalt-based alloys, known for their high
strength, corrosion resistance, and biocompatibility, find application in orthopedic implants,
dental prosthetics, and cardiovascular devices. Despite their advantages, the density of
cobalt-based alloys can be high, resulting in increased weight in implants. Moreover, some
individuals may experience allergic reactions to cobalt [1,3]. While stainless steel and cobalt-
based alloys have their applications, titanium alloys, despite potential cost considerations
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and a challenging fabrication process, stand out due to their superior biocompatibility,
mechanical properties, corrosion resistance, and ability to promote osseointegration [4,5].
Ti6-Al-4V is characterized by the best biocompatibility in the metal biomaterials group,
thereby reducing the likelihood of negative reactions within the human system. Its surface
properties facilitate the formation of a biologically inert oxide layer, promoting favorable
interactions with the surrounding tissues [6]. In addition, titanium-based materials exhibit
good corrosion resistance due to their ability to spontaneously form a thin and stable
protective oxide layer, which constitutes a compact and dense kinetic barrier for extensive
corrosion [7]. Additionally, titanium alloys exhibit an excellent strength-to-weight ratio and
their low density results in lightweight implants, and they actively promote osseointegra-
tion, ensuring long-term stability. These attributes collectively position titanium, especially
Ti-6Al-4V, as the preferred material for medical implants where long-term stability and
success are paramount. Despite its numerous advantages, Ti-6Al-4V does pose certain chal-
lenges in biomedical applications. Iwabuchi et al. [8] and Beake et al. [9] pointed to the poor
wear resistance of Ti-6Al-4V, which was lower than that of most metallic biomaterials. Wear
debris generated during the abrasion process can lead to the release of particles into the
surrounding biological environment. While the biological response to these particles varies,
the potential for adverse reactions and inflammation exists [10]. In addition, abrasion or
frictional forces may compromise the integrity of the protective passive layer, exposing the
biomaterial to corrosion. Moreover, in aggressive biological environments, such as those
with high chloride concentrations, the passive film may become susceptible to breakdown.
Corrosive attack can compromise the structural integrity of implants, potentially leading to
mechanical failure [11].

Presently, surface laser texturing is acknowledged as a highly effective method for
improving material performance [12,13]. Laser texturing proves to be a precise, accurate,
reproducible, and environmentally friendly technique for modifying surfaces. Literature
findings reveal that the laser-texturing process not only results in an enhancement of
tribological behavior attributed to improved lubrication [14–21], but also leads to superior
microbiological properties owing to the contact guide effect [22,23].

It is worth paying attention to coatings made of biopolymers, because they offer many
benefits for increasing the functionality of the implant, including improved biocompat-
ibility, bioactivity, wettability, drug release, and antibacterial activity [24,25]. The most
commonly used methods for applying polymer coatings on biomedical alloys include
dip-coating [26,27], spin-coating [28], electrochemical assembly [29], and electrospinning
from solution [30]. Electrospinning is a simple, low-cost, and repeatable method of manu-
facturing homogeneous, porous nanofiber networks that mimic the extracellular matrix
(ECM) of the cell with their morphology, which additionally improves their bioactiv-
ity [31,32]. Previous research indicates that this technique is successfully used to coat
biomedical alloys with fibrous layers [33–35]. Karthega et al. [36] showed that polycaprolac-
tone/titanium dioxide (PCL/TiO2) nanofibers deposited by electrospinning on the surface
of the AM50 Mg alloy not only improve the corrosion resistance of the alloy, but are also
beneficial for cell proliferation. Kim et al. [37] significantly improved the biocompatibility
of MC3T3-E1 osteoblasts (an osteoblast precursor cell line derived from mouse calvaria) on
the AZ31 Mg alloy by covering its surface with polycaprolactone/zinc oxide (PCL/ZnO)
nanofibers via electrospinning. The electrospinning method also allows for the deposi-
tion of nanofibers on the Ti-6Al-4V alloy, as reported by Rajabi et al. [38] and Camargo
et al. [39]. E.R. Camargo et al., on a previously prepared surface of a commercial Ti-6Al-4V
alloy, built a network of poly(methyl methacrylate) (PMMA) nanofibers and functionalized
PMMA-OH nanofibers by electrospinning. It was observed that the use of a polymer
coating significantly improved the adhesion and proliferation of fibroblasts. Rajabi et al.
performed a two-stage modification of the surface of the Ti-6Al-4V alloy: first, the surface
was modified with the Nd:YAG (neodymium-doped yttrium aluminum garnet) laser; then,
drug-loaded poly(vinyl alcohol) (PVA) nanofibers with vancomycin were deposited on it.
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The applied surface modifications improved biocompatibility, cell viability, and adhesion,
as well as extended the drug release rate.

This study aims to investigate the influence of a hybrid surface modification through
laser texturing and the deposition of a polycaprolactone-based (PCL) nanofiber layer using
the electrospinning method on the physicochemical properties of the Ti-6Al-4V titanium
alloy. The use of polycaprolactone (PCL) nanofiber layers shows significant promise
for drug delivery post-implantation in the human body. Electrospinning enables the
creation of nanofibrous structures with a high surface area, providing an optimal platform
for controlled drug release. The potential impact of this approach on post-implantation
therapeutics is substantial, offering controlled and sustained drug release, minimizing side
effects, and improving overall treatment outcomes. Combining nanofiber layers deposited
via the electrospinning method with a laser-texturing process may ensure the increased
biocompatibility of biomaterials and overcome the primary usage limitations of the Ti-
6Al-4V alloy. Nevertheless, the initial impact of this proposed hybrid surface modification
on the physicochemical properties, especially the wettability and corrosion resistance, of
the titanium alloy must be rigorously evaluated. This study represents the initial step in
the development of new biomaterials for long-term implants, ensuring the potential for
controlled drug release. The integration of PCL nanofibers and laser texturing offers a
synergistic approach to addressing biocompatibility concerns and usage limitations, laying
the foundation for advancements in the field of implantable medical devices.

In this work, surface morphology analysis was conducted using scanning electron
microscopy and confocal microscopy. Particular attention was devoted to the assessment
of the wettability and corrosion behavior of the modified biomaterials. Contact angle mea-
surements and surface free energy calculation were performed to investigate the chemical
character of the samples. The corrosion behavior was analyzed by a potentiodynamic test,
supplemented by an electrochemical impedance spectroscopy test. In addition, biological
(toxicity) properties were evaluated.

2. Materials and Methods

The Ti-6Al-4V samples in cubic shape (ϕ 14) were wet-ground (using silicon carbide
SiC paper with grit of P500 to P4000), and then polished using a colloidal silica suspen-
sion (OP-U) with a particle size of 0.04 µm. The mean roughness of the samples was
Ra = 0.52 µm.

Next, samples were subjected to surface modification. The surface texturing process
was accomplished using an A-355 picosecond laser system (Oxford Lasers Ltd., Didcot,
UK), utilizing a 355 nm wavelength diode-pumped solid-state picosecond laser which
generates 5–10 ps pulse durations of 120 µJ average power at 400 Hz pulse frequency. The
system of pulsed laser beams guarantees high energy densities and the ability to perform
ablation (atoms evaporate layer by layer due to the strength of bonds being decreased
between the particles). Micromachining system guarantees average power of 24 mW. The
laser beam intensity distribution is Gaussian. The experiment was performed in air at
atmospheric pressure. The path of laser texturing was a system of grooves, which formed a
truss shape. The Cimita software (2013 version, Oxford laser, Didcot, UK), integrated into
the micromachining system, was used to design the laser pattern and process parameters
setup. The process parameters are as follows: number of the passes of the laser beam (N)—2,
laser scan speed—1 mm/s, beam width—30 µm, and beam quality factor (M2) < 1.2.

To prepare polymer and composite coatings on the Ti-6Al-4V alloy, the electrospinning
form solution method was used. The first stage was the preparation of spinning solu-
tions, for which the following reagents were used: polycaprolactone (PCL purity average
Mw 45000, Sigma Aldrich, St. Louis, MO, USA), formic acid (purity 96%, Sigma Aldrich),
acetic acid (purity 99%, Sigma Aldrich), and TiO2 nanoparticles (purity 99.5%, Bionovo).
To prepare PCL solution, acetic acid was mixed with formic acid in a 3:1 ratio; then, 3 g of
PCL in the form of granules was added and left on a magnetic stirrer to mix for 24 h. The
spinning solution of PCL/TiO2 nanofibers was prepared by adding 0.06 g of TiO2 to the
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above-mentioned acid mixture and sonicated for 15 min to break down the nanoparticle
agglomerates. Then, 3 g of PCL were added and left on a magnetic stirrer for 24 h until
a homogeneous solution was obtained. The next stage was to subject the solutions to the
electrospinning process using the FLOW device—Nanotechnology Solutions Electrospin-
ner 2.2.0–500 (Manufacturer Yflow Nanotechnology Solutions, Malaga, Spain) with these
constant parameters for both samples: distance, voltage, and flow rate of 15 cm, 16 kV, and
0.2 mL/h, respectively. The deposition time of the fibrous layer for each sample was 15 min
(Figure 1). These parameters were selected experimentally to ensure the stability of the
electrospinning process.
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Figure 1. Scheme of electrospinning process.

The microstructure and morphology of the coatings obtained were examined us-
ing high-resolution scanning electron microscopy (SEM), the FEI Supra 35 (Zeiss) type,
equipped with energy dispersive X-ray spectroscopy (EDX).

The wettability of tested samples was evaluated by contact angle (θ) measurements
(sitting drop method), and surface free energy (γ) calculations using Owens–Wendt meth-
ods were performed. The test stand was equipped with a Surftens Universal goniometer
(OEG, Frankfurt, Germany) and PC with Surftens 4.5. Distilled water θw (POCH S.A., Gli-
wice, Poland) and diiodonomethane θd (Merck, Warsaw, Poland) served as the measured
liquids (drop volume of 1.0 µm3). The measurements were conducted at room temperature
T = 23 ± 1 ◦C over time t = 60.

Pitting corrosion resistance tests were performed using the potentiodynamic method.
The test stand comprised of an Atlas 0531 EU potentiostat (ATALS-SOLLICH, Rębiechowo,
Poland) and three-electrode cell. A platinum rod (auxiliary electrode) and a silver chloride
electrode Ag/AgCl electrode (reference electrode) were used for the tests. Corrosion testing
commenced following 3600 s of open-circuit potential stabilization (Eocp). The scan rate
was configured at 0.175 mV/s.

Electrochemical impedance spectroscopy (EIS) tests were performed using an identical
test stand to that of the corrosion resistance test. The test was conducted in the frequency
range of 104 to 10−3 Hz. The amplitude of the sinusoidal voltage of the excitation signal
was 10 mV. In the study, the impedance spectra in the form of the Nyquist and Bode
diagrams were determined, and, next, obtained data were adjusted to the equivalent circuit
using the least-squares method. All electrochemical analyses were carried out in a Ringer
solution of the following chemical composition: NaCl—8.6 g/dm3, KCl—0.3 g/dm3, and
CaCl2·2H2O—0.33 g/dm3, at T = 37 ± 1 ◦C.

The content of the titanium, aluminum, and vanadium in Ringer solutions after
the immersion test was determined using inductively coupled plasma atomic emission
spectrometry (ICP-AES). A Varian 710-ES spectrometer, equipped with a OneNeb nebulizer
and twister glass spray chamber, was used. The parameter is given in Table 1.
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Table 1. Parameters of plasma atomic emission spectrometry parameters test.

Parameter Value (u)

RF power 1.0 kW
Plasma flow 15 (L/min)

Auxiliary flow 1.5 (L/min)
Nebulizer pressure 210 (kPa)

Pump rate 15 (rpm)

Emission lines

Ti λ = 334.188; 334.941 and 336.122 (nm)

Al λ = 237.312 and 396.152 (nm)

V λ = 268.796; 292.401; 309.310 and 311.837 (nm)

The cytotoxicity of the modified samples was examined with a 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyltetrazolium bromide (MTT) test. The HCT116 cancer cells (obtained
from the American Type Culture Collection) were used for the test. The cell lines were
treated with 10% fetal bovine serum (Eurx) supplemented with 1% antibiotic antifungal
solution. The cells were seeded onto the tested samples and incubated for 72 h at 37 ◦C
in a humidified atmosphere of 5% CO2. Next, the culture medium was removed, and,
after trypsin neutralization, the cell suspension was centrifuged (2000 rpm, t = 3 min,
T = 23 ± 1 ◦C), and the cell pellet in MTT solution was resuspended. After incubation
(t = 3 h), the MTT solution was removed. In effect, obtained formazan was dissolved in
C3H7OH:HCl. After that, the optical density at 550 nm with a reference wavelength of
670 nm was measured using an ELISA reader. The mean absorbance in control wells was
considered to be 100% viable cells.

The names of the samples subjected to the test are given in Table 2.

Table 2. List of tested samples with their names and surface conditions.

Name Surface Condition

S_is Samples in the initial state—after mechanical grinding and polishing
S_tex Samples after laser-texturing process

S_PCL Samples with PCL nanofiber layer de-posted by electrospinning method

S_PCL/TiO2
Samples with PCL/TiO2 nanofiber layer de-posted by

electrospinning method

S_tex/PCL Samples after laser-texturing process and with PCL nanofiber layer
de-posted by electrospinning method

S_tex/PCL/TiO2
Samples after laser-texturing process and with PCL/TiO2 nanofiber layer

de-posted by electrospinning method

3. Results
3.1. Surface Morphology Analysis

The surface morphology of the samples after the laser-texturing process was charac-
terized using a scanning electron microscope and a confocal microscope, as depicted in
Figure 2. For the S_tex sample groups, cross-like micro-groove patterns were observed,
which are characteristic features of photothermal ablation. The average width between
micro-grooves was 242 ± 4 µm, consistent with the designed laser texture pattern. Addi-
tionally, a small amount of deposition, called micro-bugle or micro-crown, was noted on
the edge of the micro-grooves of the titanium alloy. The height of the micro-bugle measured
from confocal microscopy observation was 5.2 ± 0.5 µm (Figure 2c). This phenomenon
could be attributed to the formation of a remelting layer on the titanium alloy surface
during the thermal effects of laser processing. Wang et al. [7] and Huerta-Murillo et al. [40]
also reported the existence of micro-bugles along the laser texture pattern. The groove
depth was 9.4 ± 0.4 µm (Figure 2b). Additionally, the roughness of the central area of the
laser pattern (single square) was Sn = 270 nm.
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Figure 2. Results of microscopic observation for samples after laser-texturing process (S_tex):
(a,b) SEM; and (c,d) confocal microscope.

The analysis of the morphology of electrospun PCL and PCL/TiO2 nanofibers was
performed based on SEM images (Figure 3). At first, to select the electrospinning process
parameters, the PCL nanofibers were deposited on the aluminum foil. The PCL nanofibers
deposited on the aluminum foil were homogeneous, had a smooth surface, and did not show
any defects, e.g., beads and spindles, and their average diameter was 85 nm (Figure 3a,b). The
absence of defects indicates that the parameters of the spinning solution were appropriate.
The PCL nanofibers deposited on a Ti-6Al-4V substrate both before and after texturization
were characterized by the presence of beads whose diameter ranged from 50 to several
micrometers, while the diameter of the fibers themselves in both samples was approximately
60 nm (Figure 3c,d,g,h). Moreover, PCL/TiO2 nanofibers deposited on Ti-6Al-4V substrates
had visible beads with a diameter reaching several microns, while the average fiber diameter
was 33 and 73 nm for the unmodified and textured substrates, respectively. Comparing
Figures 3g and 3i, it was also found that the addition of TiO2 to PCL had a positive effect on
the uniform coverage of the textured substrate with nanofibers.

The presence of beads and spindles in nanofibers electrospun onto a Ti-6Al-4V sub-
strate was also observed by Camargo et al. [39] and Santhosh et al. [41], who studied the
PMMA and hydroxyapatite–polysulfone coating, respectively. This type of defect appears
mainly as a result of a too-low polymer concentration in the spinning solution or a too-low
molecular weight of the polymer; however, in this study, nanofibers deposited from the
same spinning solution deposited on the aluminum foil showed no defects, which suggests
that the morphology of the fibers was largely influenced by the substrate. As indicated
by [42–44], electrospinning on a non-conductive substrate such as Ti-6Al-4V is difficult
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due to electric field distortion, which destabilizes the polymer jet, adversely affecting the
morphology of the obtained fibers.
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Figure 3. Results of samples surface morphology (SEM): (a,b) PCL nanofibers on aluminum foil,
(c,d) samples with PCL nanofibers (S_PCL), (e,f) samples with PCL nanofibers with the addition
of TiO2 particles (S_PCL/TiO2), (g,h) samples after laser-texturing process with PCL nanofibers
(S_tex/PCL), and (i,j) samples after laser-texturing process with PCL nanofibers with the addition of
TiO2 particles (S_tex_PCL/TiO2).

3.2. Wettability Test

The results of the wettability test are presented in Table 3. The diagram illustrating
changes in the contact angle of distilled water over time and example images of drops
placed on the tested sample surfaces are shown in Figure 4.

Table 3. Results of contact angle measurements.

Name
Contact Angle (◦) Surface Free Energy (mJ/m2)

Distilled Water Diiodomethane γS γd
S γ

p
S

S_is 68.7 ± 2.9 47.0 ± 3.1 36.6 22.7 18.9

S_tex 95.4 ± 3.9 42.0 ± 2.8 39.4 38.1 1.7

S_ PCL 128.2 ± 1.4 17.2 ± 1.1 106.6 85.7 20.9

S_PCL/TiO2 137.8 ± 1.2 10.4 ± 0.7 116.4 91.1 25.3

S_tek/PCL 133.3 ± 2.1 13.5 ± 3.4 111.0 88.3 22.6

S_tex/PCL/TiO2 137.9 ± 1.5 - - - -
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and (f) S_tex/PCL/TiO2.

Significant differences in the values of wettability were observed between the untreated
samples and samples after surface modification. It was found that laser texturing and layer
deposition by electrospinning have a significant effect on the contact angle of T Ti-6Al-
4V-based biomaterial. For the untreated (S_is) samples group, the average water contact
angle for the samples was approximately 68◦, signifying a hydrophilic nature of the surface
(Θ < 90◦). The observed wetting state is characteristic of titanium surfaces stored under
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atmospheric conditions (air) [45]. Moreover, Melo-Fonseca et al. [46] and Reggio et al. [47]
reported the hydrophilic nature of mechanically polished Ti-6Al-4V alloy. In contrast, for
the samples after surface modification, a switch from hydrophilic to hydrophobic behavior
is evident. For the S_tex samples group, the average value of the water contact angle was
95◦, reaching the threshold for the transition from the hydrophilic to the hydrophobic
state (where the hydrophilic state is <90◦ < hydrophobic state). The highest values were
obtained for the samples with PCL and composite PCL-TiO2 layers, irrespective of the
surface condition of the substrate material (polished or textured), with mean values falling
within the range of 128–137◦. According to the literature, electrospinning is a well-known
method that enables the production of hydrophobic, ultrathin fibers with micrometer
and sub-micrometer diameters from various polymeric materials. The electrospun fibers,
due to their size, guarantee a single-length scale of roughness for superhydrophobicity.
Sheela et al. [48] also indicated the hydrophobic nature of polycaprolactone electrospun
membranes, reporting a mean value of 129◦, which is similar to the values presented in
our work. The addition of TiO2 particles to the PCL fibers led to a slight increase in the
water contact angle. Generally, TiO2 particles exhibit hydrophilic behavior due to their
polar nature. However, when introduced into a nanofiber matrix, they can influence the
overall wetting properties. The inorganic TiO2 was easily covered by airborne organic
contaminations and, in effect, demonstrate hydrophobic surface properties. Moreover,
incorporating TiO2 particles into a nanofiber matrix can alter the composite material’s
wettability, and this transition may depend on factors such as particle concentration and
dispersion. Sahoo et al. [49] demonstrated that, with an increase in the titanium content
from 1 to 2wt.% in the polyvinylidene fluoride (PVDF) matrix, the contact angle increased
from 124 to 129◦. Additionally, they indicated that a titanium dioxide concentration of more
than 2wt.% strongly affects increased wettability. This finding confirms our investigation,
where the TiO2 concentration in PCL fiber material was 2%.

The values of surface free energy of the S_is and S_tex samples were similar and fell
within the range of 37–39 mJ/m2. The calculated values for samples with a nanofiber layer
were approximately three times higher compared to the S_is and S_tex sample groups. In
addition, for the samples with a hybrid surface modification, the S_tex/PCL/TiO2 SFE
calculation was impossible, due to the extremely low value of the diiodomethane contact
angle—close to 0◦. Additionally, all tested samples demonstrated a greater affinity for
apolar groups than polar ones, as evidenced by higher values of the apolar components
of surface free energy (SFE). However, the apolar components of samples with PCL and
PCL/TiO2 layers were four and two times higher compared to those for samples in the
initial state and after the laser-texturing process, respectively. Dispersive interactions are
primarily driven by van der Waals forces and occur between nonpolar molecules or regions
of molecules. Dispersion forces are generally weaker than polar forces but can be more
prevalent across a surface.

The wettability of materials is regulated by their chemical composition and surface
morphology, including surface roughness. This property is directly manifested in contact,
as described by the Young formula:

cos Θ = r
γsg − γsl

γlg
= r·cosΘ, (1)

where:
γ—surface tension, s—solid state, g—gas, and l—liquid;
Θ—water contact angle (◦);
r—roughness ratio (r = 1—smooth surface, and r > 1—rough surface).
From (1), it is observed that the contact angle increases with an increasing roughness

ratio value if the contact angle on a smooth surface is more than 90◦. The laser-texturing
process leads to Ti-6Al-4V titanium alloy surface development at the micro- and nanoscale.
Moreover, layers consisting of nanofibers of PCL and PCL/TiO2 deposited by electrospin-
ning drastically affect the overall surface.
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According to the literature data, in general, three models that describe the wetting
behavior on the rough or restored surface can be distinguished (Figure 5): (I) Wenzel,
(II) Cassie–Baxter, and (III) the middle state, which is a transitional state between the
Wenzel and Cassie–Baxter states. In the Wenzel state, a liquid completely wets a rough
surface, filling the surface asperities. The liquid wets the roughness at a microscopic level,
increasing the apparent contact area. In the Cassie–Baxter state, the liquid only partially
wets the rough surface, with air trapped within the surface asperities. The air exhibits
absolutely hydrophobic properties with a contact angle of 180◦ [50]. The apparent contact
area is reduced, leading to a higher contact angle compared to the Wenzel state. In the
middle state of wettability, the liquid partially occupies the surface features, creating a
mixed wetting behavior. For the samples after surface modification, the wettability state
probably occurs at the Cassie–Baxter state or the middle state of wettability. Moreover,
external influences, such as the absorption of hydrocarbons from the atmosphere, may
have impacted the results, as reported by Yamauch et al. [51] and Khan et al. [52].
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3.3. EIS Test

Figure 6 shows the EIS spectra recorded for both sample groups in the form of Nyquist
and Bode plots.

Based on the obtained results, it can be seen that the impedance response of the titanium
alloy has remarkably changed after surface modification by laser texturing and PCL-based
nanofiber layer deposition in the corrosive solution. The Nyquist plots (Figure 6a,c,e,g,i,k)
presented fragments of semi-circles, which is a typical response of a thin layer. In addition,
from Nyquist-impedance plots, it can be seen that only for the samples after the laser-texturing
process was the radius of curvature lower than that of the untextured surface. For other
samples, diagrams show a larger radius of the semicircle than that of the samples in the
initial state. The diameter of the semicircle increases in the order of S_PCL < S_tex/PCL <
S_PCL/TiO2 < S_tex/PCL/TiO2. According to the literature data [7,53,54], and our previous
reports [6,55–57], the larger the radius of curvature in the Nyquist plots, the better the corrosion
resistance of the sample surface. This suggests that surface modification by electrospinning
provides superior corrosion resistance compared to the textured surface. Additionally, the
results depicted in the Bode diagrams corroborate those of the Nyquist plots. The lowest
value of the maximum phase displacement, over a broad range of frequencies, was observed
for the S_is and S_tex sample group, with mean values of 65 and 50◦, respectively. In contrast,
for other samples, the phase displacement ranged from 70 to 95◦, indicating that samples with
PCL and PCL/TiO2 layers exhibit a higher impedance and better corrosion resistance.
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Rpore—the electrolyte resistance in the porous phase; 
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The characterization of the interface impedance of the tested samples was performed
by approximating the EIS experimental data using physical electrical models of the equiva-
lent circuits. As shown in Figure 7, for the S_tex/PCL samples group, an equivalent circuit
with single constants was used to analyze the EIS data, which indicates the occurrence of
a single layer. The electrical equivalent circuit model of the textured surfaces with PCL
nanofiber layers consists of solution resistance (Rs), the resistance of the conformal layer
(Rct), and the capacity of the layer (CPEdl). For other samples, an equivalent circuit with
two time constants was used to analyze the EIS data, which indicates the occurrence of
two sub-layers. In this case, the equivalent circuit consists of Cpore/CPEpore (capacity of
the double-layer porous surface) and Rpore (resistance of double-layer porous surface),
which are representatives of the electrical porous layer, whereas CPEdl and Rct, represent
the resistive and non-ideal capacitive behavior of the passive film. In particular, we have
the following:

Rpore—the electrolyte resistance in the porous phase;
Cpore/CPEpore—the capacity of the double-layer porous surface;
Rct—the electric charge transfer resistance at the boundary of phases;
CPEdl—the capacity used to describe the low-frequency region (11–0.001 Hz).
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The mathematical impedance model of the above system is also presented in
Equations (2)–(4).

Z = Rs +
1

1
Rpore

+ jωCpore
+

1
1

Rct
+ Yl(jω)ndl

(2)

Z = Rs +
1

1
Rpore

+ Y1(jω)n1
+

1
1

Rct
+ Y02(jω)n2

(3)
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Z = Rs +
1

1
Rct

+ Y01(jω)n2
(4)

The parameters characterizing the electrochemical response of the surface of the tested
samples are provided in Table 4. The samples with the PCL or PCL/TiO2 layer exhibited
the highest resistance values, affirming that the applied protective layers on the material
played a role in enhancing its anticorrosive properties.

Table 4. Results of EIS test—values of resistances.

No Name Rpore (Ω·cm2) Rct (kΩ·cm2)

1 S_is 30 432

2 S_tex 48 393

3 S_PCL 10 885

4 S_PCL/TiO2 650 244

5 S_tex/PCL 650 890

6 S_tex/PCL/TiO2 - 890

3.4. Potentiodynamic Test

The open circuit potential curves recorded in t = 1 h are depicted in Figure 8. In the
case of the samples in the initial state (S_is), the open circuit potential values consistently
increased throughout the entire measurement time, reaching more electropositive values
without attaining a stable or stabilized state. The positive shift in Ecop values indicates an
augmentation in the compactness of the passive layer or corrosion products on the samples
with time. Samples after the laser-texturing process (S_tex) and samples with a deposited
PCL layer (S_PCL) exhibit a similar progression of Eocp curves, showing almost no change
over the measuring time. For the S_tex/PCL samples group, the Eocp values begin to
increase, and then gradually stabilize. Additionally, up to 1650 s, some oscillation of Eocp
was visible, which pointed to some instability of the surface layers, or was due to localized
corrosions on the metal surface in the aqueous solution. An initial increase in Ecop values
with a gradual stabilization was also observed for the S_PCL/TiO2 and S_tex/PCL/TiO2.
However, the steady-state for those samples was reached after approximately 200 s.
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The lowest values of Eocp were recorded for the S_is samples group, and the mean
value was close to −242 mV vs. Ag/AgCl (corresponding to approximately –45 mV vs.
NEH). The recorded values belong to the domains of the passive region of TiO2 in the
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titanium Pourbaix diagram. This means that the alloys form a stable oxide layer of TiO2,
as we also recorded in our previous article [6,58]. The surface modification of Ti-6Al-4V
substrate materials results in shifts in the Eocp value towards more electropositive values,
in the following order: S_tex/PCL/TiO2 > S_tex/PCL > S_PCL/TiO2 > S_PCL > S_tex. For
the S_tex samples group, the Eocp value was +10 mV vs. Ag/AgCl (+207 mV vs. NEH),
which could fall within the domains of the TiO3·2H2O region in the titanium Pourbaix
diagram. However, the increase in values compared to those obtained for the samples in the
initial state can be associated with the head-build effect during the laser-texturing process,
promoting oxidation and microstructural changes near the surface. Similar observations
were reported by Annamala et al. [59], Yue et al. [60], and Bussoli et al. [61]. In effect, as a
result of laser interaction, different titanium oxides could be formed.

To evaluate the effect of the surface modification on the corrosion resistance of the
titanium alloy, potentiodynamic tests were carried out. The results of the potentiodynamic
test for all tested samples are presented in the form of Tafel’s plot and polarization curves
in Figure 9. The characteristic corrosion parameters are given in Table 5.
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Figure 9. Results of potentiodynamic test: (a) Tafles plot for all tested samples, and example
potentiodynamic curves for (b) S_is, (c) S_tex, (d) S_PCL, (e) S_PCL/TiO2, (f) S_tex/PCL, and
(g) S_tex/PCL/TiO2.

Table 5. Results of potentiodynamic test—value of characteristic corrosion parameters.

No Name Ecorr
(mV vs. Ag/AgCl)

Etr
(mV vs. Ag/AgCl)

Eb
(mV vs. Ag/AgCl)

icorr
(µA/cm2)

1 S_is −301 ± 27 1952 ± 35 - 0.033

2 S_tex +110 ± 35 1794 ± 41 - 0.052

3 S_PCL +172 ± 12 - 2290 ± 39 0.019

4 S_PCL/TiO2 +220 ± 26 2392 ± 32 - 0.012

5 S_tex/PCL +275 ± 52 2446 ± 57 - 0.015

6 S_tex/PCL/TiO2 +296 ± 44 2652 ± 61 - 0.011
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It was found that the registered values of the corrosion potential (Ecorr) confirm the
Eocp behavior. The surface modification led to shifts in the values of the corrosion potential
to more noble values. Additionally, it was observed that TiO2 particles in the nanofiber PCL
matrix provide higher values of Ecorr. The most favorable values of Ecorr were indicated
for S_tex/PCL/TiO2 and S_tex/PCL, while the lowest values were recorded for the S_tex
and S_is samples groups. Analysis of the recorded curves revealed variations in the
corrosion resistance based on the surface condition of the tested samples. For the S_is
and S_tex samples, plateau regions were recorded from +200 to +2200 mV vs. Ag/AgCl
and from +900 to +1600 mV vs. Ag/AgCl, respectively, followed by a steady increase
in current densities. Voltammetric curves for both sample groups showed an active-to-
passive transition with current densities of about −350 and 300 µA/cm2, respectively.
Other tested samples displayed a steady increase in the current density without a plateau
region. For the S_PCL and S_PCL/TiO2 samples, an active-to-passive transition occurred
with current densities of about −330 µA/cm2, and, for S_tex/PCL and S_tex/PCL/TiO2,
the transition was with current densities of about −450 µA/cm2. In general, the active-
to-passive transition refers to the change in the electrochemical behavior of the material.
Negative current densities signify the cathodic current, which typically corresponds to
reduction reactions and can be associated with the transition from an active to a passive
state. Therefore, the more negative the current density is, the more effective the material is
in transitioning to a more corrosion-resistant, passive state. The existence of breakdown
potential (Eb) was recorded only for the S_PCL samples group, hysteresis loop. For the
other tested samples, the existence of the transpassivation potential was recorded. For
samples in the initial state, the transpassivation potential (Etr) and corrosion current density
(icorr) were +1952 mV vs. Ag/AgCl, and 0.033 µA/cm2, which correspond to our previous
work [6] and literature data. It was found that the laser-texturing treatment worsened
the corrosion resistance of the titanium alloy surface. The registered values of Etr were
lower than those in the initial state, and the icorr was higher. According to the literature
data, conflicting information about the influence of laser texturing on Ti-6Al-4V’s corrosion
resistance can be found. For some authors [7,19,62,63], the laser-texturing process leads
to an improvement of the corrosion resistance of the Ti-6Al-4V titanium alloy, which can
be directly correlated with an increase in the wetting angle, and the grain refinement of
laser-textured surfaces. As indicated by Kumari et al. [64], grain refinement improves the
passive film formation due to the increased grain boundary density. Contrarily, Grabowski
et al. [65] showed a decrease in corrosion resistance after laser texturing Ti-6Al-4V alloy,
contributing to increasing roughness. Moreover, Wang et al. [66] investigated the corrosion
resistance of Ti-6Al-4V after the laser-texturing process with the micro-groove width in
the range of 25 to 65 µm. Depending on texture patterns, different corrosion resistances
of the substrate materials were found. Based on the potentiodynamic test only for the
samples with a groove width of 35 and 45 µm, an increase in the corrosion resistance was
observed. As mentioned above, the laser-texturing process can lead to microstructural
changes and increase the passivation ability. However, in some cases, laser texturing can
induce crystallography orientation changes, which may influence corrosion susceptibility,
especially if the changes result in preferential corrosion along a specific path. In general,
titanium exhibits the spontaneous ability to form a robust and uniform TiO2 passive layer,
which is critical for protecting the alloy against corrosion. A well-formed passivation
layer acts as a barrier, hindering the penetration of corrosive agents. However, the laser-
texturing process may alter the composition or characteristics of this oxide layer. Changes
in the oxide layer can impact the overall corrosion resistance of the material. Additionally,
laser texturing may not uniformly passivate the entire surface, leaving some areas more
susceptible to corrosion. This corresponds to the Eocp behavior examination, which shows
the possible formation of a Ti2O3 passive layer on the laser-textured surface, which is less
stable than a TiO2 passive layer. The Ti2O3 is more prone to further oxidation and can be
less protective as a passive layer under certain conditions [67]. The reduced protective
capability of the Ti2O3 passive layer may lead to an increase in implant degradation and
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the release of metal ions from the implant into the surrounding tissues. Consequently, this
may result in chronic inflammatory responses. A decrease in corrosion resistance after
laser texturing can be attributed to residual stresses in the material, particularly at the
textured regions. These stresses may create microcracks or defects in the surface, providing
initiation sites for corrosion and compromising the overall resistance. For other samples
after surface modification, an increase in the Etr/Eb values and a decrease in the icorr values
were registered. This indicates an improvement in the corrosion resistance of the Ti-6Al-4V
titanium alloy. The most favorable corrosion parameter was registered for the samples
with a PCL/TiO2 nanofiber layer—S_PCL/TiO2 and S_tex/PCL/TiO2. First, the better
corrosion resistance of those sample groups can be attributed to the barrier effect. The
electrospun nanofiber layers can act as a physical barrier, limiting the direct contact between
the corrosive environment and the Ti-6Al-4V substrate. The barrier effect was also indicated
as a reason for improving corrosion resistance in our previous work [56,57,68,69]. Moreover,
according to the literature data [70–72], enhanced corrosion resistance has been observed by
preventing the diffusion of corrosive ions into the substrate material through the deposition
of a PCL-based layer. However, PCL, as a biocompatible polymer, can contribute to the
overall biocompatibility of the modified surface. The interaction between the modified
surface and biological environments may influence the corrosion behavior and the response
of the surrounding tissues. Additionally, the incorporation of TiO2 nanofibers in the layers
can enhance the formation and stability of a protective oxide layer on the Ti-6Al-4V surface.

Moreover, an increase in the contact angle and hydrophobic surface properties can
provide a better corrosion behavior. Generally, hydrophobic surfaces (higher contact
angles) repel water, potentially minimizing the contact between the corrosive medium
and the material. However, the influence of the micro- and nanoscale roughness on the
wettability and the corrosion resistance must also be taken into account. The surface
roughness can impact both the contact angle and corrosion resistance. That is why an
analysis of the wettability state presented in Section 3.2 could be helpful in corrosion
resistance analysis. Dănăilă et al. [73] showed that the passivation behavior of the Ti-
6Al-4V alloy was affected by the surface’s roughness. Researchers have also shown that
samples with higher microroughness exhibit lower corrosion resistance. However, sub-
microroughness or hierarchical roughness can be beneficial for corrosion resistance. Micro-
and nanoscale features may affect the ability of corrosive agents to come into contact
with the material, influencing the corrosion process. As was reported in [74–76], the air
entrapped in surface roughness can prevent aggressive ions from attacking the substrate
material surface. In effect, the presence of the hydrophobic surface leads to a shift in the
anodic corrosion potential toward more noble values, and both the anodic and cathodic
corrosion currents are significantly reduced [77]. Zhang et al. [78] explained that the
deposition of a densely packed superhydrophobic layer on a titanium-based substrate
material was enough to prevent oxygen from diffusing into the substrate. Moreover,
capillarity is an important aspect to consider in order to improve the corrosion resistance of
a hydrophobic surface. As indicated by Liu et al. [78], for high contact angle values, water
transport against gravity is easy in the porous structure of superhydrophobic surfaces.
In effect, as a result of the Laplace pressure, the corrosion solution can be pushed out
from the pores. Additionally, in our work, the micro-grooves of the laser-textured samples
could be filled with PCL and PCL/TiO2 nanofiber layer deposition. Khoshanood et al. [79]
indicated the better corrosion behavior of the AZ31 alloy as a result of the deposition hybrid
PCL/chitosan scaffold coatings. Catauro et al. [80] investigate the influence of surface
modification by the deposition of an inorganic TiO2 matrix with different percentages of
PCL by the sol–gel method. The electrochemical results pointed to the notion that the
coatings have a significant effect in terms of the corrosion potential, as also shown in our
work. However, during the drying and curing stages, the sol–gel film may experience
cracking and shrinkage. This can compromise the integrity of the coating and reduce
its effectiveness, particularly in applications requiring a continuous and defect-free layer.
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Moreover, coating complex shapes or intricate structures with sol–gel films can be difficult.
The electrospinning process eliminates this limitation.

3.5. Inductively Coupled Plasma Atomic Emission Spectroscopy

According to the results obtained by ICP-AES it can be seen that laser surface texturing
leads to an increase in the amount of titanium and aluminum ions released into the Ringer
solution. Ions released from metal implants into a corrosive environment have the potential
to trigger inflammatory responses in the surrounding tissues, compromising the overall
biocompatibility of the implant. This immune reaction may manifest as localized inflam-
mation and, in some cases, allergic responses, which can range from mild irritation to more
severe reactions that may jeopardize the implant’s functionality. Furthermore, the toxicity
of certain metal ions could pose risks to tissues, affecting the health of the surrounding
anatomical structures. Prolonged exposure to released ions, even at low concentrations,
may contribute to chronic health issues and impact the normal healing process at the im-
plant site [81–83]. For example, elevated aluminum levels could lead to neurotoxicity and
neurological disorders. In addition, aluminum ions can interfere with bone mineralization.
Excessive aluminum exposure has also been linked to renal impairment. As is well-known,
the kidneys play a crucial role in filtering and excreting ions from the body. The release of
aluminum ions may present challenges for renal function [84].

The concentration of titanium ions in the solution after the immersion test (t = 7 days)
of the S_tex samples group was close to 60% higher compared to that for the S_is samples
group, confirming the lower corrosion resistance of samples after laser texturing as indi-
cated by the EIS and potentiodynamic tests (Table 6). Moreover, the deposition of PCL and
PCL/TiO2 nanofiber layers on the Ti-6Al-4V titanium alloy surface via the electrospinning
method was observed to offer effective protection against the release of Ti-6Al-4V alloy
elemental ions into the corrosive environment (human organism). The lowest amount
of released ions was observed for the S_PCL/TiO2 samples group. Moreover, the pro-
tective properties of the PCL or PCL/TiO2 nanofiber layers on laser-textured surfaces
were observed.

Table 6. Results of ICP-AES analysis.

No Name
Release Ions (mg/L)

Ti V Al

1 S_is 1.03 0.06 0.07

2 S_tex 1.63 0.06 0.09

3 S_PCL 0.91 0.04 0.05

4 S_PCL/TiO2 0.67 0.03 0.05

5 S_tex/PCL 0.80 0.04 0.05

6 S_tex/PCL/TiO2 0.82 0.05 0.05

3.6. Cytotoxicity Tests

The results of the microbiological tests for all tested samples are presented in Figure 10.
The objective of the test was to evaluate the toxicity of the examined materials intended for
potential use as biomaterials. Toxicity is characterized by the ability of a material to disrupt
the functioning or cause the death of body cells. Initial signs of these changes manifest
in abnormal cell metabolism, and the extent of this phenomenon can be assessed using
the MTT test. The results are depicted in graphs illustrating the correlation between the
average viability (expressed in %) and the incubation time of cells with the tested material.
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After 72 h, for the S_is, S_tex, S_PCL, S_PCL/TiO2, S_tex/PCL, and S_tex/PCL/TiO2
samples group, the average cell viability of HCT116 cells was 120, 97, 104, 101, 141, and
105%, respectively, compared to the control sample (100%). The obtained results indicate
that all samples except S_is and S_tex/PCL do not affect the proliferation of cancer cells.
The percentage viability fraction for these materials was approximately 5% of the difference
compared to the control sample. This change is too low to suggest that the mentioned
materials may have features that stimulate the growth of cancer cells. Any observed changes
are likely caused by environmental factors and the accuracy of the test equipment. The only
result that differs significantly from the others is the survival fraction of HCT116 cells for
the S_tex/PCL sample groups. In this case, an increase in cell proliferation by over 41% was
observed compared to the control sample. The duration of the experiment is also important.
In the initial period of culture (first 24 h), a decrease in cell viability is often observed. This
can be elucidated by the cellular stress induced by the introduction of a foreign element
into the medium, such as the tested sample, along with the partial mechanical damage
incurred by a specific number of cells during the sample implementation in the culture.
After 72 h, the cell count in the culture rises, which can be attributed to the alleviation of
cellular stress and the proliferation of cells under favorable conditions in the laboratory.
The analysis of the microbiological results after 72 h showed that none of the tested samples
exhibited cytotoxicity. It can be stated that the smallest number of cells multiplied after
t = 72 h occurred in the case of the S_tex and S_PCL samples group. It can be assumed that
the deposition of a layer of PCL and TiO2 has a better effect on cell proliferation compared
to the deposition of a layer with only PCL.

4. Conclusions

Based on the obtained results, it was found that the hybrid surface modification of
the Ti-6Al-4V titanium alloy by laser texturing and PCL or PCL/TiO2 nanofiber layer
deposition using the electrospinning method improves the biofunctional properties of
the proposed biomaterial. An increase in the wetting angle and corrosion resistance was
observed. Additionally, non-toxic properties of the tested surface conditions were recorded.
Future research is planned, to continue exploring these promising findings.
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62. Kosec, T.; Legat, A.; Kovač, J.; Klobčar, D. Influence of Laser Colour Marking on the Corrosion Properties of Low Alloyed Ti.
Coatings 2019, 9, 375. [CrossRef]

63. Xu, Y.; Li, Z.; Zhang, G.; Wang, G.; Zeng, Z.; Wang, C.; Wang, C.; Zhao, S.; Zhang, Y.; Ren, T. Electrochemical corrosion and
anisotropic tribological properties of bioinspired hierarchical morphologies on Ti-6Al-4V fabricated by laser texturing. Tribol. Int.
2019, 134, 352–364. [CrossRef]

64. Pfleging, W.; Kumari, R.; Besser, H.; Scharnweber, T.; Majumdar, J.D. Laser surface textured titanium alloy (Ti–6Al–4V): Part
1—Surface characterization. Appl. Surf. Sci. 2015, 355, 104–111. [CrossRef]
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Abstract: Adequate root canal sealing is essential for the success of endodontic treatment. There are
numerous techniques available; identifying simple and efficient techniques is important to provide
good patient care. The purpose of the study was to compare the maximum penetration depth
and the percentage of sealant penetration of an endodontic sealer into dentine tubules using cold
lateral condensation, continuous wave, and hybrid techniques, and to contrast the effectiveness
of two different tapered gutta-percha master cones (0.02 and 0.04). A sample of sixty single root
teeth was used. Six experimental groups were formed from the three filling techniques and the
two tapered master cones. Images were acquired using a confocal laser scanning microscope. In the
apical root third, the penetration percentage was higher in the hybrid compared with the continuous
wave technique. The results indicated a higher penetration depth of hybrid compared with cold
lateral condensation in the middle and coronal thirds, and in the apical third, a higher penetration
was identified in the hybrid group compared with the continuous wave group. No significant
differences in penetration were found comparing 0.02 with 0.04 taper gutta-percha groups. The
coronal cross-sections presented a higher penetration than the apical third sections. In conclusion,
the hybrid technique a had higher maximum sealer penetration than the continuous wave in the
apical third, and the coronal third hybrid and continuous wave had a higher penetration than cold
lateral condensation.

Keywords: endodontic obturation; obturation technique; sealers’ penetration depth; dentin tubule
penetration; confocal laser scanning microscope

1. Introduction

Successful root canal treatment requires an impermeable tridimensional seal along
the root canal’s length, thereby ensuring the healing of periapical tissues and preventing
intracanal recontamination from coronal leakage [1]. The techniques for root canal filling
have improved; however, there are still challenges, such as inadequately prepared areas af-
fecting the adaptation of obturation material [2], apical extrusion of gutta-percha and sealer,
difficulty in performing the technique, the lack of hermetic sealing leading to favorable
environments for bacterial colonization, and the challenge of addressing obturations in the
face of different anatomical variations within endodontic spaces, ranging from oval and
curved canals to lateral canals, isthmuses, and other issues, resulting in obturation failure.

The cold lateral condensation technique remains the most accepted approach for root
canal filling, being a reliable technique that may be used in most cases [3]. An important
advantage of cold lateral condensation is the controlled placement of the gutta-percha in
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the canal [4]. Additionally, it is frequently used for comparison with other compaction
techniques [5]. However, cold lateral condensation has some limitations, such as potential
deficiencies in gutta-percha mass homogeneity, partial filling in certain hard-to-reach areas
of the root canal system, and, in the case of fragile teeth, there is a risk of root fractures [6–8].

Techniques based on gutta-percha heating were introduced to improve the
three-dimensional filling of root canal systems. Schilder [9] developed a technique using
heat and vertical condensation. This was modified, and the continuous wave condensation
technique was introduced [10]. Root canal obturation with injected thermoplasticized
gutta-percha was presented by Yee et al. [11] Subsequently, Tagger [12] developed a hybrid
technique combining mechanical and thermal obturation with cold lateral condensation.

Thermoplastic methods offer the benefit of achieving good adaptation to the root canal
walls and require less treatment time when compared to cold lateral condensation. Never-
theless, there is a possibility of gutta-percha undergoing physicochemical changes with
the use of this technique. Thermomechanical compaction has demonstrated commendable
adaptation, especially within the middle and coronal thirds of the root. Although there is
limited supporting evidence regarding the effectiveness of a hybrid approach combining
cold lateral condensation in the apical third and thermoplastic techniques in the middle
and coronal thirds of the root canal, it has the potential to harness the advantages of both
techniques. Yet, the assessment of filling quality in hybrid condensation techniques has
yielded inconclusive findings [13,14].

The introduction of the nickel-titanium (Ni-Ti) rotary instruments in root canal prepa-
ration can improve the results and reduce the time required during the canal’s instrumenta-
tion. Rotatory instruments may help maintain the root canals’ original curvature, shape,
and patency [15,16]. To match up with the various tapers of Ni-Ti instruments, firms have
produced gutta-percha with a large taper (0.04 and 0.06). Gordon [17] found that higher
taper gutta-percha points had better adaptation in a study of filling efficacy and reduced
the time required for filling the canal compared with the standard tapered cones, using the
cold lateral condensation. Nevertheless, some studies found different results [18,19].

A high percentage of endodontic sealer penetration may be an indirect indicator
of potential resistance to microbial and fluid filtration between the canalicular system
and the periapex, favoring three-dimensional obturations. Several factors may influence
sealer penetration, including the effectiveness of the removal of the smear layer, [20] the
anatomy of the root canal system, [21,22] the obturation techniques, [23] the physical and
chemical properties of the sealer, [24] and the gutta-percha characteristics [17]. Confocal
laser scanning microscopy (CLSM) is considered an appropriate technique for evaluating
the amount of sealer that has penetrated the dentinal tubules [17,25].

The root filling efficacy of various compaction techniques employing gutta-percha
points has yielded inconclusive findings, particularly in the context of hybrid techniques
and the influence of different tapered gutta-percha master cones. This study postulates
two key hypotheses. Firstly, it is hypothesized that the hybrid compaction technique will
yield superior results in terms of root canal sealing when compared to the cold lateral
compaction and continuous wave techniques. Secondly, the second hypothesis posits that
the utilization of more tapered gutta-percha master cones (0.04) will result in improved
sealing proficiency compared to their less tapered counterparts (0.02), leading to greater
sealant penetration within the root canal dental tubules.

Accordingly, this study aims to compare the maximum sealer penetration depth
and the percentage of sealer penetration into dentinal tubules using three condensation
techniques: cold lateral condensation, continuous wave, and a hybrid, while employing
two different tapered gutta-percha master cones (0.02 and 0.04).

2. Materials and Methods

The Ethics Committee of the Egas Moniz University Instituteo (CIIEM), Portugal,
approved the study protocol (CEPI/0893). The sample size was calculated for the percent of
sealer penetration using cold lateral condensation as a reference technique, and information
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from a confocal study [26], with a mean of 73 and a standard deviation of 8.7; we assumed
that the experimental technique (hybrid) had a higher standard deviation (sd 14) than the
reference technique. The effect size established was 15 percent points. The type I error
alpha was set at 0.05 and the power (1 − β) was 0.80. The sample size obtained was
n = 10. The STATA V17 (StataCorp LLC, College Station, TX, USA) program used a
sample size calculation.

The root specimens for laboratory tests were obtained from Egas Moniz Instituto
Universitrio CIIEM. Sixty extracted fully developed human teeth with single, straight
canals were selected and radiographically examined (Kodak 2100; Kodak Dental Systems,
Atlanta, GA, USA) with a Trophy RVG Ultimate 6100 digital sensor (Kodak Dental Systems,
Atlanta, GA, USA) from facial and proximal views to ensure the presence of a single canal
and to evaluate the root canal morphology. The study applied inclusion criteria, which
required teeth to be erupted with fully developed apices and straight root canals. Exclusion
criteria included teeth with visible root cracks, fractures, calcified root canals, or dental
caries affecting the root portion of the tooth. Furthermore, teeth with dental development
anomalies were also excluded. The teeth were stored in a 0.2% sodium azide solution.

2.1. Root Canal Preparation and Filling

The root length was standardized as 12 mm from the apex and cut with a 910P diamond
disc (Drewdel Zweilinf, Berlin, Germany). The roots were debrided with ultrasonic scalers
and washed with distilled water. Subsequently, they were immersed for 15 min at room
temperature in a 6% NaOCl solution to remove the remaining organic debris, following
Gharib protocol [27].

The working length of each canal was established by measuring the penetration of a
10 K-file (Flexofile; Dentsply Maillefer, Ballaigues, Switzerland) until it reached the apical
foramen and then subtracting 0.5 mm. The canal spaces were cleaned and mechanically
shaped with Mtwo rotary system files (VDW, Munich, Germany) in conjunction with Slick-
Gel ES (SybronEndo Company, Orange, CA, USA) and 1.8 mL 5.25% sodium hypochlorite
(NaOCl) between each file size. A handpiece was used with an electric engine (X-Smart;
Dentsply Maillefer, Ballaigues, Switzerland) at 280 rpm. The manufacturer’s recommenda-
tions were followed during the root canal preparation. All the canals were enlarged to an
ISO size 35, 0.04 taper, to working length.

A dentist instrumented all the teeth. Apical patency was maintained throughout the
instrumentation using a #10 K-file (Flexofile; Dentsply Maillefer, Ballaigues, Switzerland).
After preparation, the canals were irrigated for 3 min with 17% ethylenediaminetetraacetic
acid (EDTA) to remove the smear layer, followed by 5 mL NaOCl and final irrigation with
10 mL of distilled water to avoid the prolonged effect of the EDTA and NaOCl solu-
tions. The canals were subsequently dried with paper points. AH plus (DeTrey Dentsply,
Konstanz, Germany) was used as a sealer in all the cases. This sealer was labelled with
rhodamine B (0.1%) (Sigma-Aldrich, St. Louis, MO, USA) to allow analysis under confocal
laser scanning microscopy (CLSM). The sealer was applied using a #35 Lentulo Spiral
(Zipperer-VDW, Munich, Germany).

2.2. Root Canal Preparation and Filling Technique

Sixty roots were randomly divided into six groups of 10 teeth each. According to
the condensation technique and the taper of the gutta-percha master cone, we formed the
following groups:

Group 1 (cold lateral condensation 0.02). Ten root canals were filled with 0.02 tapered
gutta-percha (VDW, Munich, Germany) using the cold lateral condensation technique.
A gutta-percha cone of 0.02 taper was fitted into the root canal at the working length,
making firm pressure in an apical direction. A finger spreader (Dentsply Maillefer,
Ballaigues, Switzerland) number 20 was introduced at 1 mm short of the working length
to laterally compact the gutta-percha to create space and be able to insert auxiliary
0.02 taper gutta-percha cones. This process was repeated until the digital spreader only
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entered the coronal third of the root canal. A hot metal instrument was used for trim-
ming excess coronary gutta-percha and was subsequently compacted vertically with a
Buchanan instrument.

Group 2 (cold lateral condensation 0.04). Ten roots were filled with gutta-percha with
a 0.04 taper, using the cold lateral condensation as described in Group 1.

Group 3 (continuous wave 0.02). Ten root canals were sealed with gutta-percha of
standardized 0.02 taper using a continuous vertical wave condensation technique with
thermoplastic injection.

After inserting a standard gutta-percha point adapted to 1 mm short of the work-
ing length, the corresponding tip of the Elements Obturation Unit (EOU) sealing sys-
tem was heated to 200 ◦C, and a depth of 3 mm above the canal’s length was used.
Once the apical third was sealed, the other two-thirds of the root canal was sealed us-
ing the thermoplastic gutta-percha injection technique, elements obturation unit EOU
system (SybronEndo Company, Glendora, CA, USA) by applying manual vertical con-
densation, and the corresponding Buchanan Pluggers instrument (Sybron Endodontics,
Orange, CA, USA).

Group 4 (continuous wave 0.04). Ten roots were filled with gutta-percha with
0.04 taper, using continuous wave as described in Group 3.

Group 5 (hybrid 0.02). Ten root canals were sealed with a gutta-percha 0.02 taper
using a hybrid filling technique. The cold lateral condensation and thermoplastic filling
condensation techniques were combined. After filling the root canal using the cold lateral
condensation as described for Group I, a hot instrument was used to remove the gutta-
percha from the middle and coronal thirds. Subsequently, vertical pressure was applied
using the corresponding Buchanan Pluggers (Sybron Endodontics, Orange, CA, USA)
within 5 to 7 mm of working lengths to improve the gutta-percha adaptation. The coronal
and middle third portions of the root canal were sealed with thermoplastic gutta-percha
injected by the corresponding terminal of the elements gutta-percha cartridges (Sybro-
nEndo, Glendora, CA, USA) using the elements obturation unit (SybronEndo Company,
Glendora, CA, USA). Subsequently, gutta-percha was vertically compacted with a Buchanan
Pluggers instrument (Sybron Endodontics, Orange, CA, USA).

Group 6 (hybrid 0.04). Ten roots were filled with gutta-percha with 0.04 taper, using
the hybrid technique described in Group 5.

In all the filled root canals, vestibule-lingual and mesiodistal radiographs were taken
of each root to verify its correct condensation. Facial and proximal views of digital radio-
graphs of all teeth roots were taken to verify the canal obturations. Figure 1 illustrates
radiographic images depicting root canals filled using the three techniques examined in the
current study.

The teeth were placed in a Memmert BE 500 heater (Memmert, Heilbronn, Germany)
and incubated at 37 ◦C for three days to set the sealer completely. Each root was embedded
in an epofix hardener resin block (Struers, Ballerup, Denmark).

J. Funct. Biomater. 2023, 14, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 1. Illustrates radiographic images of teeth filled with each of the three compaction techniques 
evaluated. Cold lateral condensation ((1a) vestibule-lingual and (1b) mesiodistal radiograph); con-
tinuous wave ((2a) vestibule-lingual and (2b) mesiodistal radiograph) and hybrid technique ((3a) 
vestibule-lingual and (3b) mesiodistal radiograph). 
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apex of sixty roots using a 0.3 mm Isomet saw (Buehler IsoMet, Lake Bluff, IL, USA) at 200 
rpm and continuous water cooling. In this manner, three slices per root were created (cor-
onal, middle, apical), resulting in 180 pieces. The samples were then mounted onto glass 
slides. Only the apically facing surface of each slice was examined. All the sections were 
sequentially polished with Sof-Lex discs (3M ESPE, Seefeld, Germany) using running tap 
water as a lubricant to smooth the surfaces. 

Images of the filled areas were acquired using the epifluorescence mode of an in-
verted Leica TCS-SP2 confocal laser scanning microscopy (CLSM) (Leica, Mannheim, Ger-
many). An argon-mixed gas laser was used (Ar/HeNe) as the light source. Excitation light 
had a wavelength maximum of 543 nm. The respective absorption and emission wave-
lengths for rhodamine B were 554 and 649 nm. The images were recorded at 40×, with a 
1024 × 1024 pixels resolution. The images were acquired and analyzed using the Leica 
Confocal software (Leica Microsystems, Heidelberg, Germany). All the pictures were 
taken by using 10 sections with a 4 μm step size. 

The images were evaluated according to the method used by Gharib et al. [27] for 
measuring the depth of penetration; each image was imported into the Leica Confocal 
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Figure 1. Illustrates radiographic images of teeth filled with each of the three compaction techniques
evaluated. Cold lateral condensation ((1a) vestibule-lingual and (1b) mesiodistal radiograph);
continuous wave ((2a) vestibule-lingual and (2b) mesiodistal radiograph) and hybrid technique
((3a) vestibule-lingual and (3b) mesiodistal radiograph).

2.3. Sectioning and Image Analysis

One-millimeter transversal sections were made in the 3, 7, and 10 mm levels from the
apex of sixty roots using a 0.3 mm Isomet saw (Buehler IsoMet, Lake Bluff, IL, USA) at
200 rpm and continuous water cooling. In this manner, three slices per root were created
(coronal, middle, apical), resulting in 180 pieces. The samples were then mounted onto
glass slides. Only the apically facing surface of each slice was examined. All the sections
were sequentially polished with Sof-Lex discs (3M ESPE, Seefeld, Germany) using running
tap water as a lubricant to smooth the surfaces.

Images of the filled areas were acquired using the epifluorescence mode of an inverted
Leica TCS-SP2 confocal laser scanning microscopy (CLSM) (Leica, Mannheim, Germany).
An argon-mixed gas laser was used (Ar/HeNe) as the light source. Excitation light
had a wavelength maximum of 543 nm. The respective absorption and emission wave-
lengths for rhodamine B were 554 and 649 nm. The images were recorded at 40×, with a
1024 × 1024 pixels resolution. The images were acquired and analyzed using the Leica Con-
focal software Version 2.1E (Leica Microsystems, Heidelberg, Germany). All the pictures
were taken by using 10 sections with a 4 µm step size.

The images were evaluated according to the method used by Gharib et al. [27] for
measuring the depth of penetration; each image was imported into the Leica Confocal
Software Version 2.1E and, using the distance tool software, the point of deepest pen-
etration was measured from the canal wall to the area of maximum sealer penetration
(Figure 2). Each image was imported into the Image J software (Rasband WS, ImageJ,
1.54; US National Institute of Health, Bethesda, MD, USA) to calculate the percentage of
sealer penetration, and the root canal’s circumference wall was measured. Next, the areas
along the canal walls in which the sealer penetrated dentinal tubules (sealer tags) were
outlined and measured using the same method. The percentage of the canal walls where the
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sealer had penetrated was calculated by dividing the canal circumference’s outline by the
entire circumference (Figure 2).
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Figure 2. Representative confocal laser microscopic image showing the maximum depth of sealer
penetration illustrated by a green line. The root canal wall with sealer penetration is illustrated using
a violet curved line, and a yellow line depicts the perimeter.

2.4. Statistical Analysis

The average percentage of penetration and the maximum depth of sealer penetration
were calculated in the three root levels analysed: 3, 7, and 10 mm. These indicators were
compared among the three condensation techniques used in the levels of the root canal
examined using mixed linear regression models, considering that the observations were
nested within teeth. Models with and without interaction terms were tested (interactions
between the root level and the compaction technique, and between the technique and
the gutta-percha taper master cones). Unstandardized β coefficients, and 95% confidence
intervals (95% CI) were obtained. Akaike’s information criterion was used for the model
selection. After fitting the models and obtaining estimates for coefficients (βo, β1,. . . , βk)
linear combinations of these estimators were calculated in order to obtain the interaction
terms effects as well as their 95% confidence intervals and p-values. The statistical signifi-
cance value was set at α = 0.05. Data analysis was performed using Stata V15 (StataCorp
LLC., College Station, TX, USA).

3. Results

The results of the percentage sealer penetration using the cold lateral condensation
technique presented a mean of 57.49 (±28.9), for continuous wave, 56.8 (±33.1), and, for the
hybrid technique, 64.5 (±29.8). Table 1 presents the mean sealer penetration by technique
and gutta-percha taper across the root level. In the coronal sections, the lowest percentage
of penetration corresponded to the cold lateral condensation technique (74.3%) and values
above 80% were observed in the continuous wave and hybrid techniques. In the middle
section, a similar pattern was observed, and in the apical third, continuous wave had the
lowest percentage of penetration.

None of the groups studied achieved a full adaptation of sealer material on the dentin
walls. Figure 3a–c illustrates the root sealer penetration into the coronal (Figure 3a), middle
(Figure 3b), and apical (Figure 3c) sections, using the hybrid technique. The higher depth
of sealer penetration was observed in the coronal third.
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Table 1. Percentage of sealer penetration in µm into dentinal tubules in the coronal (10 mm), the
middle (7 mm), and the apical (3 mm) thirds by groups according with technique and gutta-percha
point taper size.

Groups Condensation Technique and Gutta-Percha Taper Root Level

Coronal (10 mm)
Mean (±SD)

Cold Lateral Condensation 74.3 (19.1)
Cold Lateral Condensation 0.02 1 75.4 (20.5)
Cold Lateral Condensation 0.04 2 73.2 (18.6)
Continuous Wave 82.7 (21.0)
Continuous Wave 0.02 1 74.3 (26.1)
Continuous Wave 0.04 2 91.3 (9.6)
Hybrid 81.3 (20.9)
Hybrid 0.02 1 79.6 (22.3)
Hybrid 0.04 2 83.0 (20.4)

Middle (7 mm)
Mean (±SD)

Cold Lateral Condensation 63.9 (25.2)
Cold Lateral Condensation 0.02 1 62.9 (24.1)
Cold Lateral Condensation 0.04 2 64.8 (27.5)
Continuous Wave 64.8 (19.5)
Continuous Wave 0.02 1 63.5 (23.1)
Continuous Wave 0.04 2 66.0 (16.4)
Hybrid 69.0 (27.9)
Hybrid 0.02 1 75.4 (22.9)
Hybrid 0.04 2 62.6 (22.1)

Apical (3 mm)
Mean (±SD)

Cold Lateral Condensation 34.3 (26.4)
Cold Lateral Condensation 0.02 1 37.5 (28.8)
Cold Lateral Condensation 0.04 2 31.3 (24.9)
Continuous Wave 22.8 (23.9)
Continuous Wave 0.02 1 20.1 (31.6)
Continuous Wave 0.04 2 25.4 (14.0)
Hybrid 43.1 (31.5)
Hybrid 0.02 1 33.5 (28.2)
Hybrid 0.04 2 52.8 (33.1)

1 Gutta-percha master cone taper 0.02, 2 Gutta-percha master cone taper 0.04.
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Figure 3. Representative confocal laser microscopic image of root sealer penetration. (a) corresponds
to the coronal third, (b) depicts the sealer penetration in the middle third. And (c) depicts sealer
penetration in the apical third, using the hybrid technique.

The results of the maximum penetration of sealer using the cold lateral condensation
technique showed a mean of 918.2 (±383.2), for continuous wave, 960.1 (±623.4), and for
hybrid, 1144.2 (±571.1). Table 2 presents the results of the maximum penetration depth
of condensation techniques by root level and taper of the gutta-percha master cones. In
the coronal section, the hybrid technique presented a high penetration mean (1401.6 µm),
similarly, it was high in the middle section (1423.4 µm). In the coronal and middle root
thirds, the lowest penetration depth was observed in the cold lateral condensation groups.

Table 2. Depth of sealer penetration in µm into dentinal tubules in the coronal (10 mm), the middle
(7 mm), and the apical (3 mm) thirds, by groups according with condensation technique and gutta-
percha taper sizes.

Group by Condensation Technique and Gutta-Percha Taper Root Level

Coronal (10 mm)
Mean (±SD)

Cold Lateral Condensation 1084.9 (197.9)
Cold Lateral Condensation 0.02 1 1294.5 (450.1)
Cold Lateral Condensation 0.04 2 875.5 (461.5)
Continuous Wave 1337.1 (291.1)
Continuous Wave 0.02 1271.9 (678.4)
Continuous Wave 0.04 1402.8 (514.0)
Hybrid 1401.6 (477.3)
Hybrid 0.02 1170.7 (796.1)
Hybrid 0.04 1632.9 (585.8)
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Table 2. Cont.

Group by Condensation Technique and Gutta-Percha Taper Root Level

Middle (7 mm)
Mean (±SD)

Cold Lateral Condensation 982.8 (467.4)
Cold Lateral Condensation 0.02 1 1187.7 (552.7)
Cold Lateral Condensation 0.04 2 778.0 (449.5)
Continuous Wave 1177.3 (694.0)
Continuous Wave 0.02 1152.1 (666.0)
Continuous Wave 0.04 1202.5 (756.1)
Hybrid 1423.4 (442.8)
Hybrid 0.02 1394.7 (506.2)
Hybrid 0.04 1452.0 (394.8)

Apical (3 mm)
Mean (±SD)

Cold Lateral Condensation 686.8 (329.1)
Cold Lateral Condensation 0.02 1 711.4 (412.9)
Cold Lateral Condensation 0.04 2 662.3 (565.2)
Continuous Wave 366.0 (263.8)
Continuous Wave 0.02 244.7 (280.5)
Continuous Wave 0.04 487.4 (422.5)
Hybrid 607.7 (365.9)
Hybrid 0.02 745.5 (586.9)
Hybrid 0.04 470.0 (501.1)

1 Gutta-percha master cone taper 0.02, 2 Gutta-percha master cone taper 0.04.

Table 3 presents the results of the mixed linear regression models fitted for percentage
of penetration as the outcome variable, using as predictors the root level, technique, and
gutta-percha taper size master cone (model 1 without interaction terms). In this model, the
taper size was not significant (p = 0.803).

Table 3. Regression coefficients of percentage of sealer penetration and root level and type of
condensation technique, and gutta-percha cone tapper (model 1), and regression coefficients of
maximum penetration depth, technique and interaction between root level and technique (model 2).

Model 1 1

Variable Coefficient 95% (CI) p

Root level
Coronal ref - -
Middle −13.6 (−20.2, −7.0) <0.001
Apical −46.1 (−52.7, −39.5) <0.001
Technique
Cold lateral condensation ref - -
Continuous wave −0.8 (−11.9, 10.4) 0.895
Hybrid 7.0 (−4.2, 18.1) 0.219
Tapper
0.02 ref - -
0.04 −1.2 (−10.3, 7.9) 0.803

Model 2 1

Variable Coefficient 95% (CI) p

Root level
Coronal ref - -
Middle −10.4 (−21.4, 0.6) 0.063
Apical −40.0 (−50.9, −29.0) <0.001
Technique
Cold lateral condensation ref - -
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Table 3. Cont.

Continuous wave 8.5 (−5.8, 22.8) 0.244
Hybrid 7.0 (−7.3, 21.3) 0.336
Root level and technique 2

Coronal × Cold lateral
condensation ref - -

Middle × Continuous wave −7.6 (−23.1, 7.9) 0.337
Middle × Hybrid −1.9 (−17.4, 13.7) 0.812
Apical × Continuous wave −20.1 (−35.6, −4.5) 0.011
Apical × hybrid 1.8 (−13.8, 17.3) 0.823

1 Nested model (root level nested in teeth), Likelihood Ratio test vs. linear model: χ2 = 27.32 p < 0.001. 2 Interaction
root level and type of technique.

The root level was significant (p < 0.001); a higher percentage of sealer penetration
was observed in the coronal compared with the middle and apical root thirds (Table 3).

A significant interaction was found between root level and technique. At the apical
level, a higher percentage of sealant penetration was observed in the hybrid compared with
the continuous wave technique (20.36 (IC95% 6.06, 34.65) p = 0.005).

To study the impact of possible interaction between condensation techniques and the
root level on the sealer penetration, the corresponding interaction terms were included
in the model (Table 3, model 2). A significant difference was observed in the apical third,
indicating a higher percentage of sealant penetration in the hybrid compared with the
continuous wave technique (−20.1, 95% CI (−35.6, −4.5), p = 0.011). Figure 4 depicts the
percentage of penetration in each technique across root levels. A lack of parallelism is
observed, indicating the interaction between the compaction technique and the root level.
The predicted values appear to be close at the coronal and middle root levels; however, in
the apical section differences between techniques were observed the continuous wave had
the lowest percentage penetration results (p < 0.05).
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Table 4, Model 1 presents the results of the mixed linear regression model fitted for
maximum penetration depth, including as predictors the root level technique, and gutta-
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percha taper size master cone (p = 0.770), (Model 1). The taper size was not significant in
the model, while the root level and technique was significant (p < 0.001), similarly to the
findings of percentage penetration.

Table 4. Regression coefficients of maximum penetration depth and root level. Type of condensation
technique and gutta percha cone tapper (Model 1). Regression coefficients of maximum penetration
depth, condensation technique and interaction between root level and technique (Model 2).

Model 1 1

Variable Coefficient 95% (CI) p

Root level
Coronal ref - -
Middle −102.1 (323.8, 119.6) 0.367
Apical −398.1 (−619.9, −176.4) <0.001
Technique
Cold lateral condensation ref - -
Continuous wave 252.2 (0.739, 503.7) 0.049
Hybrid 316.7 (65.3, 568.2) 0.014
Taper
0.02 ref - -
0.04 −21.2 (−163.6, 121.2) 0.770

Model 2 2

Variable Coefficient 95% (CI) p

Root level
Coronal ref - -
Middle −102.1 (−323.8, 119.6) 0.367
Apical −398.1 (−619.9, −176.4) <0.001
Technique
Cold lateral condensation ref - -
Continuous wave 252.2 (0.7, 503.7) 0.049
Hybrid 316.8 (65.3, 568.2) 0.014
Root level and technique 3

Coronal × Cold lateral
condensation ref - -

Middle × Continuous wave −57.7 (−371.3, 255.9) 0.718
Middle × Hybrid 123.8 (−189.7, 437.4) 0.439
Apical × Continuous wave −573.0 (−886.6, −259.4) <0.001
Apical × Hybrid −395.8 (−709.4, −82.3) 0.013

1 Nested model (root level nested in teeth). 2 Likelihood Ratio test vs. linear model: χ2 = 8.12, p = 0.002.
3 Interactions terms root level and type of technique.

In Table 4, Model 2 presents the results of the mixed regression model including the
interaction terms between the root level and the technique; this interaction was significant.
The computation of the effects indicated that in the middle third, the hybrid technique had
higher penetration than cold lateral condensation (440.6 95% CI (189.10, 692.06), p = 0.001).
Additionally, in the apical third continuous wave presented a lower penetration depth than
cold lateral condensation (−320.77 95% CI (−572.25, −69.30) p =0.012).

Figure 5 depicts the maximum depth of sealer penetration for each technique across
the root level, and an interaction between the technique and the root level is observed.
The predicted values of sealer penetration in the coronal third of hybrid and continu-
ous wave are close to each other, and cold lateral condensation shows lower results,
while in the apical third this relationship changes and continuous wave has the lowest
penetration value.
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4. Discussion

In this study, the penetration of sealer material into dentin tubules using three conden-
sation techniques (cold lateral condensation, continuous-wave and hybrid) were compared.
The study alternative hypothesis was that the hybrid technique would provide higher
sealer penetration than cold lateral condensation. The results support this hypothesis. The
study provided evidence of a significant difference between the cold lateral condensation
and the hybrid technic evaluated. The hybrid method presented good results, combining
the cold lateral condensation in the apical third and the continuous wave above the middle
and coronal thirds.

Similarly, a study of the efficacy of filling techniques in C-1 shaped root canals found
fewer voids and a higher percentage of gutta-percha using the cold lateral condensation
than using the continuous wave in the apical third [21]. Accordingly, a comparison of
the cold lateral condensation and the continuous wave found less sealer and more gutta-
percha in the cold lateral condensation sample in the 2 mm sections. Furthermore, the
continuous wave technique had more penetration than the cold lateral condensation into the
4, 6 and 8 mm sections [23].

The information obtained in the evaluation of complex root canal anatomies may sup-
port using the hybrid technique tested in the present study. Likewise, in a microcomputed
tomography-based study comparing Thermafil and the cold lateral condensation, it was
identified that using Thermafil voids surrounded by the filling material was mostly in
the apical root third [28]. The results of these studies suggest that the middle and coronal
thirds of the root canal are better filled with warm gutta-percha techniques compared
with the cold lateral condensation; however, the apical third cold lateral condensation ap-
pears to have adequate results gutta-percha cones placed against the root wall during cold
lateral condensation may facilitate penetration of the sealer, particularly at the apex [29].
Karatekin et al. [23] suggested the need for a modified continuous wave technique in the
apical 2 mm section in C1-type canals. The hybrid technique described in the present study
may be an adequate option for these cases.

Study findings on the effectiveness of hybrid or “combination” filling techniques are
inconsistent. Tagger’s hybrid technique applied with the cold lateral condensation and
GuttaFlow identified a larger gutta-percha-filled area in the middle and coronal thirds
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using this hybrid condensation technique, but there was no difference in the apical third
regrading the percent of the gutta-percha area, voids and sealer area [13].

Likewise, a longitudinal study examining bacterial penetration into the root canal
found no difference in the sealing ability between cold lateral condensation, Thermafill,
System B, and ProTaper gutta-percha single cones after two months of observation [30].
A study using nano-computer tomography image found no difference in total obtura-
tion and calculated voids between cold lateral condensation and continuous wave [31].
Saberi et al. [32] found that a single cone technique and a hybrid (tapered cone and cold lat-
eral compaction) technique had lower coronal leakages than the cold lateral condensation.

The inconsistencies observed in the results of various studies may be attributed to
variations in experimental protocols. These variations encompass factors such as the type
of teeth sections utilized, the conditions of the root canal, differences in the preparations
of the root canals, the specific type of endodontic sealer selected, the treatment steps, the
methodologies employed for assessing sealer penetration, and the overall experimental
design, among other variables [33,34]. Clinical variations among teeth may also contribute
to disparities, including distinctions in the anatomy of root canals, patient-related factors,
and variations in dentin structure across different sections of teeth dentin sclerosis has been
found to influence sealer penetration [35].

The apical portion of human teeth exhibits significant structural variations, such
as accessory root canals, areas of resorption, pulp stones, irregular secondary dentine,
cementum-like lining, and deviations in the apex from the root canal’s long axis [36]. As
individuals age, dentin undergoes permanent microstructural modifications character-
ized by the gradual mineral infiltration of tubule lumens. This process, referred to as
dental sclerosis, commences at the root apex, progresses towards the crown, and results
in a decreased fracture resistance of dentin [37]. This may help elucidate the greater
sealer penetration observed in the coronal region compared to the apical region in our
current study.

The time elapsed between obturation and the assessment of sealer penetration, as
well as environmental factors affecting sealer setting, can exert an impact on the obtained
results. It should be recognized that sealer penetration may undergo changes as the sealer
sets and interacts with dentin over time [38,39]. Addressing these factors and maintaining
standardized methods can help reduce discrepancies in the results of sealer penetration
studies conducted using different compaction techniques in endodontics.

The variations in study results can also be influenced by the statistical data analysis
methods. In this study, mixed linear models were employed, allowing for the nesting of
root sections within the teeth from which they were obtained. This nesting was considered
based on a comparison between nested and non-nested models. Furthermore, the analysis
of interactions between root level and condensation techniques provided insights into
the differences between these techniques. The mixed linear regression model indicated
the presence of an interaction between the technique and the root level. Specifically, a
higher maximum penetration depth was observed in the apical root level with the hybrid
technique compared to lateral condensation.

In the present study, AH Plus endodontic sealer was chosen because it has good
penetration, and adequate flow and adaption ability in the root canal system, it has been
considered as a gold standard [40–42]. The teeth were evaluated using confocal laser
scanning microscopy with the incorporation of a fluorescent dye (rhodamine B). This
technique displays the sealing material’s adaptation through the dentinal tubules in the
specimen cross-sections [27]. In the present study, using overexposure images by the
confocal laser scanning microscopy program, it was possible to obtain the offset of the
dentinal tubules’ undulating path. This process provides detailed information and reduces
the risk of cracking artefacts since the sample does not require drying.

The rhodamine B concentration (0.1%) was considered adequate for identifying the
sealer in dentinal tubules. This fluorophore does not harm the sealer and behaves satis-
factorily when it is used in combination with an epoxy resin-based material, such as the
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AH-plus used in the present study [13,15]. Nevertheless, the results of a study conducted
by Donnermeyer et al. [43] indicated that Rhodamine B may leach into dentine beyond the
sealant penetration and may be inadequate to assess sealing capacity.

However, a study by Eğemen and Belli [44] found adequate results utilizing this
fluorescent dye. They investigated the effect on dentin tubules penetration of resin-based
(AH-plus) and calcium silicate-based sealers. The authors conducted a pilot study to
select the dyes to be used for the evaluation of sealant penetration, rhodamine (Rhod-2)
and Fluo-3 were tested. The results indicated that these two dyes were appropriated
to identify the sealant tubules’ penetration for the original obturation and for root
canal retreatment [44].

In the present study, there were no substantial variations observed in terms of depth
of penetration or the percentage of sealer penetration when comparing 0.02 tapered master
cones to their 0.04 tapered counterparts. Consequently, the study did not corroborate the
hypothesis proposing enhanced results with less tapered cones. Hembrough et al. [45]
consistently did not detect a significant difference when measuring the percentage surface
of the root canal taken up by gutta-percha, comparing 0.02 and 0.06 taper cones.

Other studies had similar results using the cold lateral condensation [17,18]. More-
over, in a study applying area-metric analysis comparing 0.02 and 0.04 taper gutta-
percha, no statistically significant difference was found in the sealer-filling canal area
with the cold lateral condensation or single cone techniques [19]. When assessing
curved root canals, a study found no significant difference in apical leakage between
0.06 and 0.02 gutta-percha taper cones. However, canals filled with a 0.02 master cone
had a lower average leakage [46]. In a study by Schäfer et al. [47], it was observed that
matching the preparation with single cones in the apical section led to a higher percentage
of gutta-percha-filled areas when using constant taper gutta-percha compared to variable
tapered single-cone gutta-percha. The inconsistency in the results of studies with larger
taper compared with standard taper gutta-percha cones may be primarily due to the instru-
ments selected for the root canals preparation, the microleakage assessment method and
the evaluation of the sealer penetration technique.

The study found that none of the compaction techniques that were evaluated achieved
complete adaptation to dentinal walls, a result in line with earlier research [48]. Even
though root canal treatment has a high success rate, the search for the ideal compaction
technique is an ongoing endeavor.

Irrespective of the technique applied and the gutta-percha taper selected, higher
penetration depth and percentage of sealer penetration were observed in the coronal third
followed by the middle third and, last, the apical third. Similar results have been reported
by Akcay et al. [25] when comparing different types of sealers. Moreover, these results
are consistent with several studies’ findings using the confocal laser scanning microscopy
technique [26,27]. In an evaluation of bonding to the root canal, significantly greater
coronal dentin permeability was observed than the apical third and was influential in
root bonding [49]. Higher sealer penetration in the coronal third may be explained by
the reduced accumulation of the smear layer or its easier removal in this third than the
middle and the apical thirds. Furthermore, the dentinal tubules’ setup in the apical region
is irregular and more prone to obliteration, presenting dentin sclerosis, which hinders the
penetration of the sealer cement [50]. The consistency of these results suggests that the
most influential factor of this observation is the root canal anatomy. This aspect makes us
reflect on the importance of performing several observations along the root canal when
studying root canal compaction techniques, including the middle and coronary root levels,
avoiding the omission of important information.

A limitation of the current study pertains to the exclusive inclusion of single-rooted
teeth with straight canals. Root canals exhibiting diverse anatomical variations may yield
distinct outcomes. Another limitation was the absence of a control group. However, all
the technique steps were carefully followed and samples without root canal compaction
were tested before-hand, including the experimental groups, to confirm the fluorescent
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dye’s penetration. Those samples covered with nail polish exhibited no dye penetration.
In future studies, it is essential to explore the use of fluorescent dyes specifically designed
for dentin tubule penetration. Additionally, a limitation of the fluorescent confocal laser
scanning microscopy method is that the number of measurements performed in each root
canal could impact the percentage and the depth of penetration the percentage and depth of
penetration results. To address this limitation, the ImageJ program was utilized to measure
the area and collect pixel value statistics, enabling the evaluation of both depth and the
percent sealer penetration, as previously demonstrated in other studies [27].

In the realm of future research, innovative imaging methods, notably microcomputed
tomography (Micro-CT), may be integrated to unlock valuable insights into the dynamic in-
teractions between sealers and dentin. Micro-CT’s three-dimensional capabilities empower
a comprehensive assessment of sealer penetration, revealing its volumetric characteristics
and spatial distribution within dentin. This technique can effectively complement the
information offered by confocal laser scanning microscopy (CLSM), a potent imaging tool
recognized for its high-magnification examination of dentin surfaces and sealer distribution
patterns [51]. In addition, the integration of Micro-CT or 2D printed replicas presents
an opportunity to enhance the precision of tooth comparison in endodontic procedures,
effectively mitigating potential anatomical discrepancies. Furthermore, the necessity for
long-term scrutiny of sealer penetration becomes apparent, as the longevity of felling
materials may become a significant factor [51].

In a systematic review and meta-analysis conducted by Mekhdieva et al. [52] the
objective was to evaluate the effectiveness of bioceramic endodontic sealers in reducing
postoperative pain when compared to traditional filling techniques. Their analysis revealed
that patients who received treatment with bioceramic sealers, whether in a single visit or
across multiple visits, reported experiencing lower levels of postoperative pain [52]. Future
research can investigate the effects of innovative biocompatible sealing materials, such
as bioceramic sealers, on hybrid compaction techniques like the one introduced in our
present study.

This study adds to the knowledge on sealer penetration in favor of using hybrid
techniques. The combination of cold lateral condensation and continuous wave has the
advantage of using a classic technic, which has a relative low cost and is taught in most of
dental schools, with continuous wave that requires lower obturation time and allows good
adaption to the root canal complexities [6].

This study significantly contributes to the existing body of knowledge pertaining to
sealer penetration, underscoring the merits of employing hybrid techniques in endodontic
treatment. The combination of traditional cold lateral condensation alongside the modern
continuous wave method offers a distinctive advantage. It combines a well-established,
cost-effective classic technique that is widely integrated into dental education curricula
with the efficiency of the continuous wave approach, resulting in reduced obturation time
and enhanced adaptability to the intricate configurations of the root canal system.

5. Conclusions

In conclusion, the depth of the penetration of root canal sealers into the dentinal
tubules and the percentage of sealer penetration into the root canal walls were significantly
influenced by the root canal level, with a lower penetration into the root canal apical
third. Teeth filled with gutta-percha master point taper 0.04 had a similar maximum sealer
penetration and percentage sealant penetration to conventional 0.02 taper points. The
ability to obtain good sealer penetration was different between the techniques across root
levels. The hybrid technique evaluated, combining the cold lateral condensation in the
apical root third and continuous wave above the apical third, presented a higher maximum
sealer penetration into the apical third than the continuous wave technique, and higher
penetration than the cold lateral condensation was observed into the middle and coronal
thirds. The evaluated hybrid technique may be a good alternative in root canal treatment.
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23. Karatekin, A.O.; Keleş, A.; Gençoğlu, N. Comparison of continuous wave and cold lateral condensation filling techniques in 3D
printed simulated C-shape canals instrumented with Reciproc Blue or Hyflex EDM. PLoS ONE 2019, 14, e0224793. [CrossRef]
[PubMed]

24. Komabayashi, T.; Colmenar, D.; Cvach, N.; Bhat, A.; Primus, C.; Imai, Y. Comprehensive review of current endodontic sealers.
Dent. Mater. J. 2020, 39, 703–720. [CrossRef] [PubMed]

25. Akcay, M.; Arslan, H.; Durmus, N.; Mese, M.; Capar, I.D. Dentinal tubule penetration of AH Plus, iRoot SP, MTA fillapex, and
guttaflow bioseal root canal sealers after different final irrigation procedures: A confocal microscopic study. Lasers Surg. Med.
2016, 48, 70–76. [CrossRef] [PubMed]

26. Furtado, T.C.; de Bem, I.A.; Machado, L.S.; Pereira, J.R.; Só, M.V.R.; da Rosa, R.A. Intratubular penetration of endodontic sealers
depends on the fluorophore used for CLSM assessment. Microsc. Res. Tech. 2020, 84, 305–312. [CrossRef]

27. Gharib, S.R.; Tordik, P.A.; Imamura, G.M.; Baginski, T.A.; Goodell, G.G. A Confocal Laser Scanning Microscope Investigation of
the Epiphany Obturation System. J. Endod. 2007, 33, 957–961. [CrossRef]

28. Kierklo, A.; Tabor, Z.; Pawińska, M.; Jaworska, M. A microcomputed tomography-based comparison of root canal filling quality
following different instrumentation and obturation techniques. Med. Princ. Pract. 2015, 24, 84–91. [CrossRef]

29. De Macedo, L.M.D.; Silva-Sousa, Y.; Da Silva, S.R.C.; Baratto, S.S.P.; Baratto-Filho, F.; Rached-Júnior, F.J.A. Influence of Root Canal
Filling Techniques on Sealer Penetration and Bond Strength to Dentin. Braz. Dent. J. 2017, 28, 380–384. [CrossRef]

30. Yücel, A.Ç.; Çiftçi, A. Effects of different root canal obturation techniques on bacterial penetration. Oral Surg. Oral Med. Oral
Pathol. Oral Radiol. Endodontol. 2006, 102, e88–e92. [CrossRef]

31. Holmes, S.; Gibson, R.; Butler, J.; Pacheco, R.; Askar, M.; Paurazas, S. Volumetric Evaluation of 5 Root Canal Obturation Methods in
TrueTooth 3-dimensional–Printed Tooth Replicas Using Nano–computed Tomography. J. Endod. 2021, 47, 485–491.e4. [CrossRef]
[PubMed]

32. Saberi, E.; Akbari, N.; Ebrahimipour, S.; Jalilpour, H. In-vitro evaluation of coronal microbial leakage after post space tooth
preparation. Minerva Stomatol. 2016, 65, 127–133. Available online: http://www.ncbi.nlm.nih.gov/pubmed/27075369 (accessed
on 2 March 2022). [PubMed]

33. Peters, O.A.; Paqué, F. Root Canal Preparation of Maxillary Molars With the Self-adjusting File: A Micro-computed Tomography
Study. J. Endod. 2011, 37, 53–57. [CrossRef] [PubMed]

34. Haji, T.H.; Selivany, B.J.; Suliman, A.A. Sealing ability in vitro study and biocompatibility in vivo animal study of different
bioceramic based sealers. Clin. Exp. Dent. Res. 2022, 8, 1582–1590. [CrossRef]

35. Ordinola-Zapata, R.; Bramante, C.M.; Graeff, M.S.; Perochena, A.d.C.; Vivan, R.R.; Camargo, E.J.; Garcia, R.B.; Bernardineli, N.;
Gutmann, J.L.; de Moraes, I.G. Depth and percentage of penetration of endodontic sealers into dentinal tubules after root canal
obturation using a lateral compaction technique: A confocal laser scanning microscopy study. Oral Surg. Oral Med. Oral Pathol.
Oral Radiol. Endodontol. 2009, 108, 450–457. [CrossRef]

36. Mjör, I.A.; Smith, M.R.; Ferrari, M.; Mannocci, F. The structure of dentine in the apical region of human teeth. Int. Endod. J.
2001, 34, 346–353. [CrossRef]

37. Yan, W.; Chen, H.; Fernandez-Arteaga, J.; Paranjpe, A.; Zhang, H.; Arola, D. Root fractures in seniors: Consequences of acute
embrittlement of dentin. Dent. Mater. 2020, 36, 1464–1473. [CrossRef]

38. Allan, N.A.; Walton, R.E.; Schaffer, M. Setting Times for Endodontic Sealers Under Clinical Usage and In Vitro Conditions.
J. Endod. 2001, 27, 421–423. [CrossRef]

39. Donfrancesco, O.; Del Giudice, A.; Zanza, A.; Relucenti, M.; Petracchiola, S.; Gambarini, G.; Testarelli, L.; Seracchiani, M. SEM
Evaluation of Endosequence BC Sealer Hiflow in Different Environmental Conditions. J. Compos. Sci. 2021, 5, 99. [CrossRef]

40. Balguerie, E.; van der Sluis, L.; Vallaeys, K.; Gurgel-Georgelin, M.; Diemer, F. Sealer penetration and adaptation in the dentinal
tubules: A scanning electron microscopic study. J. Endod. 2011, 37, 1576–1579. [CrossRef]

41. Vo, K.; Daniel, J.; Ahn, C.; Primus, C.; Komabayashi, T. Coronal and apical leakage among five endodontic sealers. J. Oral Sci.
2022, 64, 95–98. [CrossRef] [PubMed]

42. Piai, G.G.; Duarte, M.A.H.; Nascimento, A.L.D.; da Rosa, R.A.; Só, M.V.R.; Vivan, R.R. Penetrability of a new endodontic sealer:
A confocal laser scanning microscopy evaluation. Microsc. Res. Tech. 2018, 81, 1246–1249. [CrossRef] [PubMed]

43. Donnermeyer, D.; Schmidt, S.; Rohrbach, A.; Berlandi, J.; Bürklein, S.; Schäfer, E. Debunking the concept of dentinal tubule
penetration of endodontic sealers: Sealer staining with rhodamine B fluorescent dye is an inadequate method. Materials
2021, 14, 3211. [CrossRef] [PubMed]
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Abstract: Background: Graphene-based materials have great prospects for application in dentistry
and medicine due to their unique properties and biocompatibility with tissues. The literature on
the use of graphene oxide in orthodontic treatment was reviewed. Methods: This systematic review
followed the PRISMA protocol and was conducted by searching the following databases: PubMed,
Scopus, Web of Science, and Cochrane. The following search criteria were used to review the data on
the topic under study: (Graphene oxide) AND (orthodontic) ALL FIELDS. For the Scopus database,
results were narrowed to titles, authors, and keywords. A basic search structure was adopted for
each database. Initially, a total of 74 articles were found in the considered databases. Twelve articles
met the inclusion criteria and were included in the review. Results: Nine studies demonstrated the
antibacterial properties of graphene oxide, which can reduce the demineralization of enamel during
orthodontic treatment. Seven studies showed that it is biocompatible with oral tissues. Three studies
presented that graphene oxide can reduce friction in the arch-bracket system. Two studies showed
that it can improve the mechanical properties of orthodontic adhesives by reducing ARI (Adhesive
Remnant Index). Three studies demonstrated that the use of graphene oxide in the appropriate
concentration can also increase the SBS (shear bond strength) parameter. One research study showed
that it can increase corrosion resistance. One research study suggested that it can be used to accelerate
orthodontic tooth movement. Conclusion: The studies included in the systematic review showed
that graphene oxide has numerous applications in orthodontic treatment due to its properties.

Keywords: adhesive remnant index; antibacterial effect; corrosion resistance; demineralization; shear
bond strength; white spots

1. Introduction

Discovered in 2004, graphene oxide (GO) is considered one of the most promising
nanomaterials. This two-dimensional carbon material acts as the fundamental graphite
unit and is composed of a single layer of hexagonally arranged sp2 carbon atoms [1,2].
Furthermore, graphene possesses extraordinary characteristics, including a significant
surface area and exceptional mechanical, electrical, and thermal properties [3–5]. These
attributes enable graphene to be utilized in diverse applications [1,6]. Nevertheless, the
application of graphene may encounter restrictions due to issues such as agglomeration and
challenges in processing. To overcome these limitations, chemical modification becomes
necessary in order to generate derivatives of graphene, like graphene oxide (GO) and
reduced graphene oxide (rGO). These modified forms prove to be more versatile and find
applications across various fields [1,6–11]. The provided illustration depicts the structures
of graphene, graphene oxide (GO), and reduced graphene oxide (rGO). GO is derived from
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the oxidation process applied to graphene, whereas rGO is obtained through the chemical
or thermal reduction of GO [1] (Figure 1).
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Figure 1. The figure illustrates the structural composition of graphene, graphene oxide (GO), and
reduced graphene oxide (rGO) (created with Canva.com (accessed on 1 September 2023)).

The majority of research conducted on the antimicrobial properties of graphene-based
nanomaterials (GBNs) has proposed three potential mechanisms to explain their antimicro-
bial activity against various microorganisms [1,12,13]. The first is the induction of oxidative
stress in bacterial cells through the formation of reactive oxygen species, which damage bac-
terial cell membranes and thereby disrupt their metabolic activity [1,7,14–16]. The second
involves killing pathogens with the sharp edges of graphene oxide particles—the so-called
“nano-sharpening effect” [1,3,14]. It causes leakage of the bacterial cytoplasmic fluid and
consequently, cell death. The third is the isolation of the bacterial cell from the external
environment—the so-called “wrapping effect” [1,7,14]. Graphene oxide nanoparticles wrap
around bacterial cells and isolate them from the environment, thus preventing bacterial
proliferation and cell membrane activity [1,14]. The mechanical disruption caused by
electrostatic forces can result in the disturbance of bacterial cells, leading to alterations
in membrane potential, depolarization, and compromised integrity of the bacterial cell
membrane. This process eventually leads to osmotic imbalance, disruption of cellular
respiration, cell lysis, and ultimately, the demise of the bacterial cell [1] (Figure 2).
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The bactericidal effect of graphene oxide is influenced not only by intrinsic and extrin-
sic factors but also by the composition, structure, and maturity stage of microbial cells [1,7].
Researchers have acknowledged the impact of bacterial structure on antimicrobial activ-
ity. Understanding the underlying mechanisms of graphene-based nanomaterials can
contribute to the development of dental materials resistant to microbial infections [1,8].
Nano-scale nanoparticles possess a higher surface area to volume ratio compared to non-
nano particles, allowing for closer interaction with microbial membranes and enhanced
antimicrobial activity [17,18]. To enhance antimicrobial properties, dental materials of-
ten incorporate antimicrobial agents such as chlorhexidine and quaternary ammonium
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compounds [1]. However, these additions often result in a compromise between antimi-
crobial effectiveness and mechanical properties [1,7]. In contrast, graphene oxide has the
unique ability to associate with other biomaterials like polymers, ceramics, and metals,
facilitating the design of biomaterials with desired properties. For instance, graphene and
its derivatives can be incorporated into dental materials through methods such as colloidal
dispersion, direct synthesis, sintering, and conjugation [1].

Recently, the use of graphene-oxide-based materials has become very beneficial in
the field of dental research [7,8,19]. This is due to its favourable biological properties,
high specific surface area, biocompatibility, physico-chemical stability, mechanical strength,
electronic properties, and easy synthesis process, while also being low-cost [1,7,20]. More-
over, thanks to the mechanisms of antibacterial effect, graphene oxide can reduce the total
amount of S. mutans (Streptococcus mutans) in the oral cavity and reduce the formation
of white spot lesions [4,14,16,21]. This not only reduces the risk of carious cavities, but
also improves the aesthetic effect at the end of orthodontic treatment [14,16]. It is also
essential for orthodontists to assess the impact of graphene on the bonding of brackets to
the tooth surface. Due to these properties, graphene oxide may not only have a wide range
of uses in dentistry, but also in medicine. In recent studies [14,16], GO has been identified
as a potential carrier in nanomedicine, especially for cancer treatment and controlled drug
delivery systems. It can be an alternative to fight against bacterial infection [22,23]. Fur-
thermore, recent research in the field of dental materials suggests the potential of graphene
oxide usage as a sealer component in endodontic treatment [24]. The failure of endodontic
treatment is directly associated with microbial infection in the root canal or periapical
areas. An endodontic sealer that is both bactericidal and biocompatible is essential for the
success of a root canal. The study [16] showed that graphene-oxide-based composites show
promise as endodontic sealers for protection against reinfection in root canal treatment and
enhance success in endodontic treatment overall treatments.

The main objective of this systematic review was to explore the impact of graphene
oxide properties on its use in orthodontic treatment. Based on the analysed articles on
the use of graphene oxide in orthodontic treatment, it was concluded that, due to its
unique properties and biocompatibility, it is worth writing a systematic review on this topic.
Furthermore, a systematic review on this topic has not yet been published. Such a review
of the literature may encourage researchers to carry out further studies, which could be of
great benefit to both orthodontists and patients in the future.

2. Materials and Methods
2.1. Focused Question

The systematic review followed the PICO framework as follows.
PICO question: in the case of orthodontic materials (population), will the addition of

graphene oxide (investigated condition) cause a change in their properties (outcome) com-
pared to orthodontic materials without the addition of graphene (comparison condition)?

2.2. Protocol

The selection process for articles in the systematic review was carefully outlined
following the PRISMA flow diagram (Figure 3) [25].
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2.3. Eligibility Criteria

The review included studies that adhered to the following criteria: studies investigat-
ing the use of graphene materials in orthodontics, both in vitro and in vivo studies, studies
published in English, and studies with a control group. The reviewers collectively decided
to exclude studies that met the following criteria: non-English studies, opinion pieces,
review articles and meta-analyses, letters to the editor, editorial papers, clinical reports,
studies without full-text accessibility, and duplicated publications. No restrictions were
imposed on the year of publication.

2.4. Information Sources, Search Strategy, and Study Selection

On 1 February 2023, electronic searches were conducted in the following databases:
Pubmed, Cochrane, Web of Science, and Scopus. For the Scopus database, results were
narrowed to titles, authors and keywords. Searches were limited to individuals and studies
that met the eligibility criteria. The study was then supplemented with a literature search
of the articles considered not found during the database search. Only articles with full-text
versions available were considered.

2.5. Data Collection Process and Data Items

Two reviewers autonomously gathered data from articles that fulfilled the inclusion
criteria. The extracted information was then entered into a standardized Excel file.

2.6. Assessing Risk of Bias in Individual Studies

At the initial stage of study selection, the titles and abstracts of each study were
independently checked by the authors to minimise potential reviewer bias. The level of
agreement among reviewers was determined using Cohen’s κ test [26]. Any differences
of opinion on the inclusion or exclusion of a study were resolved through discussion
between authors.
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2.7. Quality Assessment

Two independent reviewers (J.M., M.D.) evaluated the procedural quality of each
study included in the article. The assessment criteria were based on the presence of key
information related to the association of graphene oxide use in orthodontic treatment. To
evaluate the study design, implementation, and analysis, the following criteria were used:
a minimum group size of 10 subjects, the presence of a control group, a clear description of
the performed procedure technique, the specific orthodontic adhesive used in the research,
a biocompatibility test for graphene oxide, consideration of the type of orthodontic arch in
the study, and analysis of the effect of graphene oxide on friction in the bracket–arch system,
including parameters such as shear bond strength (SBS) and adhesive remnant index (ARI).
The studies were scored on a scale of 0 to 9 points, with a higher score indicating higher
study quality. The risk of bias was assessed as follows: 0–3 points denoted a high risk,
4–6 points denoted a moderate risk, and 7–9 points indicated a low risk. Any discrepancies
in scoring were resolved through discussion until a consensus was reached.

3. Results
3.1. Study Selection

An initial search of the database identified 74 articles that were potentially eligible for
the literature review. A first selection of article titles and abstracts allowed the exclusion of
44 articles as unrelated to the reviewed topic. Among the remaining 30 articles, there were
16 duplicates. Two non-research articles were rejected. Finally, 12 articles were qualified for
the systematic review. All of the included studies were in vitro studies.

3.2. General Characteristics of the Included Studies

Twelve studies were included in this review. The general characteristics of each study
(purpose of the study, control and study group, results, and conclusions) are presented in
Table 1.

Shear bond strength (SBS) and adhesive remnant index (ARI) coefficients are essential
parameters for describing the mechanical properties of orthodontic adhesives [27]. In the re-
search conducted by Maryam Pourhajibagher et al. [19], Roghayeh Ghorbanzadeh et al. [8],
and Nozha M. Sawana et al. [6], no significant difference in ARI value was observed be-
tween the control samples and the modified experimental groups. However, in another
study by Nozha M. Sawana et al. [28], orthodontic adhesive samples treated with 0.35
wt% Ag-GS (graphene sheets decorated with silver nanoparticles) showed the lowest
ARI score among all the experimental groups after thermocycling. Additionally, in the
study conducted by Mohammad Alnatheera et al. [16], the samples treated with 0.25 wt%
SGO-modified adhesive (silanized graphene oxide) exhibited the lowest ARI scores.

According to the investigation by Roghayeh Ghorbanzadeh et al. [8] and Maryam
Pourhajibagher et al. [19], Transbond XT with 5% wt. nGO (nanographene oxide) exhibited
the highest shear bond strength (SBS) value. In the study conducted by Seung-Min Lee
et al. [14], the SBS of the control group showed no significant difference compared to the
BAG@GO (graphene oxide with a bioactive glass mixture) group, whereas adhesives with
1 wt% BAG@GO showed a small gain in SBS. In the Nozha M. Sawana et al. [28] study,
there was no significant difference in SBS between 0.35 wt% Ag-GS and the commercial
adhesive after 2 h of storage in distilled water. However, a notable difference in SBS was
observed when the nanoparticle concentration was improved (0.55 wt% Ag-GS) compared
to the commercial adhesive, indicating that higher nanoparticle concentrations reduced
SBS. In the study conducted by Mohammad Alnatheera et al. [16], the samples treated with
0.25 wt% SGO-modified adhesive showed the highest mean SBS. Lastly, in the study by
Nozha M. et al. [6], the effect of GNP-Ag (graphene nanoplatelets with silver nanoparticles)
concentration on SBS was explored over a 24 h period of storage in distilled water. The
findings revealed a gradual decline in SBS with an increase in GNP-Ag concentration
in the experimental adhesive. This temporal insight highlights the importance of con-
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sidering the long-term performance and stability of nanoparticle-infused adhesives in
orthodontic treatment.

The research conducted by Maryam Pourhajibagher et al. [12,19] and Roghayeh Ghor-
banzadeh et al. [8] demonstrated that the addition of nGO to Transbond XT led to a
significant reduction in S. mutans colony counts, indicating antimicrobial properties. How-
ever, Maryam Pourhajibagher et al. [12] specifically noted that only the concentration of
10 wt% nGO showed a statistically significant decrease in the colony-forming units of
test microorganisms after 60 days. The anti-microbial activity of the eluted components
from the modified orthodontic adhesive discs against S. mutans was directly related to the
concentration of nGO. Moreover, the study by Maryam Pourhajibagher et al. [19] revealed
a gradual increase in biofilm inhibition with increasing nGO concentrations, without a
concurrent increase in the failure rates of brackets. On the other hand, it was observed that
concentrations higher than 5 wt% nGO significantly inhibited the growth of S. mutans, but
this was accompanied by a decrease in the average bond strength of the adhesive to the
enamel as the nGO concentration exceeded 5%. The ideal orthodontic adhesive (composite)
should possess antimicrobial properties and be capable of inducing enamel remineralization
without adversely affecting the bond strength of the brackets to the enamel.

The studies conducted by Maryam Pourhajibagher et al. [12,19] and Roghayeh Ghor-
banzadeh et al. [8] revealed that adding nGO to Transbond XT resulted in a significant
reduction in S. mutans colony counts, indicating its antimicrobial properties. Notably,
Maryam Pourhajibagher et al. [12] specifically emphasized that only the concentration of
10 wt% nGO demonstrated a statistically significant decrease in the colony-forming units
of test microorganisms after 60 days. The antimicrobial activity of the eluted components
from the modified orthodontic adhesive discs against S. mutans was directly correlated
with the concentration of nGO. Additionally, Maryam Pourhajibagher et al. [19] observed
a gradual increase in biofilm inhibition with increasing nGO concentrations without a
concurrent increase in the failure rates of brackets. However, it was also observed that
concentrations higher than 5 wt% nGO led to significant inhibition of S. mutans growth,
but this was accompanied by a decrease in the average bond strength of the adhesive to the
enamel as the nGO concentration exceeded 5%. This highlights the importance of balanc-
ing antimicrobial properties with maintaining strong bonding to the enamel for an ideal
orthodontic adhesive (composite), which should possess both antimicrobial capabilities
and the ability to induce enamel remineralization without compromising the bond strength
of the brackets to the enamel.

Nozha M. et al. [6] conducted a study with the objective of formulating and character-
izing functionalized graphene nanoplatelets (GNPs) combined with silver nanoparticles
(AgNPs) to evaluate the antimicrobial and mechanical properties of GNP-Ag-modified
adhesives used in bonding orthodontic brackets. The research yielded noteworthy results
regarding the viability of human gingival fibroblast (HGF) cells when exposed to the
modified experimental adhesive (Transbond XT) [6]. The experimental adhesive contain-
ing 0.25 wt% and 0.5 wt% of GNP-Ag (graphene nanoplatelets with silver nanoparticles)
showed low cytotoxicity, with cell survival rates exceeding 80%. However, after 48 h,
the adhesive with 0.5 wt% of GNPAg exhibited considerable cytotoxic behaviour. On the
other hand, the adhesive with 0.25 wt% of GNP-Ag demonstrated a substantial increase in
antibacterial properties, making it suitable for bonding orthodontic brackets to the enamel
surface without compromising bond strength.

In a separate study conducted by Nozha M. et al. [28], their primary objective was to
modify orthodontic adhesive by skilfully incorporating graphene sheets adorned with sil-
ver nanoparticles (Ag-GS). After bonding the orthodontic brackets, they aimed to evaluate
the ensuing mechanical and antibacterial properties. The investigation demonstrated a clear
trend of decreasing relative microbiological viability with a proportional increase in the
weight percentage (wt%) of nanoparticles in the adhesives. However, it was observed that
the orthodontic adhesive containing 0.55 wt% of Ag-GS exhibited considerable cytotoxic
behaviour after 48 h. These findings underscore the crucial significance of meticulously
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optimizing the nanoparticle concentration in orthodontic adhesives to ensure both biocom-
patibility and effective antimicrobial properties. In the study conducted by Mohammad
Alnatheera et al. [16], their research focus was on modifying the Transbond XT (control
adhesive) by skilfully incorporating 0.25 wt% and 0.5 wt% of SGO-modified adhesive
(silanized graphene oxide). The 0.25 wt% SGO-modified adhesive group showed the most
effective bactericidal properties and exhibited the least cytotoxicity when compared to the
0.5 wt% SGO-modified adhesive and Transbond XT. Furthermore, Jung-Hwan Lee et al. [29]
investigated the antimicrobial-adhesive effects of PMMA with and without nGO incorpora-
tion. Specimens with higher amounts of nGO exhibited more robust anti-adhesion effects
against all microbial species, and no significant cytotoxicity was observed when compared
to the control group. While this innate nGO did not significantly enhance mechanical
properties compared to the control, it did not exhibit any systemic toxic effects in humans
from fully polymerized PMMA products, as reported in previous studies.

Pengfei Wang et al. [15] and Zonglin Pan et al. [30] conducted a comprehensive study
exploring the fretting friction and wear behaviours of stainless steel archwires coated with
a carbon film that contained embedded graphene sheets (GSEC). They specifically investi-
gated how these GSEC-coated orthodontic stainless steel archwires performed in contact
with untextured and microgroove textured stainless steel brackets within an artificial saliva
environment. The research findings strongly suggested that the combined effect of the
GSEC film on the archwire surface and the micro-groove textures on the brackets had a
remarkable positive influence on the overall friction and wear characteristics of the stainless
steel archwire–bracket sliding contacts. As a result, the study demonstrated great promise
for utilizing GSEC-coated archwires in various clinical orthodontic treatment applications
(Figure 4).
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Zonglin Pan et al. [30] conducted a study with comparable outcomes. Their research
demonstrated that GSEC film-coated archwires exhibited low friction coefficients and
exceptional wear resistance when interacting with stainless steel brackets in artificial saliva
environments. The authors concluded that applying the surface coating technique with
GSEC film could lead to more effective and efficient orthodontic treatment. On the other
hand, Danni Daia et al. [7] focused on graphene oxide (GO) coatings on NiTi (nickel
titanium) alloys. Their study revealed that the coating did not sufficiently cover the
substrate at low GO concentrations, providing only minor enhancements to NiTi alloy’s
tribological and anti-corrosion properties. However, as the GO concentration increased, the
GO coating exhibited significantly improved antibacterial activity. It was cautioned that
higher GO concentrations might compromise the biocompatibility of GO-coated NiTi alloys.
The authors suggested their study offered a controllable and straightforward process to
enhance NiTi alloy surface properties, including corrosion resistance, friction resistance,
and antimicrobial properties, while ensuring biocompatibility. Additionally, Delong Jiao
et al. [6] conducted a series of experiments in vitro and in vivo (on mice), demonstrating
that the application of GOG (gelatine reduced graphene oxide) can accelerate orthodontic
tooth movement. The results indicated accelerated bone remodelling in the GOG-treated
group, with enhanced osteoblasto-/osteoclasto-genesis and angiogenesis.

3.3. Main Study Outcomes

Nine studies [6–9,12,14,16,18,20] demonstrated the antibacterial properties of graphene
oxide, which can reduce the demineralisation of enamel during orthodontic treatment.
Seven studies [6,8,12,14,16,18,20] showed that it is biocompatible with oral tissues. Three
studies [4,7,15] showed that graphene oxide can reduce friction in the arch-bracket system.
Two studies [16,20] showed that it can improve the mechanical properties of orthodontic ad-
hesives by reducing ARI (Adhesive Remnant Index). Three studies [8,16,19] demonstrated
that graphene oxide used in the appropriate concentration can also increase the SBS (shear
bond strength) parameter. One research study [7] showed that it can increase the corrosion
resistance. One research study [18] suggested that it can be used to accelerate orthodontic
tooth movement. It can be used to coat the surface of orthodontic arches [4,6,15] and as an
additive to orthodontic adhesives [6,8,12,14,16,19,20].

3.4. Quality Assessment

Out of the articles included in the review, four [6,8,16,20] were deemed high-quality,
with a score of 7/9 points. Two studies [9,18] were classified as low-quality. Additionally,
six studies [4,7,12,14,15,19] were considered to have a moderate risk of bias, scoring be-
tween 4 and 6 points (Table 2). Distribution of bias risk of eligible studies is presented in
Figure 5.
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4. Discussion

In modern dentistry, tremendous efforts have been made to prevent oral diseases
and promote oral hygiene [2]. Restorative materials with excellent biological properties,
improved mechanical properties, and longer service life have always been sought [5].
Graphene oxide has been shown to possess antibacterial properties and biocompatibility,
making it a safe and beneficial material for use in oral cavity biomaterials [21]. Several
studies meeting the inclusion criteria in this review have demonstrated various potential
applications of graphene oxide in orthodontic treatment. Some of these studies [6,8,19]
found no significant difference in the adhesive remnant index (ARI) between the control and
modified experimental groups. Conversely, other studies [16,20] reported that orthodontic
adhesive samples modified with graphene oxide exhibited the lowest ARI scores among all
the groups studied. Regarding shear bond strength (SBS), some authors [14,19,20] did not
find a statistically significant difference between the study and control groups. However,
other studies [5,8,16] suggested that Transbond XT modified with nGO showed the highest
SBS value. In contrast, the study by Maryam Pourhajibagher et al. [19] indicated that SBS
in the 10% nGO group was statistically lower than in the control group. Furthermore, the
SBS value for the 1%, 2%, and 5% nGO groups was significantly higher than that in the
10% nGO group. Similarly, a significant reduction in SBS was observed with increasing
nanoparticle concentration (0.55 wt% Ag-GS) [8]. Overall, graphene oxide has the potential
to enhance the mechanical properties of orthodontic adhesives, provided that it is added at
the appropriate concentration.

Numerous studies [6–9,12,14,16,18,20] have highlighted the antibacterial properties of
graphene oxide, which can effectively reduce enamel demineralization during orthodontic
treatment. Authors [14] have even suggested that the anti-demineralization effect increases
as the concentration of BAG@GO (graphene oxide coated with bioactive glass) rises. Similar
findings were reported by Maryam Pourhajibagher et al. [19], demonstrating a gradual
increase in biofilm inhibition (decrease in S. mutans growth) with higher nGO concentra-
tions, without compromising the bond strength of the brackets (SBS). On the other hand,
studies conducted by Nozha M. et al. [6] and Nozha M. et al. [28] revealed significant
cytotoxic behaviour for 0.5 wt% of GNPAg experimental adhesive and 0.55 wt% of Ag-GS
orthodontic adhesive, respectively, after 48 h. These results underscore the importance of
using graphene oxide in appropriate concentrations to avoid potential cytotoxicity and
impairment of bonding strength in orthodontic adhesives.

Several studies [4,7,15] have demonstrated that graphene oxide (GO) can effectively
reduce friction in the archwire–bracket system. For instance, GO can be used to coat
stainless steel archwires with a graphene sheet embedded carbon (GSEC) film, leading
to reduced friction in the archwire–bracket contact [4,15]. In another study by Danni
Daia et al. [7], a multifunctional GO nanocoating was applied to the surface of NiTi to
enhance its corrosion resistance, friction resistance, and antimicrobial properties. The
authors suggested that the GO nanocoating could also improve the mechanical properties
of orthodontic arches, such as corrosion resistance [7] and high wear resistance [6,15].
However, Danni Daia et al. [7] also pointed out that when the GO concentration was low, the
GO coating inadequately covered the substrate, resulting in only slight improvements in the
tribological and anti-corrosion properties of NiTi alloy. As the GO concentration increased,
the GO coating exhibited enhanced antibacterial activity, but a higher concentration could
compromise the biocompatibility of GO-coated NiTi. Therefore, the application of surface
coating techniques using the GSEC film or GO nanocoating holds promise for making
orthodontic treatment more effective and efficient. However, it is crucial to carefully
control the concentration of graphene oxide coating to achieve a balance of desired surface
properties. By optimizing the GO concentration, clinicians and patients can benefit from
the improved performance of orthodontic materials.

Finally, it is worth noting that a study [18] presented compelling evidence for the
potential of graphene oxide (GOG) to accelerate orthodontic tooth movement due to
its unique properties. The authors demonstrated that the GOG-treated group exhibited
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accelerated bone remodelling with increased osteoblastic and osteoclastic activity, as well
as enhanced angiogenesis [18]. The results consistently indicated the biocompatibility of
GOG and its ability to stimulate bone marrow stromal cells (BMSCs) to promote bone
remodelling and tooth movement [18].

These findings open up promising avenues for further research in this area. However,
the limitations of the present systematic review need to be highlighted. Given the diverse
array of articles, conducting a meta-analysis proved unfeasible. To enhance the assessment
of this subject matter, further research is warranted, ideally with a larger sample size and
encompassing both clinical and in vivo studies.

5. Conclusions

Thanks to its properties, graphene oxide may have prospects for use in orthodontic
treatment. First of all, due to its biocompatibility, it can be used safely in the oral cavity.
It has an antibacterial effect and can be added as an ingredient in orthodontic adhesives.
It can reduce carious white spots and, consequently, cavities. Fewer white spots will also
lead to improved aesthetic results after orthodontic treatment. Graphene oxide can be used
to coat arches with a multifunctional coating. Reduction of friction in the archwire–bracket
system improves the mechanical properties of orthodontic arches and increases corrosion
resistance. Also, reduced friction contributes to faster tooth movement. Research also
indicates graphene oxide’s ability to accelerate orthodontic tooth movement, which could
speed up orthodontic treatment.

The development of technology gives better opportunities to both the patient and the
orthodontist due to the new physicochemical, mechanical, and antibacterial properties of
nanosized materials that can be used in coating orthodontic wires and producing orthodon-
tic bonding materials. Not only can we control biofilm formation, reduce bacterial activity,
and facilitate anticariogenic action, but also, through the desired tooth movement, shorten
the treatment time. This offers great prospects for the further development of research
using graphene oxide in orthodontic treatment, especially in vivo.
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Abstract: Quaternary ammonium (QA) compounds have been widely studied as potential disinfec-
tants in dental restorative materials. The present work investigates whether the gradual displacement
of nanosilica by QA-clay nanoparticles may have an impact on the physicochemical and mechanical
properties of dental nanocomposite resins. For this purpose, Bis-GMA/TEGDMA-based composite
resins were initially synthesized by incorporating 3-(trimethoxysilyl)propyl methacrylate (γ-MPS)-
modified nanosilica/QA-clay nanoparticles at 60/0, 55/5, 50/10, 40/20, and 30/30 wt% filler loadings.
Their structural characterization was performed by means of scanning electron microscopy (SEM)
and X-ray diffraction analysis (XRD). The degree of double bond conversion (DC) over time and
the polymerization shrinkage were determined with Fourier transform infrared spectroscopy (FTIR)
and a linear variable displacement transducer (LVDT), respectively. Mechanical properties as well
as water sorption and solubility parameters were also evaluated after storage of nanocomposites in
water for 7 days at 37 ◦C. Spectral data revealed intercalated clay configurations along with areas
characterized by silica-clay clusters for clay loadings up to 30 wt%. Furthermore, the insertion of
10 wt% QA-clay enhanced the auto-acceleration effect also sustaining the ultimate (DC), reduced the
setting contraction and solubility, and, finally, yielded flexural modulus and strength very close to
those of the control nanocomposite resin. The acquired results could herald the advanced design of
dental restorative materials appropriate for contemporary clinical applications.

Keywords: dental nanocomposite resins; quaternary ammonium compounds; organomodified
nanosilica; clay nanoparticles; nanotechnology

1. Introduction

Over the last decades, dental composite resins have been widely applied in both
anterior and posterior tooth restorations. Aesthetic characteristics and toxicity reasons
associated with amalgam fillings have strongly motivated the dental industry to promote
composite resins to direct restorations [1]. Nevertheless, the oral cavity constitutes a dy-
namic regime governed by high masticatory stresses in combination with several biological
and chemical threats that can affect the longevity of dental composites [2,3]. To overcome
these limiting factors, composites’ formulations are usually manipulated by the utilization
of dimethacrylate monomers such as Bis-GMA, UDMA, and TEGDMA reinforced with
diverse inorganic fillers that are conjugated with the polymer matrix through silane cou-
pling agents. Nowadays, contemporary trends involve dental composite resins reinforced
with zirconia [4,5], silica nanoparticles [6], halloysite nanotubes [7], and even composites
derived from biomass rice husk silica that demonstrate excellent performance [8]. Although
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fillers with specific size distribution can contribute to the achievement of good mechanical
and physicochemical performance, dental composites are still a challenge with secondary
caries originating from the metabolic activity of pathogenic bacteria [9].

Several approaches have been adopted in order to enhance the microbial resistance
of dental restorative materials. Although the direct incorporation of leachable disinfec-
tants [10] such as fluoride [11], chlorhexidine (CHX) [12], benzalkonium chloride [13],
essential oils [14], and a wide range of nanoparticles [15] into dental composites can induce
antimicrobial ability in the composite, there are still some ambiguities related to loss activity,
weakening of the remaining restoration, and discoloration over time [16]. Furthermore,
mesoporous silica nanoparticles loaded with CHX might reinforce the dental composite
against plaque formation, but these may also affect its mechanical performance due to the
release and recharge mechanism of the biocide agent [17]. Considering the exploitation of
biocide agents through such nanoscale vehicles, their unstable position is attributed to the
physical absorption of nanoparticles within the polymer network. Other well-established
approaches involve the incorporation of non-leachable quaternary ammonium monomers
(QA) [18,19], or QA combined with a nanofiller such as silica (QASi) [20,21], clay (QA-
clay) [22], or in the form of polymeric QA polyethyleneimine particles (QPEI) [23]. In this
manner, it is believed that functional groups of QA are chemically bound to the organic
matrix, and the antimicrobial component remains entrapped in the polymer network of the
dental composite, thus ensuring an optimum antibacterial action over time [24].

To the best of our knowledge, there is no literature data describing dental composite
resins reinforced with both potentially antimicrobial QA-clay nanofillers [25,26] and silica
nanoparticles sustaining the overall physicomechanical performance [27,28]. The aim
of this study was to investigate the effect of the displacement of nanosilica by QA-clay
nanoparticles on the physicochemical and mechanical properties of the obtained dental
nanocomposite resins. For this purpose, experimental dental nanocomposites based on a
BisGMA/TEGDMA matrix and filled with 3-(trimethoxysilyl)propyl methacrylate (γ-MPS)
modified nanosilica were initially synthesized as control samples (golden standards). Silica
nanoparticles were then replaced by different types of QA-clays at different filler loadings
to produce pure nano-filled resin composites. The null hypothesis was that the type and
amount of nanoclay might influence the structural configurations and final properties of
the developed nanocomposites. The obtained results are supposed to be conducive to the
design of contemporary dental nanocomposite resins, meeting the requirements of modern
clinical applications.

2. Materials and Methods
2.1. Materials

The monomers triethylene glycol dimethacrylate (TEGDMA), 95%, and 2,2-Bis[p-(2′-
hydroxy-3′-methacryloxypropoxy)phenylene]propane (Bis-GMA) were both provided by
SIGMA-ALDRICH CHEMIE GmbH (Steinheim, Germany). The co-initiator 2-(dimethylamino)
ethylmethacrylate (DMAEMA), 99%, and initiator camphorquinone, 98%, were purchased
from J&K Scientific GmbH (Pforzheim, Germany). Organically modified silica nanopowder
(S.MPS) with 3-(trimethoxysilyl)propyl methacrylate (γ-MPS) was synthesized and subse-
quently characterized in our previous work [29]. The commercially available organomod-
ified montmorillonite Nanomer® I.34MN, i.e., an –onium ion modified clay containing
25 to 30 wt% methyl dixydroxyethyl hydrogenated tallow ammonium ion (QA-clay), was
produced by Nanocor Company (Hoffman Estates, IL, USA) and supplied by Aldrich
(Taufkirchen, Germany). Two experimental QA-clays, namely, a clay type intercalated with
cetyltrimethylammonium chloride (MMT-CTAC), as well as its surface-modified analog
with 3-(trimethoxysilyl)propyl methacrylate (S.MMT-CTAC), were both prepared and char-
acterized in our previous works [22,30]. The particular structures of the above QA-clays
are presented in Scheme 1. All other chemicals used were of reagent grade.
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clay used for the synthesis of dental nanocomposite resins (R stands for hydrogenated tallow).

2.2. Preparation of the Uncured Dental Composite Pastes

Seven groups of experimental composites were prepared by initially mixing a Bis-GMA/
TEGDMA base (50:50 wt/wt) that contained camphorquinone (0.2 wt%) and DMAEMA
(0.8 wt%) as a photo-initiating system. Afterward, neat S.MPS and nanoparticle com-
binations of S.MPS/Nanomer® I.34MN, S.MPS/MMT-CTAC, and S.MPS/S.MMT-CTAC
were individually inserted in the resin by manual mixing until the powder was completely
wetted with organic matrix, and the obtained mixture was ultrasonicated for 10 min. En-
vironmental conditions were kept constant (22 ◦C, 40% relative humidity, 1 atm) during
the mixing process. The specific composition of each prepared nanocomposite is described
in Table 1. The overall nanofiller loading was kept at 60 wt% to ensure paste handling
properties almost similar to a commercial dental composite resin.
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Table 1. Abbreviated names of the studied materials based on their particular composition.

Dental Nanocomposite Resin S.MPS
(wt%)

Nanomer® I.34MN
(wt%)

MMT-CTAC
(wt%)

S.MMT-CTAC
(wt%)

S.MPS 60 60 - - -
S.MPS/Nanomer 55/5 55 5 - -
S.MPS/Nanomer 50/10 50 10 - -
S.MPS/Nanomer 40/20 40 20 - -
S.MPS/Nanomer 30/30 30 30 - -
S.MPS/CTAC 50/10 50 - 10 -
S.MPS/S.CTAC 50/10 50 - - 10

2.3. Measurements
2.3.1. Structural Characterization of the Experimental Dental Resins

A JEOL JSM-6390LV (JEOL USA, Inc., Peabody, MA, USA) scanning electron micro-
scope system (SEM) operated within 0.5–30 kV (3 nm resolution) was utilized in order to
examine the surface of the prepared materials. A protective carbon black coating against
charging was applied on the sample surfaces prior to the scanning process. Microphotos
were taken by focusing electron beams on the studied surfaces and using Smile ShotTM soft-
ware. Elemental analysis of the samples was performed by means of the INCAPentaFETx3
(Oxford Instruments, Abingdon, UK) energy-dispersive X-ray (EDX) microanalytical sys-
tem, and the percentage of the targeted elements was determined by averaging different
areas acquisitions.

A Miniflex II X-ray diffractometer (XRD) supplied by RigakuCo. (Tokyo, Japan) was
used to record the spectral patterns of the obtained nanocomposites within the scanning
range (2 theta) of 2–12◦. The following operation conditions were selected: Cu Ka radiation
with wavelength 0.154 nm, angle steps of 0.05◦, 5 s/angle step.

2.3.2. Setting Contraction Kinetics

The “bonded-disk” technique established by Watts et al. [31–33] was applied in order
to calculate the real-time contraction due to polymerization process. Particularly, an
unpolymerized sample in the form of a disk (1.0 × 8.0 mm) was placed on the surface of
a glass plate (3 mm thickness) within a mounted metal ring (internal diameter ~15 mm).
A flexible membrane was used to adhere the upper surface of the sample. A uniaxial
transducer (LVDT) was placed on the center of the membrane, in order to measure the linear
variable displacement of the specimen over time. A dual system combining a transducer
indicator (E 309, RDP Electronics Ltd., Wolverhampton, UK) and a high-resolution analog-
to-digital converter (ADAM-4016) was utilized to transmit the signal from the LVDT
module to the computer. The data were acquired by means of AdvantechAdam/Apax.NET
Utility software (version 2.05.11). An LED light-curing device (Bluephase® Style M8, Ivoclar
Vivadent AG, FL-9494, Schaan, Liechtenstein) with an intensity of 800 mW·cm−2 ± 10%
was positioned above the glass plate to continuously irradiate the unset samples for 5 min. A
radiometer (Hilux, Benlioglu Dental Inc., Ankara, Turkey) was utilized to check the output
intensity of the photo-curing unit. Environmental conditions were kept constant (22 ◦C,
40% relative humidity, 1 atm) during the photo-curing process. Each dental nanocomposite
was measured five times (n = 5). The calculation of the strain (%) was based on the
following formula:

ε(%) = 100× ∆L
L0

(1)

where ε (%) represents the strain (%), and DL (mm) and L0 (mm) are the deformation due
to setting and the initial thickness of the nanocomposite, respectively.
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2.3.3. Degree of Conversion

Polymerization kinetics were performed by placing a small amount of each composite
between two translucent Mylar strips, which were pressed to produce a very thin film.
The upper surface of the films of unpolymerized composites was exposed to visible light
of the above LED unit and directly measured by a FTIR spectrometer (Spectrum One,
PerkinElmer Inc., Waltham, MA, USA) at diverse setting moments (0, 5, 10, 15, 20, 25, 30, 40,
60, 80, 120, 180 s). Spectral acquisition of the nanocomposite films (n = 5) was conducted
in the wavenumber region of 4000–600 cm−1, performing 32 scans per sample at 4 cm−1

resolution. Environmental conditions were kept constant (22 ◦C, 40% relative humidity,
1 atm) during the photo-curing process. The obtained records were manipulated with
specific software (Spectrum v5.0.1, Perkin-Elmer LLC 1500F2429). The degree of conversion
(DC%) over time was calculated based on the area of the absorption band at 1637 cm−1

(aliphatic C=C bonds) and the band at 1580 cm−1 (aromatic C=C bonds) as well as on the
best fit baseline method according to the Beer–Lambert law [34]. For this purpose, the
following equation was used:

DC(%) =


1−

(
A1637
A1580

)
polymer(

A1637
A1580

)
monomer


× 100 (2)

2.3.4. Mechanical Properties

A Teflon mold (2 × 2 × 25 mm) was filled with the unset material, in order to prepare
bar-shaped specimens for three-point bending tests according to the ISO 4049. Each side of
the mold was irradiated for 40 s with the aforementioned LED lamp, by overlapping the
unset areas. Environmental conditions were kept constant (22 ◦C, 40% relative humidity,
1 atm) during the photo-curing process. Ten specimens (n = 10) per dental resin were
formed and subsequently immersed in deionized water for 1 week at 37 ± 1 ◦C. Then, they
were placed on a three-point bending module between two supports of 20 mm distance.
The bend tests were conducted in a universal testing machine (Testometric AX, M350-10 kN,
Testometric Co., Ltd., Rochdale, UK at a cross-head speed of 0.5 mm·min−1). The exerted
load (N) versus deformation were recorded, and the acquired data were manipulated with
the WinTestAnalysis CX software (Version 3.5.30.10). The flexural modulus (E, GPa) and
strength (σ, GPa) were calculated based on the following formulae:

E =
F1l3

4bd1h3 10−3 and σ =
3Fmaxl
2bh2 (3)

where F1 is the measured load (N), Fmax is the highest load measured prior to mechanical
failure (N), l is the distance between the supports (20 mm), b is the width of the sample
(mm), h is the height of the sample (mm), and d1 is the deformation (mm) related to the
load F1.

2.3.5. Water Sorption and Solubility

The determination of the water sorption and solubility parameters was performed in
accordance with the requirements of ISO 4049. A Teflon mold was filled with each unset
dental nanocomposite, in order to produce disc-shaped specimens (15 mm × 1 mm). The
specimens (n = 5) were set with the aforementioned LED curing unit by irradiating for 40 s
each side and targeting to nine preselected overlapping irradiation areas. Environmental
conditions were kept constant (22 ◦C, 40% relative humidity, 1 atm) during the photo-
curing process. The discs were stored in a desiccator, and then they were pre-conditioned
at 37 ± 1 ◦C for 24 h. Afterwards, the specimens were transferred into another desiccator
(23 ± 1 ◦C) to remain for 2 h. Then, they were weighed (±0.1 mg accuracy) by means of
an analytical balance (Sartorius TE 124S, Sartorius AG, Goetingen, Germany). The above
procedure was repeated until the materials reach a constant mass (m1). Their volume (V)
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was calculated upon their mean thickness and diameter, which were previously measured
with a digital micrometer (±0.02 mm accuracy). Subsequently, the specimens were stored
in water at 37 ± 1 ◦C. After 1 week, they were isolated, left to dry and weighed (m2). The
discs were then placed in desiccator until a constant mass (m3) was achieved.

The water sorption parameter, Wsp (µg/mm3), was calculated from the formula:

Wsp =
m2 −m3

V
(4)

where m2 is the mass of the disc (µg) after storage in water for 1 week, m3 is the mass of the
reconditioned disc (µg), and V is the volume of the disc (mm3).

The solubility parameter, Wsl (µg/mm3), was calculated according to the
following equation:

Wsl =
m1 −m3

V
(5)

where m1 is the conditioned mass (µg) of the disc before the storage in water.

2.3.6. Statistical Analysis

The assumption of normal distribution was investigated for the variables using the
Shapiro–Wilk test. One-way analysis of variance (ANOVA) was used to compare the
flexural modulus, sorption, solubility, and strain between the seven groups. The Kruskal–
Wallis test was used to compare flexural strength between the seven groups. Bonferroni
corrections were made to adjust for multiple tests. Statistical analysis was performed using
IBM SPSS Statistics 28. The statistical significance level was set at p-value ≤ 0.05.

3. Results and Discussion
3.1. Limitations of Research

In the framework of the evaluation of the developed dental nanocomposite resins,
certain possible restrictions affecting the research outputs could be considered. The com-
mon hand spatulation mixing method was applied to prepare the starting nanocomposite
paste. The above technique may have an effect on the extent of fillers’ dispersion and on the
overall performance of the obtained composite. Moreover, the prevention of bias could not
be supported by randomization methods, and the determined sample size for the majority
of the conducted tests was mainly dictated by ISO 4049 “Dentistry-Polymer Based Restora-
tive Materials”. The above limitations mainly originate from the limited availability of the
experimentally synthesized silica and clay nanoparticles used in composites’ formulations.
As the current research targeted the basic requirements of ISO 4049, which are always
necessary for the dental industry, antimicrobial and cytotoxicity tests were not conducted
in parallel. Future experimental cycles would provide particular data in order to estimate
the potential antimicrobial effect of the proposed dental nanocomposite resins due to the
presence of the QA-clays utilized here.

3.2. Morphological Characterization of the Prepared Materials

SEM images captured for the produced dental nanocomposite resins are presented in
Figure 1. Regarding the composite loaded with 60 wt% S.MPS nanoparticles (Figure 1a),
it is apparent that an adequate dispersion of silica was accomplished (white spots) into
the formed polymer network (dark regions), even if some small aggregates can be dis-
criminated. Similar clustering tendencies have also been observed by other researchers
and ascribed to the widely applied hand spatulation mixing technique of monomers with
inorganic fillers [35–39]. The desirable distribution of the total filler content seems to be
retained when the amount of Nanomer® I.34MN clay was elevated up to 30 wt% (Figure 1e).
A stepwise size increment of the created agglomerates is also observed in the range of
10–30 wt% clay (Figure 1c–e). The aforementioned behavior could be attributed to the
intermolecular hydrogen bonding between the intercalating agents of the hydrophylic
Nanomer® I.34MN particles. On the other hand, more bulky agglomerates occurred for the
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S.MPS/Nanomer 55/5 (Figure 1b), denoting not only the equivalent clay–clay interactions
but also the possible formation of silica-clay clusters due to the hydrogen bonding inter-
actions between the free unreacted hydroxy groups originating from the organomodified
silica and the hydroxy groups of the Nanomer® I.34MN quaternary ammonium intercalant
(Scheme 1). Furthermore, the insertion of 10 wt% MMT-CTAC (Figure 1f) and S.MMT-
CTAC clay (Figure 1g) in the dimethacrylated organic matrix can also lead to sufficient
dispersion of the used nanoparticles similar to that of S.MPS/Nanomer 50/10. In particular,
the filler agglomeration detected for the S.MPS/S.CTAC 50/10 nanocomposite maybe due
to the side reactions of the double bonds attached on the S.MMT-CTAC and/or the double
bond reactions between both the silane modified silica and clay nanofillers (Scheme 1).

J. Funct. Biomater. 2023, 14, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 1. SEM microphotos taken for dental nanocomposites reinforced with: (a) pure nanosilica 
(S.MPS); (b–e) Nanomer® I.34MN clay particles (5–30 wt%) in the presence of nanosilica; (f) MMT-
CTAC clay; (g) S.MMT-CTAC clay nanoparticles (10 wt%) in the presence of nanosilica. 

Figure 1. SEM microphotos taken for dental nanocomposites reinforced with: (a) pure nanosilica
(S.MPS); (b–e) Nanomer® I.34MN clay particles (5–30 wt%) in the presence of nanosilica; (f) MMT-
CTAC clay; (g) S.MMT-CTAC clay nanoparticles (10 wt%) in the presence of nanosilica.

Table 2 encompasses the data derived from the EDX spectra of the studied dental
nanocomposites. A constant enrichment of nanocomposites with Al is observed by increas-
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ing the content of Nanomer clay from 5 to 30 wt%, thus ensuring the good dispersion of
clay particles into the formed polymer network over the tested filler concentration range.
The Al content also remained for composites with 10 wt% MMT-CTAC and S.MMT-CTAC
at higher levels than Nanomer, probably due to the occurrence of larger agglomerates
revealed by SEM images. Under this regime, the accumulation of Al species could be
favored, resulting in their high abundance over the scanned surfaces.

Table 2. Content of clay elements (%) in dental nanocomposite resins measured by means of EDX.

Dental Nanocomposite Resin Si (%)
Mean (SD)

Al (%)
Mean (SD)

O (%)
Mean (SD)

S.MPS 60 46.74 (0.00) - 53.26 (0.00)
S.MPS/Nanomer 55/5 46.33 (0.08) 0.47 (0.09) 53.20 (0.01)
S.MPS/Nanomer 50/10 46.05 (0.13) 0.78 (0.15) 53.16 (0.02)
S.MPS/Nanomer 40/20 44.55 (0.41) 2.48 (0.46) 52.97 (0.05)
S.MPS/Nanomer 30/30 43.30 (0.17) 3.90 (0.19) 52.80 (0.02)
S.MPS/CTAC 50/10 45.37 (0.28) 1.56 (0.31) 53.07 (0.04)
S.MPS/S.CTAC 50/10 45.62 (0.21) 1.27 (0.24) 53.11 (0.03)

The XRD spectra recorded for the synthesized dental nanocomposite resins are illus-
trated in Figure 2. It is observed that even though clay nanoparticles exhibit diffraction
peaks at 2θ = 5.14◦ (Nanomer® I.34MN clay, Figure 2a), 4.42◦, and 4.31◦ (MMT-CTAC
and S.MMT-CTAC, Figure 2b), their corresponding S.MPS nanocomposites always dis-
play X-ray diffractions at higher angles. Provided that amorphous nanosilica develops
diffuse scattering at the angular region of 20–25◦ [40], possible cluster formation through
amorphous silica–Nanomer® I.34MN interactions could be responsible for the shifts in clay
reflections (001) to higher 2θ values. These interactions seem to be even stronger when
the clay loading remains at 5–10 wt%, as the dominant silica nanoparticles (55–50 wt%)
clearly impede the diffraction pattern of clay, regardless of the chemical structure of the
intercalating agent (Figure 2a,b). Further incorporation of clay nanoparticles up to 30 wt%
gradually enhances the peak intensities of dental composites, thus implying the amplified
presence of intercalated clay configurations (Figure 2a). Although the intercalation of
macromolecular chains within clay galleries governs the morphological characteristics
of the synthesized dental nanocomposites, there might still be some areas characterized
by silica-clay clusters over the nanocomposite structures. These findings could be also
supported by the SEM observations, as previously described.
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3.3. Polymerization Reaction Kinetics

Figure 3 illustrates the degree of conversion versus time curves recorded for dental
nanocomposites filled with silica-clay nanoparticles. The DC (%) values calculated after
180 min curing are listed in Table 3. Concerning the different clay mass fraction, the plots of
the free radical polymerization kinetics revealed the occurrence of the auto-acceleration or
gel effect phenomenon as it was mainly expressed by a steep increase in the slope mostly
in the range of 20–25 min of the setting procedure (Figure 3a). In general, the gel effect
is controlled by diffusion phenomena [41], where the free volume inside the developed
polymer network can be limited due to the presence of inorganic fillers along with the de-
veloped macromolecular chains. Under such circumstances, the mobility of macroradicals
is restricted, leading to further difficulty in their finding each other and terminating the
polymerization reaction. Hence, their local concentration is increased, resulting in the aug-
mentation of the reaction rate. The auto-acceleration phenomenon was found to be stronger
for the S.MPS 60 and S.MPS/Nanomer 50/10 nanocomposites, approaching DC values of
(17.31–31.8%) and (19.01–33.54%), respectively. This attitude was attenuated almost sequen-
tially for S.MPS/Nanomer 40/20 (19.66–26.18%), S.MPS/Nanomer 30/30 (18.67–25.30%),
and S.MPS/Nanomer 55/5 (19.46–24.39%) composites. The most comprehensive distri-
bution of nanoclay into the organic matrix that was proved by SEM for S.MPS/Nanomer
50/10 nanocomposite could better constrain the macroradical movement due to the de-
crease in the total free volume of the polymer network, and it could extensively sustain the
auto-acceleration phenomenon. The DC value found for S.MPS 60 nanocomposite (48.41%,
Table 3) was comparable to 46.84% reported by Liu et al. for Bis-GMA/TEGDMA-based
composites containing 30 wt% silica nanoparticles [42]. Wang et al. also described dental
resin composites filled with 60 wt% silica nanoclusters exhibiting 49.8% [43]. Moreover,
it is obvious that the step-by-step enrichment of dental composites with 10 to 30 wt%
Nanomer clay leads to the descending of double bond conversion from 44.89 to 37.86%
(Table 3). The relatively low determined degree of conversion could be attributed to the
glass effect phenomenon occurring when the extensive network has been developed, thus
provoking the high viscosity of the reaction mixture. The phenomenon is controlled by
the limited diffusion of both the monomers and the initial initiator radicals and finally
affects the rate constant of chain propagation [41,44–46]. In addition, the DC value for
S.MPS/Nanomer 55/5 was further lowered to 30.34%. Regarding the S.MPS/Nanomer
40/20, S.MPS/Nanomer 30/30, and S.MPS/Nanomer 55/5 composites, the SEM findings
denoted larger silica-clay aggregates that might act as microfillers, affecting the light ab-
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sorption and scattering, and thus weakening the light photo-initiation process [47]. The
gel effect phenomenon was also observed for S.MPS/S.CTAC 50/10 and S.MPS/CTAC
50/10 nanocomposites during the period of time from 20–25 min (Figure 3b). Particu-
larly, the S.MPS/S.CTAC 50/10 yielded almost similar conversions (17.89–32.59%) as the
S.MPS/Nanomer 50/10 composite during auto-acceleration phenomenon, whereas lower
DC values (17.96–24.96%) were calculated for S.MPS/CTAC 50/10. The vinyl functionali-
ties attached on the surface of S.MMT-CTAC nanoparticles (Scheme 1) could account for
the comparatively enhanced DC throughout the gel effect, as methacrylate groups of clay
might react with those originated from Bis-GMA and TEGDMA monomers. The ultimate
DC measured for S.MPS/S.CTAC 50/10 (43.61%) was close to that of S.MPS/Nanomer
50/10, and for S.MPS/CTAC, the DC was found to be 32.28% (Table 3). The absence of
any functional groups in the structure of MMT-CTAC clay (Scheme 1) in combination with
some nanofiller agglomeration (Figure 1f) may be responsible for the weaker glass effect
phenomenon during the photo-polymerization of the S.MPS/CTAC composite.

J. Funct. Biomater. 2023, 14, x FOR PEER REVIEW 11 of 20 
 

 

0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

50

D
C

 (%
)

Time (s)

 S.MPS 60
 S.MPS/Nanomer 55/5
 S.MPS/Nanomer 50/10
 S.MPS/Nanomer 40/20
 S.MPS/Nanomer 30/30

(a)

 

0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

50

D
C

(%
)

Time (s)

 S.MPS 60
 S.MPS/Nanomer 50/10
 S.MPS/CTAC 50/10
 S.MPS/S.CTAC 50/10

(b)

 
Figure 3. Plots of degree of conversion (DC%) versus time for dental nanocomposites containing: (a) 
different silica/clay nanoparticle ratios (up to 30/30 wt%); (b) diverse types of nanoclay at silica/clay 
nanoparticle ratio 50/10 wt%. 

3.4. Water Sorption and Solubility 
Water sorption of the composite resin materials constitutes a physicochemical pro-

cess of clinical importance due to its significant impact on strength and wear performance 
[48]. The weight values per volume unit of the obtained nanocomposites after aging in 
water for 7 days are listed in Table 3. Statistically significant differences (p < 0.05) between 
the seven studied groups are also included. Regarding the increasing nanoclay content in 
dental nanocomposite resins, it is shown that the sorption characteristics are influenced 
by the gradual addition of Nanomer ® I.34MN clay, reaching experimental values in the 
range of 28.48–44.97 µg/mm3. The composite reinforcement with clay nanofiller up to 20 

Figure 3. Plots of degree of conversion (DC%) versus time for dental nanocomposites containing:
(a) different silica/clay nanoparticle ratios (up to 30/30 wt%); (b) diverse types of nanoclay at
silica/clay nanoparticle ratio 50/10 wt%.

84



J. Funct. Biomater. 2023, 14, 405

Table 3. Curing kinetics data and polymerization shrinkage, solubility, and sorption values calcu-
lated for the synthesized dental nanocomposite resins. Different superscript indicates statistically
significant difference (p < 0.05).

Dental Nanocomposite Resin DC (%)
Mean (SD)

Strain (%)
Mean (Min, Max)

Sorption, Wsp (µg/mm3)
Mean (Min, Max)

Solubility, Wsl (µg/mm3)
Mean (Min, Max)

S.MPS 60 48.41 (1.94) 3.51 (3.31, 3.75) a 27.54 (24.82, 30.37) a,b,g 6.21 (4.77, 7.18) a,b

S.MPS/Nanomer 55/5 30.34 (2.73) 2.76 (2.52, 2.93) a 28.48 (26.84, 30.38) b,c 6.61 (6.12, 7.20) a,b

S.MPS/Nanomer 50/10 44.89 (0.90) 2.93 (2.43, 3.19) a 33.77 (31.16, 38.47) c,d,g 4.79 (4.59, 4.97) a,b

S.MPS/Nanomer 40/20 43.00 (1.72) 5.22 (4.20, 6.00) b 37.07 (30.38, 40.13) d,f 5.67 (2.55, 9.35) a,b

S.MPS/Nanomer 30/30 37.86 (1.51) 6.14 (5.09, 7.39) b 44.97 (41.83, 46.13) e,f 7.27 (5.48, 10.00) a

S.MPS/CTAC 50/10 32.28 (2.58) 3.68 (3.40, 3.92) a 41.12 (40.12, 41.81) f 5.72 (4.79, 7.05) a,b

S.MPS/S.CTAC 50/10 43.61 (1.31) 2.63 (2.50, 2.79) a 31.59 (30.41, 33.39) g 3.02 (1.62, 4.39) b

3.4. Water Sorption and Solubility

Water sorption of the composite resin materials constitutes a physicochemical process
of clinical importance due to its significant impact on strength and wear performance [48].
The weight values per volume unit of the obtained nanocomposites after aging in water for
7 days are listed in Table 3. Statistically significant differences (p < 0.05) between the seven
studied groups are also included. Regarding the increasing nanoclay content in dental
nanocomposite resins, it is shown that the sorption characteristics are influenced by the
gradual addition of Nanomer ® I.34MN clay, reaching experimental values in the range of
28.48–44.97 µg/mm3. The composite reinforcement with clay nanofiller up to 20 wt% yields
Wsl results that conform with the sorption requirements of ISO 4049 (<40 µg/mm3) [49].
Janda et al. highlighted the correlation between the filler loading of resin-based filling
materials and water sorption [50]. It seems that the hydrophilic nature of Nanomer®

I.34MN clay promotes the attraction of water molecules via hydrogen bonding as the clay
amount becomes larger. Consequently, the penetration of water proceeds intensively and,
hence, affects the sorption resistance of the highly reinforced nanocomposites. Moreover,
the S.MPS/S.CTAC 50/10 nanocomposite exhibited a remarkable resistance against water
sorption (31.59 µg/mm3) in comparison to the S.MPS/Nanomer (33.37 µg/mm3) and
S.MPS/CTAC (41.12 µg/mm3) counterparts. In that case, the surface silanized S.MMT-
CTAC clay could serve as a supplementary crosslinking agent that further enhances the
polymer network against the entry of water molecules.

The solubility of dental composite resins is closely related to the release of unre-
acted monomers from the polymer matrix to the aqueous environment during the aging
process conducted at 37 oC, which somehow simulates the oral conditions. All the solu-
bility data presented in Table 3 are in accordance with the solubility criteria of ISO 4049
(<7.5 µg/mm3) [49]. Statistically significant differences (p < 0.05) are also included in Ta-
ble 3. Indeed, the incorporation of 5 wt% Nanomer ® I.34MN clay does not vitally affect
the ability of the material to withstand the elution of the entrapped monomers from the
crosslinked polymer structure to the outer aqueous environment. It is worth pointing out
that the S.MPS/Nanomer 50/10 presented better resistance (4.79 µg/mm3) when com-
pared to the control sample S.MPS 60 (6.21 µg/mm3). Al-Shekhli et al. reported solubility
results for the commercial dental composite resins Premise, Herculite, and Supreme XT
(4.36, 4.02 and 4.02 µg/mm3) that are relatively close to that of S.MPS/Nanomer 50/10 [51].
The relatively high DC value found for the S.MPS/Nanomer 50/10 (44.89%) and the well-
dispersed intercalated clay platelets (Figures 1c and 2a) capable of acting as barriers against
the diffusion of the remaining monomers may account for the observed low solubility level.
Although the additional clay loading can render the nanocomposite more susceptible to
monomer release, the determined solubility values did not exceed the corresponding val-
ues of the control dental nanocomposite. S.MPS/CTAC 50/10 and S.MPS/S.CTAC 50/10
composites also mitigated the monomer migration to the aqueous medium, as revealed by
their measured solubilities (5.72 and 3.02 µg/mm3). In particular, both the DC found for
the S.MPS/S.CTAC dental nanocomposite resin (43.61%) and the sufficient dispersion of
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the silicate layers into the polymer network (Figure 1g) may account for the performance
mentioned above.

3.5. Polymerization Shrinkaze Kinetics

Figure 4 depicts the kinetics of polymerization shrinkage for the total of the synthe-
sized dental nanocomposite resins. In addition, Table 3 summarizes the strain values
(%) calculated for the studied materials, also involving statistically significant differences
(p < 0.05) between the seven studied groups. It is well accepted that light-cured composite
resins are challenged with dimensional alterations caused by polymerization reactions
of the organic monomers [52]. The process involves the conversion of van der Waals
interactions into covalent bonds, resulting in a decrease in free volume, internal stresses,
and, finally, in the formation of microleakage at the tooth restoration interface [33]. The
variations in the filler type may have a strong effect on the polymerization shrinkage–stress
kinetics of resin composites [53]. According to Figure 4, an abrupt increase in the strain
curves at the early stages of the setting procedure (<10 min curing) was recorded for all
studied materials, and this trend was more intense for S.MPS/Nanomer 30/30 (Figure 4a)
and S.MPS/CTAC 50/10 (Figure 4b). Regarding the Nanomer® I.34MN clay incorporation,
the lowest setting contraction was determined for the S.MPS/Nanomer 55/5 composite
(2.76%), followed by S.MPS/Nanomer 50/10 (2.93%), which are limited in comparison
to S.MPS 60 (3.51%). Organomodified clay nanoparticles are known to swell through
the insertion of the developed macromolecular chains between silicate lamellae, leading
to the increment in the internal free volume of the clay and eventually to the decrease
in the total strain of the nanocomposite [54,55]. However, the higher mass fractions of
clay at 20 and 30 wt% resulted in the ultimate strains of 5.22% and 6.14%, respectively.
The possible formation of inorganic agglomerates into the intercalated nanocomposite
structures, as previously supported by SEM and XRD results, might decrease the expan-
sion and free volume of Nanomer® I.34MN clay and subsequently the polymerization
shrinkage of the cured nanocomposite. Regarding the different type of clay at 10 wt%
content, the S.MPS/CTAC nanocomposite experienced larger setting contraction (3.68%)
than S.MPS/Nanomer, possibly due to the different degree of clay swelling effect. On the
contrary, the S.MPS/S.CTAC 50/10 composite displayed the highest dimensional stability
(2.63%), perhaps owing to the higher extension of clay platelet disorientation, as proved
by the lowest-intensity peak in the XRD diffractogram (Figure 2b). This configuration
could contribute to the increase in the free volume of S.MMT-CTAC clay and maintain the
nanocomposite’s polymerization shrinkage at a relatively low level.
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 Figure 4. Time dependence of polymerization shrinkage of the studied dental nanocomposites
reinforced with: (a) specific silica/clay nanoparticle ratios (up to 30/30 wt%); (b) several types of
nanoclays at silica/clay nanoparticle ratio 50/10 wt%.

3.6. Flexural Properties

The flexural modulus tendencies determined for dental nanocomposites containing
silica along with clay nanoparticles are presented in Figure 5, and the corresponding values
involving statistically significant differences (p < 0.05) are listed in Table 4. Regarding the
variation in clay loading (Figure 5a), it is clear that the displacement of the total content
of silica nanoparticles by 10 wt% nanoclay in the dental composite formulation can retain
the stiffness of the ultimate nanocomposite (2.61 GPa) at a similar level as the control
S.MPS 60 (2.69 GPa). These findings are very close to the elastic modulus assessed by
Atali et al. for the universal resin composites Omnichroma (2.87 GPa) and Admira Fusion
x-tra (2.33 GPa) [56]. Further incorporation of clay nanoparticles may lead to a stepwise
decrease in modulus up to 22%, corresponding to the elasticity attitude of S.MPS/Nanomer
30/30 (2.03 MPa), and the largest part of this descent (19%) is due to the transition from the
S.MPS/Nanomer 40/20 (2.50 GPa) to the S.MPS/Nanomer 30/30 nanocomposite. Though
there is information in the literature correlating the elastic modulus with the DC [57], the
aforementioned trend could be attributed to the decrease in DC values (Table 3) by clay
loading elevation from 10 to 30 wt%. In addition, the increase in sorption values implies
a possible plasticizing effect of water molecules during the aging of specimens, which
expands the macromolecular chains of the network, resulting in the observed flexural
modulus results. Figure 5b shows that at 10 wt% amount of nanoclay, the rigidity of dental
nanocomposite resin with Nanomer® I.34MN particles is at least 20–29% higher than the
corresponding resins with MMT-S.CTAC (2.10 GPa) and MMT-CTAC nanofillers (1.85 MPa).
The highest DC value determined for S.MPS/Nanomer 50/10 (44.89%) could justify the
improvement in the flexural modulus versus S.MPS/S.CTAC 50/10 and S.MPS/CTAC
50/10 composites. Despite the above differences, it was also found that the presence of
MMT-S.CTAC (10 wt%) can sustain the final stiffness of the nanocomposite between the
values achieved when the Nanomer® I.34MN was used at 20 and 30 wt% mass fractions.
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Figure 5. Flexural modulus of the synthesized dental nanocomposite resins nanofilled with silica
and: (a) Nanomer® I.34MN clay at different nanoclay loadings (5–30 wt%); (b) different organoclay
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Table 4. Mean values (SD) of flexural modulus and median values (interquartile range, IQR) of
strength as measured for the synthesized dental nanocomposite resins. Different superscript indicates
statistically significant difference (p < 0.05).

Dental Nanocomposite Resin Flexural Modulus (GPa)
Mean (SD)

Flexural Strength (MPa)
Median (IQR)

S.MPS 60 2.69 (0.43) a,c,d 39.75 (34.59, 56.09) a

S.MPS/Nanomer 55/5 1.71 (0.41) b,d 32.66 (32.17, 35.39) a,b

S.MPS/Nanomer 50/10 2.61 (0.46) c,d 41.04 (32.85, 46.37) a

S.MPS/Nanomer 40/20 2.50 (0.40) d 37.88 (33.91, 39.39) a

S.MPS/Nanomer 30/30 2.03 (0.38) b,c,d 32.57 (30.86, 36.10) a,b

S.MPS/CTAC 50/10 1.85 (0.46) b 33.22 (22.80, 37.97) a,b

S.MPS/S.CTAC 50/10 2.10 (0.50) a,b,c,d 22.46 (15.12, 28.85) b
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Figure 6 shows that the flexural strength is also vitally influenced by the incorporation
of the different amount and type of organoclay nanoparticles. The determined values for
each nanocomposite along with statistically significant differences (p < 0.05) are presented
in Table 4. The majority of the assessed strength values were found to be superior to that of
25 MPa for dental resin composites filled with 60 wt% S.MPS nanoparticles, as mentioned
by Rodriguez et al. [49]. Herein, the experimental procedure for the estimation of the
nanocomposites’ mechanical behavior involved 7 days of aging in aqueous medium, so as
to better simulate the oral conditions and intensify the penetration effectiveness of water
molecules within the polymer network. On the contrary, other studies applied shorter aging
time periods, thus presenting higher flexural strength values [28,58]. In particular, dental
nanocomposites filled with 10 wt% Nanomer® I.34MN clay (Figure 6a) exhibited almost the
same resistance against flexural stresses (41.04 MPa) when compared with the conventional
nanocomposite S.MPS 60 (39.75 MPa), followed by the slightly weaker S.MPS/Nanomer
40/20 (37.88 MPa), and, finally, the S.MPS/Nanomer 30/30 dental composite (32.57 MPa).
Moreover, the descending strength of S.MPS/Nanomer 55/5 (32.66 MPa) is similar to that
of S.MPS/Nanomer 30/30. The combination of SEM and XRD data could support the
latter mechanical position, as the presence of clay-clay agglomerates and silica-clay clusters
can result in irregular distribution of flexural stresses, thus accumulating them in limited
sites, which contributes to crack propagation (Figures 1 and 2). In terms of the different
types of nanoclay (Figure 6b), it seems that at relatively low clay loading levels (10 wt%),
the flexural strength level is better sustained for the S.MPS/CTAC 50/10 (33.32 MPa) in
comparison to the composite resin containing MMT-S.CTAC (22.46 MPa). Furthermore,
the S.MPS/Nanomer 50/10 dental nanocomposite resin exhibits a 23% and 82% improve-
ment in ultimate strength in relation to S.MPS/CTAC 50/10 and S.MPS/S.CTAC 50/10
nanocomposites. The extremely weaker resistance of the latter nanocomposite resin can be
explained by the filler aggregated units detected by the SEM technique (Figure 1).
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at 10 wt% concentration.

4. Conclusions

Herein, novel dental nanocomposite resins were synthesized by incorporating or-
ganically modified silica along with QA-clay nanoparticles at different clay loadings. It
was proved that both the different type and the amount of nanoclay might influence not
only the structural characteristics but also the physicochemical and mechanical properties
of the obtained nanocomposites, thus confirming the null hypothesis. More particularly,
SEM and XRD results showed the intercalation of macromolecular chains within clay gal-
leries, along with some areas characterized by silica-clay clusters over the nanocomposite
structures, when the amount of clay reached up to 30 wt%. The degree of conversion,
setting contraction, and sorption parameters of the obtained nanocomposite resins were
found to decrease by elevating the nanoclay concentration. In particular, the utilization
of 10 wt% Nanomer® I.34MN amplified the auto-acceleration effect within the 20–25 min
of setting reaction, also keeping the obtained final DC value at almost 45%. The afore-
mentioned mass fraction of clay also decreased the shrinkage strain (2.93%) and solubility
(4.79 µg/mm3), without affecting the flexural modulus (2.61 GPa) and ultimate strength
(41.04 MPa) of the dental nanocomposite resin. These findings are expected to provide sci-
entific information to the dental industry in terms of the correlations between the structural
configurations and the ultimate properties of modern dental nanocomposite resins based
on novel nanofiller systems. The awareness of the aforementioned results in combination
with a comprehensive future study evaluating dental nanocomposites’ antibacterial activity
could contribute to the integrated design of multifunctional dental restorative materials for
modern clinical applications.
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Tağtekin, D.; Türkmen, C. Assessment of Micro-Hardness, Degree of Conversion, and Flexural Strength for Single-Shade Universal
Resin Composites. Polymers 2022, 14, 4987. [CrossRef]

57. Ferracane, J.L.; Greener, E.H. The Effect of Resin Formulation on the Degree of Conversion and Mechanical Properties of Dental
Restorative Resins. J. Biomed. Mater. Res. 1986, 20, 121–131. [CrossRef]

58. Wilson, K.S.; Allen, A.J.; Washburn, N.R.; Antonucci, J.M. Interphase Effects in Dental Nanocomposites Investigated by Small-
Angle Neutron Scattering. J. Biomed. Mater. Res. Part A 2007, 81, 113–123. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

93



Citation: Hernández-Venegas, P.A.;

Martínez-Martínez, R.E.;

Zaragoza-Contreras, E.A.;

Domínguez-Pérez, R.A.;

Reyes-López, S.Y.;

Donohue-Cornejo, A.;

Cuevas-González, J.C.;

Molina-Frechero, N.;

Espinosa-Cristóbal, L.F. Bactericidal

Activity of Silver Nanoparticles on

Oral Biofilms Related to Patients with

and without Periodontal Disease. J.

Funct. Biomater. 2023, 14, 311.

https://doi.org/10.3390/

jfb14060311

Academic Editors: Lavinia Cosmina

Ardelean and Laura-Cristina Rusu

Received: 5 May 2023

Revised: 24 May 2023

Accepted: 30 May 2023

Published: 2 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

Bactericidal Activity of Silver Nanoparticles on Oral Biofilms
Related to Patients with and without Periodontal Disease
Perla Alejandra Hernández-Venegas 1, Rita Elizabeth Martínez-Martínez 2, Erasto Armando Zaragoza-Contreras 3,
Rubén Abraham Domínguez-Pérez 4, Simón Yobanny Reyes-López 5, Alejandro Donohue-Cornejo 6,
Juan Carlos Cuevas-González 6, Nelly Molina-Frechero 7 and León Francisco Espinosa-Cristóbal 6,*

1 Chemical Biological Department, Institute of Biomedical Sciences, Autonomous University of Juarez
City (UACJ), Envolvente del PRONAF and Estocolmo s/n, Ciudad Juárez 32310, Chihuahua, Mexico;
al136416@alumnos.uacj.mx

2 Master Program in Advanced Dentistry, Faculty of Dentistry, Autonomous University of San Luis Potosi,
Manuel Nava Avenue, Universitary Campus, San Luis Potosí 78290, San Luis Potosi, Mexico;
ritae_martinez@hotmail.com

3 Department of Engineering and Materials Chemistry, Centro de Investigación en Materiales Avanzados, S. C.,
Miguel de Cervantes No. 120, Chihuahua 31109, Chihuahua, Mexico; armando.zaragoza@cimav.edu.mx

4 Laboratory of Multidisciplinary Dental Research, Faculty of Medicine, Autonomous University of Queretaro,
Clavel Street, Prados de La Capilla, Santiago de Querétaro 76176, Queretaro, Mexico; dominguez.ra@uaq.mx

5 Institute of Biomedical Sciences, Autonomous University of Juarez City (UACJ), Envolvente del PRONAF and
Estocolmo s/n, Ciudad Juárez 32310, Chihuahua, Mexico; simon.reyes@uacj.mx

6 Master Program in Dental Sciences, Stomatology Department, Institute of Biomedical Sciences,
Autonomous University of Juarez City (UACJ), Envolvente del PRONAF and Estocolmo s/n,
Ciudad Juárez 32310, Chihuahua, Mexico; adonohue@uacj.mx (A.D.-C.); juan.cuevas@uacj.mx (J.C.C.-G.)

7 Division of Biological and Health Sciences, Autonomous Metropolitan University Xochimilco (UAM),
Mexico City 04960, Mexico; nmolinaf@hotmail.com

* Correspondence: leohamet@hotmail.com; Tel./Fax: +55-656-688-1823

Abstract: Background and Objectives: Periodontal disease (PD) is a multifactorial oral disease
regularly caused by bacterial biofilms. Silver nanoparticles (AgNP) have offered good antimicrobial
activity; moreover, there is no available scientific information related to their antimicrobial effects
in biofilms from patients with PD. This study reports the bactericidal activity of AgNP against oral
biofilms related to PD. Materials and Methods: AgNP of two average particle sizes were prepared
and characterized. Sixty biofilms were collected from patients with (30 subjects) and without PD
(30 subjects). Minimal inhibitory concentrations of AgNP were calculated and the distribution of
bacterial species was defined by polymerase chain reaction. Results: Well-dispersed sizes of AgNP
were obtained (5.4 ± 1.3 and 17.5± 3.4 nm) with an adequate electrical stability (−38.2 ± 5.8 and
−32.6 ± 5.4 mV, respectively). AgNP showed antimicrobial activities for all oral samples; however,
the smaller AgNP had significantly the most increased bactericidal effects (71.7 ± 39.1 µg/mL). The
most resistant bacteria were found in biofilms from PD subjects (p < 0.05). P. gingivalis, T. denticola,
and T. forsythia were present in all PD biofilms (100%). Conclusions: The AgNP showed efficient
bactericidal properties as an alternative therapy for the control or progression of PD.

Keywords: metal nanoparticles; silver; biofilms; periodontal diseases; anti-bacterial agents; humans

1. Introduction

Periodontal diseases (PD) are alterations that affect the supportive apparatus surround-
ing teeth, including gingival tissue, alveolar bone, periodontal ligament and cementum [1,2].
The PD involves inflammatory reactions induced basically by bacteria included in an oral
biofilm in the periodontium [3,4], which is still a severe oral problem globally [3,5]. The
initial stage of PD is called gingivitis, which is identified as an inflammation of the gingiva
by the accumulation of bacteria or debris in a biofilm, which is a reactive and reversible
condition [1,2]. However, periodontitis is presented in more severe stages of PD, which
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is a progressive periodontal condition, appearing as a chronic, destructive, irreversible
inflammatory state [1,2,6]. The oral biofilm constituted by periodontal pathogens has been
widely studied, determining that the interaction of specific species into the biofilm, the
host response, and the development of PD, basically periodontitis, is a challenge [4,7]. The
dysbiosis of the microbiota could alter bacterial ecology, facilitating the host’s inflammatory
and immune response, ending in tissue destruction [8]. Among the bacteria that have been
more directly involved in the pathogenesis of PD are Actinobacillus actinomycetemcomitans
(A. actinomycetemcomitans), Porphyromonas gingivalis (P. gingivalis), Prevotella intermedia (P. in-
termedia), Bacteroides forsythus (B. forsythus), and Treponema denticola (T. denticola). Other
bacterial species such as Prevotella nigrescens (P. nigrescens), Campylobacter rectus (C. rec-
tus), Peptostreptococcus micros (P. micros), Eikenella corroden (E. corroden), and Fusobacterium
nucleatum (F. nucleatum) have a less relevant role, although they have occasionally been
related to some forms of PD [4,7]. Particularly, the more prevalent bacteria in healthy oral
biofilms could be mentioned, i.e., the Gram-positive bacteria such as Streptococcus sangui-
nis (S. sanguinis), Streptococcus oralis (S. oralis), Streptococcus intermedius (S. intermedius),
Streptococcus gordonii (S. gordonii), Peptostreptococcus micros (P. micros), Gemella morbillorum
(G. morbillorum), and others. In contrast, the Gram-negative bacteria more frequently found
are Veillonella parvula, V. atypica, Capnocytophaga ochracea, and others [4,7,9,10]. In periodon-
tal disease biofilms, the microorganisms more frequently distributed in gingivitis belong
to Gram-negative bacteria such as Prevotella spp., Selenomonas spp., and Fusobacterium
nucleatum ss. polymorphum, among others. For a more severe conditions of PD, such as
periodontitis, the main bacteria are classically described in the red-complex triad, including
Gram-negative bacteria such as T. denticola, P. gingivalis, and T. forsythia [4,7,10,11].

The main treatments of PD are the control of bacterial growth immersed into the oral
biofilm, divided into mechanical and chemical procedures [12]. The mechanical treatments
of supra and subgingival biofilms are based on the control of bacterial growth prolifera-
tion, using mechanical instruments such as daily oral hygiene habits (cleaning devices,
toothbrushes, dental floss, dental toothpicks, and others) [13,14] and specific professional
therapeutics (surgical and non-surgical mechanical debridement) [12,15]. In the case of
chemical therapeutics, some antimicrobial solutions have been demonstrated to help the
action of mechanical procedures, permitting more effective antimicrobial controls against
periodontopathogenic species [12]. The most common antimicrobial agents used for peri-
odontal treatments are present in toothpaste and mouthwashes, which are accompanied,
after mechanical debridement, by particular concentrations of the agent, according to the
periodontal diagnosis and treatment [12,14]. Chlorhexidine gluconate (CHX) is the gold
standard antimicrobial solution in the PD treatment used after surgical and non-surgical
periodontal procedures, inhibiting bacterial proliferation consistently in the supra and sub-
gingival dental sites during long-term periods, even in low contents [12,16,17]. Moreover,
the solution of CHX has shown several adverse effects related to the pigmentation of hard
dental tissues and tongue, mucosal irritation, taste disturbances, numbness and pain in
mouth and tongue, xerostomia, and calculus, to name a few [18–20].

Even though CHX has been the best antimicrobial agent for treating PD, other al-
ternatives have been studied. Some works have reported that antibiotics systemically
administrated, such as amoxicillin/clavulanic acid, clindamycin, metronidazole, and the
combination therapy metronidazole/amoxicillin, have demonstrated positive responses
against various periodontal bacteria associated with destructive PD [21,22]. However, at
the same time, the increase in antimicrobial resistance is a significant limitation in long-term
administration [22,23], including periodontal microbial affections [24]. In this sense, it is
necessary to explore new and more effective antimicrobial agents [25–27] with properties
that improve periodontal therapy through bacterial growth inhibition and the reduction of
antibiotic resistance. The literature has recommended the use of silver nanoparticles (AgNP)
for the control of bacterial proliferation, due to their excellent bacteriostatic and bactericidal
properties in many microbial species, including oral microorganisms [28–33]. A signifi-
cant number of researchers report the evaluation of the bactericidal effect of the AgNP
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against specific bacterial species using standard bacterial stocks provided by Microbial
Type Culture Collection (MTCC) [34] or American Type Culture Collections (ATCC) [35,36]
catalogs. Therefore, there are limited investigations that have determined the antimicrobial
activity of AgNP using exclusively clinical bacterial oral biofilms, focused specifically on
individual periodontal pathogens [34,37–39]. The purpose of this study was to evaluate
the antimicrobial activity of AgNP against several oral biofilms isolated from patients with
and without PD and to explore the associations of the antimicrobial activity of AgNP with
the sociodemographic and clinical characteristics of the subjects under study. The results of
this study will contribute both to a better understanding and the safe use of these metallic
nanomaterials as an alternative approach for the prevention and control of PD.

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNO3, CTR Scientific, Monterrey, Nuevo León, Mexico), gallic acid
(C7H6O5, Sigma Aldrich, Saint Louis, MO, USA), sodium hydroxide (NaOH, Jalmek Scien-
tific, San Nicolás de los Garza, Mexico), ammonia hydroxide (NH4OH, Jalmek Scientific),
Müller-Hinton broth (MH, BD™ Difco™, Rockville, MD, USA), 2.0% chlorhexidine glu-
conate (Consepsis, Ultradent Products Inc, South Jordan, UT, USA), were used and stored
according to manufacturer’s recommendations.

2.2. Preparation and Characterization of AgNP

AgNP of two average particle sizes were prepared using the synthesis method pre-
viously reported [40]. First, 0.169 g of silver nitrate (AgNO3, CTR Scientific, Monterrey,
Mexico), as a precursor agent, was dissolved in 100 mL of deionized water with magnetic
stirring. Afterward, 10 mL of deionized water with 0.1 g of gallic acid (C7H6O5, Sigma
Aldrich, St. Louis, MI, USA), used as a reducing agent, was immediately added to the
first solution. Finally, the pH was adjusted to 11 with a 1 M solution of sodium hydroxide
(NaOH, Jalmek Scientific, San Nicolás de los Garza, Mexico) for the particle size stabiliza-
tion. For the second particle size, 10 mL of deionized water with 0.5 g of gallic acid was
incorporated into AgNO3 solution, prepared as mentioned above, adjusting the pH to
11 using a solution of ammonium hydroxide (NH4OH, Jalmek Scientific, San Nicolás de
los Garza, Mexico) under magnetic stirring. Both solutions were stirred for 10 min under
laboratory conditions. The characterization of the two samples of AgNP was carried out by
dynamic light scattering (DLS) for the determination of average particle size and particle
size distribution. The zeta potential of particles was analyzed using a nanoparticle analyzer
(DLS, Nanoparticle Analyzer, Nano Partica SZ-100 series, HORIBA Scientific Ltd., Irvine,
CA, USA), while transmission electron microscopy (TEM, Phillips CM-200) was used for
the determination of particle shape using a voltage accelerating of 25 kV.

2.3. Patient Recruitment

A consecutive nonprobabilistic sampling was carried out to select patients from the
Dental Admission Clinic belonging to the Stomatology Department at the Autonomous
University of Ciudad Juárez (UACJ), Mexico. All recruited patients voluntarily signed an
informed consent before taking the clinical samples regarding the ethical guidelines of the
Helsinki Declaration (2008). The study was approved by the Biomedical Sciences Institute
Research Committee (ICB), UACJ (project ID RIPI2019ICB5). The study involved 60 subjects
between 30 to 50 years old, who were divided into two groups: (a) 30 subjects with PD and
(b) 30 subjects without PD (healthy). The presence of PD was defined by evident partial
or total gingival inflammation, with induced or spontaneous blood bleeding, up to the
presence of apical migration of the periodontal attachment tissue in at least one single tooth
during the oral examination. Clinical intern experts of the Dental Social Services of the
Dentistry program at ICB-UACJ diagnosed the PD.
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2.4. Sampling of Oral Biofilms

The oral biofilms were collected from subgingival and supragingival oral sites from
the teeth of patients with or without PD, using a sterile wooden toothpick to create a
mechanical scraping in the interproximal, vestibular, lingual, or palatal surface in a single
direction. The toothpicks with the biofilm samples were immediately placed in a tube
containing 5 mL of Müller–Hinton broth (MH, BD™ Difco™, Rockville, MD, USA), and
incubated for anaerobic bacteria at 37 ◦C for 24 h.

2.5. Initial Bacterial Growth and Standard Microbial Suspension

The initial bacterial growth was measured using the optical density (OD) for each oral
biofilm before antimicrobial activity tests. Once microbiological samples were incubated,
100 µL of each bacterial sample were added to 3 mL of phosphate buffer solution (PBS).
The absorbance level was analyzed using a spectrophotometer (Eppendorf, BioPhotometer
Plus, München, Germany) at a wavelength of 550 nm by triplicate. Then, the concentration
of microbial samples was standardized at 1.3 × 108 colony-forming units per milliliter
(CFU/mL), obtained when the bacterial suspensions reached an absorption of 0.126 at
550 nm of wavelength, according to the McFarland scale. Finally, all bacterial suspensions
were diluted with PBS and homogenized in a concentration of 1.3 × 106 CFU/mL, which
was used for all microbiological tests.

2.6. Antimicrobial Test

The antimicrobial assay was carried out according to the method previously re-
ported [41]. The minimal inhibitory concentration (MIC) of AgNP, through microdilution
plates with 96 wells, was used to determine the antimicrobial activity. From the second
column to the twelfth, 100 µL of MH broth was placed in each well. After that, 200 mL of
each antimicrobial solution was placed in the first column. Then, serial dilutions in a 1:1
proportion were made up to column eleven. Thus, 100 µL of the standardized bacterial
suspensions (1.3 × 106 CFU/mL) were added to all wells. Finally, each plate was incubated
in anaerobic conditions for 24 h at 37 ◦C. The MIC values were identified in the last well
with no bacterial growth determined by visual and stereomicroscopic comparisons using
turbidity parameters. This procedure was carried out for each oral biofilm related to PD
and healthy (no PD) subjects in triplicate. Columns one and twelve were assigned as
positive (no bacterial growth) and negative (bacterial growth) controls, respectively. The
CHX solutions were identified as a gold antimicrobial standard reference.

2.7. Identification of Bacteria by Polymerase Chain Reaction (PCR)

Six samples of oral biofilms from patients with and without PD were randomly selected
to identify periodontal bacteria using a polymerase chain reaction (PCR) assay. The presence
of P. gingivalis, T. forsythia, T. denticola, P. intermedia, F. nucleatum, and A. actinomycetemcomitans
was determined according to previously reported methods [42,43]. Specific primers for
the detection of periodontal bacterial species were used according to previous methods by
Tran and Rudney [44], Stubbs et al. [45], Watanabe and Frommel [46], Ashimoto et al. [47],
and Poulsen et al. [48]. Positive and negative controls were included in each PCR set. All
PCR products were submitted to electrophoresis in 2% agarose gels, stained with ethidium
bromide, and analyzed under UV light (E-Gel Imager System with UV Base, Thermo Fisher
Scientific, Life Technologies, Waltham, MA, USA).

2.8. Statistical Analysis

The general distribution of patients with and without PD, according to gender and
bacterial identifications by PCR, was expressed in frequencies and percentages. The homo-
geneity of the study groups was examined using Pearson´s chi-square test. The values of
age from patients, OD of initial bacterial growth, and MIC values from the antimicrobial
activity of treatments were presented in means and standard deviations. The normality
of variables was analyzed using the Shapiro–Wilks test. The independent comparisons
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according to treatments, gender, and type of oral biofilm were calculated using the Mann–
Whitney U statistical test for nonparametric variables. In addition, Spearman´s rho analysis
was used to identify correlations of age among OD, and MIC values from patients with
and without PD. All statistical analyses were performed using IBM-SPSS software (SPSS,
version 25, Chicago, CA, USA) considering statistical significance when p < 0.05.

3. Results
3.1. Characterization of AgNP

Table 1 reports the physical characteristics of AgNP determined by DLS and TEM. In
the DLS analysis, single peaks and well-defined sizes were determined from the two col-
loidal solutions of AgNP (5.4± 1.3 and 17.5± 3.4 nm), which indicates that both samples of
Ag had a narrow and uniform particle size distribution (Figure 1b,d), identifying spherical
shapes for smaller and larger Ag particles, respectively (Figure 1a,c). The zeta potential
results showed negative electrical charge values for smaller and larger sizes, with different
electrical intensities that suggest good electrical stability (−38.2 ± 5.8 and −32.6 ± 5.4 mV,
respectively), preventing particle agglomeration. These results support that the particles of
both families have adequate size distribution and good superficial electrical properties.

Table 1. Physical characteristics of AgNP families.

AgNP DLS (nm) Shape Concentration
(µg/mL)

Zeta Potential
(mV)

5.4 nm 5.4 ± 1.3 Spherical 1070 −38.2 ± 5.8
17.5 nm 17.5± 3.4 Spherical 1070 −32.6 ± 5.4

DLS = dynamic light scattering. DLS and zeta potential results are expressed in mean, standard, and zeta deviation,
respectively.
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3.2. Distribution of Patients

Table 2 shows the general distribution of patients in the two study groups. In general, the
subjects included in the PD and healthy groups were young adult patients. The subjects with
PD (39± 6.9 years old), including women (37± 7.7 years old) and men (40.5± 5.8 years old),
were older compared to the total of healthy patients (28 ± 8.9 years old) and both genders
(28.3 ± 9.4 and 27.5 ± 8.6 years old, respectively); however, no statistical differences were
identified (p > 0.05). Additionally, the subjects included in the PD and healthy groups had
similar distribution (47% for women and 53% for men), determining no significant differences
between both groups according to gender (p > 0.05). Those results suggest that the age and
gender of patients had a similar distribution in the PD and healthy groups.

Table 2. General sociodemographic distribution of study groups.

Periodontal Disease
n = 30 Subjects (%)

Control (Healthy)
n = 30 Subjects (%)

Age (years old) 39 ± 6.9 28 ± 8.9
Women 37 ± 7.7 28.3 ± 9.4

Men 40.5 ± 5.8 27.5 ± 8.6
Gender
Women 14 (47) 14 (47)

Men 16 (53) 16 (53)
Values from age are expressed in mean and standard deviation. There were no statistical differences between
periodontal disease and healthy patients according to age and gender (p > 0.05).

3.3. Bacterial Growth of Biofilms

Figure 2 illustrates the initial bacterial growth for each biofilm sample. As noted,
the oral biofilms from men and women subjects with PD showed statistically increased
bacterial growth compared to healthy patients (Figure 2a,d). Therefore, the biofilms from
women and men patients had similar bacterial growth activity, with no statistical differences
(Figure 2b,c). These results indicate that the bacterial growth capacity of microorganisms
included in the oral biofilms is associated with the presence of PD.
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3.4. Antimicrobial Activity of AgNP

Figures 3 and 4 show the antimicrobial activity of AgNP in oral biofilms of periodontal
disease and healthy patients. As seen, smaller (5.4 nm) and larger (17.5 nm) AgNP, as well as
CHX, had good bacterial inhibition activity for all oral biofilms from PD and healthy subjects
(Figures 3 and 4). The smaller AgNP showed significantly better antimicrobial activity
(71.7 ± 39.1 µg/mL) compared to larger particles (146.9 ± 67.3 µg/mL). However, the CHX
had the highest bacterial inhibition of dental biofilms (Figure 3a), even for oral biofilms from
PD and healthy subjects (Figure 3d). Moreover, the microorganisms involved in periodontal
disease samples demonstrated, statistically, more resistance activity (141.0 ± 69.9 µg/mL)
compared to non-PD biofilms (77.7± 65.5 µg/mL) for any antimicrobial solution (Figure 3c),
including CHX (Figure 3b). These results suggest that both families of AgNP had good
antibacterial activity in all samples of oral biofilms from patients with and without PD,
associating this activity with the particle size and the type of oral biofilm.

Figure 5 shows the antimicrobial activity of AgNP in oral biofilms from patients with
and without PD according to gender. Women showed a tendency to higher resistance
to any AgNP sample or CHX solution compared to men; consequently, no significant
differences were determined (Figure 5a,b). On the other hand, the oral biofilms from
periodontal disease patients and smaller AgNP (5.4 nm) demonstrated, statistically, that
for both genders, there was more increased bactericidal activity than biofilms from healthy
patients and larger Ag particles, respectively (Figure 5c,d). For all cases, the CHX solution
had the best antimicrobial effects (Figure 5d). These results illustrate that gender is not
associated with the antimicrobial effect of AgNP, acting similarly for oral biofilm from
women and men patients.

The Spearman correlation results of OD and MIC, according to age from oral biofilms
of patients with and without PD, are summarized in Table 3. In general, positive correlations
were identified at the initial growth of biofilms (rho = 0.501), smaller (rho = 0.223), and
larger (rho = 0.223) Ag particles for both groups (periodontal disease and healthy samples).
Thus, the initial bacterial growth demonstrated only a significant correlation among the age
of patients (p < 0.05). Furthermore, specific positive correlations were determined at the
initial growth of oral biofilms from periodontal disease (rho = 0.179) and non-periodontal
(rho = 0.087) disease patients, identifying no significant correlations (p > 0.05). Although
PD biofilms showed positive correlations for smaller (rho = 0.021) and larger (rho = 0.122)
AgNP, negative correlations for healthy biofilm samples were also determined for both
particle families (rho = −0.248 and −0.042, respectively); however, no statistical correlations
were found for any particle sample (p > 0.05). These results suggest that the initial bacterial
growth capacity of both oral biofilms increases gradually with age (p < 0.05), demonstrating
a particularly high tendency for periodontal disease biofilms. On the other hand, the
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concentration of AgNP for both particle sizes acts similarly at any age. However, the PD
biofilms had a trend to need higher contents of AgNP according to age, while biofilms from
patients with no PD showed an opposite tendency, requiring gradually lower concentrations
of nanoparticles with respect to age.
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Table 3. Spearman’s rho correlation of OD and MIC, according to age from periodontal disease and
healthy patients.

Variable Periodontal Disease
(r) p-Value Healthy

(r) p-Value Total
(r) p-Value

OD 0.179 0.345 0.087 0.647 0.501 0.000 **
AgNP 5.4 nm 0.021 0.914 −0.248 0.186 0.223 0.087

AgNP 17.5 nm 0.122 0.521 −0.042 0.825 0.223 0.074

** indicate significant correlations (p < 0.01).

3.5. Distribution of Periodontal Bacteria by PCR Assay

Periodontal bacteria profiles, identified by PCR, are shown in Table 4. As observed, the
distribution of the population was represented by young adult patients with ages from 31 to
35 years old (32.5 ± 1.6 years old), in which females were more frequent (66.7%) compared
to male subjects (33.3%). The identification of periodontal bacteria was represented mainly
by P. intermedia (100%) and F. nucleatum (100%), followed by P. gingivalis (83.3%), T. denticola
(83.3%), T. forsythia (66.7%) and, finally, A. actinomycetemcomitans (16.7%). Notably, the
P. gingivalis, T. denticola, and T. forsythia strains were present in all oral biofilms from subjects
with PD (100%). In contrast, the patients with no PD had less frequency of these bacteria in
the biofilms (66.7, 66.7, and 33.3%, respectively). The A. actinomycetemcomitans was only
present in one oral biofilm from subjects with PD (33.3%).
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Table 4. Periodontal bacterial profiles detected by PCR.

Groups No Periodontal Disease Periodontal Disease

Subjects 1 2 3 4 5 6

Age (years) 32 31 34 32 35 31
Gender F M F F M F

Bacterial strains
P.gingivalis + − + + + +
T. forsythia − − + + + +
T. denticola + − + + + +

P. intermedia + + + + + +
F. nucleatum + + + + + +

A. actinomycetemcomitans − − − − − +
PCR: polymerase chain reaction. Gender is expressed in female (F) and male (M); + indicates the presence of
bacteria; − indicates the absence of bacteria.

4. Discussion

This study identified that the AgNP significantly inhibits the bacterial growth of oral
biofilms related to PD and healthy patients. The particle size and specific oral biofilms were
associated with intervening in the antimicrobial activity of AgNP. Although gender tended
to offer more bacterial resistance to both AgNP families and CHX solution, particularly for
women, no significant associations were found. Additionally, significant correlations were
located for the initial bacterial growth activity for PD and healthy oral biofilms, indicating
that the growth of microorganisms involved for each biofilm was directly proportional
to the age of the subjects. Although there was a tendency for PD biofilms to increase
their antimicrobial resistance to both AgNP samples, no significant correlations were
determined, suggesting that smaller and larger AgNP had statistically similar bacterial
inhibition capacities for any age. To the best of our knowledge, this is the first study that
evaluated the antimicrobial activity of two sizes of AgNP against representative oral biofilm
samples taken from patients with and without active PD. Those results offer more precise
and reliable information about the bactericidal effects of AgNP and oral biofilms obtained
directly from patients, where complex microbiological interactions in different bacterial
species with particular metabolic and microbiological characteristics were involved.

Various studies have reported synthesis methods for the preparation of AgNP using
similar characteristics to this work, obtaining almost similar sizes and shapes of AgNP [31,41].
In this study, the synthesis of the AgNP included silver nitrate as a precursor and gallic acid
as a reducing and stabilizing agent, which promoted the oxidation reaction of the phenol
groups, facilitating the reduction of the silver ions [49]. The reaction was carried out at
pH 10 for 17.5 nm and at pH 11 for 5.4 nm. At these pHs, the reaction is very fast and
allows spherical morphology [31,50]. In the synthesis of the larger AgNPs, ammonium
hydroxide caused faster reaction kinetics, having a promotion of hydrolysis, favoring the
formation of particles of larger size [51] with more stable sizes [50,52]. As for 5.4 nm AgNP,
the addition of sodium hydroxide promoted a sudden temperature gradient that resulted in
rapid nucleation, thus inhibiting the growth of the particles [53,54] and limiting the particle
agglomeration associated with the electrical charge [41,55]. Despite those reports, some
variations might occur during the synthesis process. The results from this study showed that
smaller and larger AgNP had narrow sizes with low standard deviations, which suggests
adequate reproducibility of the synthesis technique for both particle sizes. Additionally, it
is known that specific intervals of electrical charge particle surface of AgNP (from +31 to
−30 mV) and high pH (>7) promote better conditions in colloid Ag dispersions to prevent
particle agglomeration [30,56–58]. The zeta potential values support adequate electrical
charges on the particle surface, facilitating the monodispersing and preventing particle
agglomeration due to well-defined and distributed electrical surface energies on the Ag
particles (−38.2 ± 5.8 mV for smaller and −32.6 ± 5.4 mV for larger particles). Results from
the physical characterization of the particles indicate the improvement of the bactericidal
activity of both AgNP samples, maintaining a colloid with more monodisperse particle
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dispersion, increasing the surface area and contact, limiting the agglomeration activity,
resulting in more efficient bacterial inhibition behaviors against the oral biofilms [56,58].

The literature reports that the AgNP showed significantly higher bacteriostatic and bac-
tericidal effects against five oral pathogenic microorganisms (S. mutans, S. oralis, L. acidophilus,
L. fermentum, and C. albicans) compared to CHX, at less than five-fold concentration [34].
Additionally, another work reported that the AgNP had effective antibacterial activity
against different microbial strains, including P. gingivalis and Enterococcus faecalis, which are
bacterial species that have been strongly associated with PD and drug-resistant endodontic
infectious, respectively [37]. Other works used various types of AgNP to evaluate the
antimicrobial effect, using glutathione-stabilized AgNP [38] and AgNPs synthesized with
Ocimum Sanctum leaf extract [59] against different oral pathogens associated with dental
caries (S. mutans) and PD (F. nucleatum), particularly periodontitis (P. gingivalis, P. inter-
media, and A. actinomycetemcomitens). It was determined that those AgNP exerted strong
antibacterial functions in a concentration-dependent manner on the different microbial
strains, suggesting the application of these nanomaterials for antibacterial treatments for
the prevention of dental caries, periodontal conditions, or any other dental application
related to oral biofilms [38,59]. A more recent study evaluated the antimicrobial and
anti-inflammatory responses of polymeric PVA/chitosan thin films, containing AgNP and
ibuprofen for the treatment of PD against Gram-positive (Staphylococcus aureus, ATCC
25, 923) and negative (Pseudomonas aeruginosa ATCC 27, 853; Klebsiella pneumoniae ATCC
BAA-1705; and P. gingivalis ATCC 33, 377) bacteria. This resulted in biocomposite films with
good bactericidal and biocompatible properties in representative oral pathogens, including
microbial strains associated with PD (P. gingivalis) [39]. Our results agree with those previ-
ously reported, suggesting the great bactericidal effectiveness of AgNP against all bacterial
biofilms from patients with periodontal and non-PD, determining better antimicrobial
activities for smaller AgNP (Figure 3a,d) with significant microbial resistance to AgNP
from microorganisms included in oral biofilms of patients with PD biofilms (Figure 3b,c).
The evaluation of initial bacterial growth was made to determine the bacterial growth
rate before the antimicrobial assay and defined differences in proliferation speed between
different types of biofilms. This exploration determined differences among metabolic
characteristics from various biofilms. We used multispecies cell suspensions initially from
clinical oral biofilms, in which the presence of particular microbial species was confirmed
by the PCR assay. Although the results from correlations indicated that the microorganisms
included particularly in PD biofilms had more predispositions to accelerate the initial bacte-
rial growth and, although no significant correlations were identified among AgNP samples,
a strong tendency to resist the antimicrobial activity of the nanoparticles was determined
(Table 3). The difference in the inhibitory effect between both sizes of AgNP was possibly
due to their physical characteristics, which are observed in Table 1 and Figure 1. These
findings suggest that the inhibitory effect of AgNP is inversely proportional to the size
of the nanoparticle, with relevant participation of the PD biofilms to create more difficult
conditions to facilitate the adequate bactericidal activities of AgNP.

Additionally, the female gender plays an important role in limiting the antimicrobial
action of these nanostructured materials. In this sense, the small size of the AgNP can
probably increase the ratio between the surface area and the volume in a very important
way, which leads to significant modifications in their physical, chemical, and biological
properties, including potentiated bacterial inhibitory effects [60,61]. The fact that the
inhibitory effect with both sizes of AgNP was lower in dental plaque samples from patients
with PD is possibly due to the bacterial species present in dental plaque. In the etiology of
PD, there is not a single bacterial species involved. Rather, it is considered a polymicrobial
infection, in which various microorganisms are involved, either in combination in the same
period or in a sequential way [4,62,63]. Some investigations support the existence of the
microbiota resistant to conventional antimicrobials in the dental plaque of patients with
PD [64,65]. This capacity of the bacteria could explain the decrease in the inhibitory effect
of AgNP mainly in biofilms associated with PD bacteria.
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It is well known that in oral biofilms from patients without PD, a lower bacterial
number exists than PD in subgingival biofilms, due to the control of bacterial growth and
waste sub-products derived from metabolic activities in oral biofilms during regular oral
hygiene habits [4,7,10]. Some authors have previously reported that in the oral dental
plaque in patients with PD, the number of bacteria is greater [66]. This indicates that
the first microbial colonizers adhere to the acquired film by specific molecules called
adhesins, which are present on the bacterial surface [67]. Through the proliferation of
attached species, the colonization and growth of other bacteria can also occur. In this
microbiological succession, there is a transition from an aerobic environment, characterized
by facultative microorganisms, to an anaerobic one, due to the consumption of oxygen by
those first colonizers that favors the predominance of anaerobic microorganisms [66,67].
This information suggests that the antimicrobial resistance of oral biofilms from subjects
with PD conditions are strongly associated with the specific distribution and type of
microbial species in the oral biofilms, which is, at the same time, related to the oral hygiene
habits of each patient and not only to the physical and chemical properties of AgNP.

On the other hand, immunological investigations have also reported that the innate
immune response is more regulated in women than men, which limits the presence and
progression of PD by the control of the growth of bacterial pathogens [68]. Additionally,
the presence of estrogens (female hormone related to the reproductive system) increases
gamma interferon (INF-γ) production, which represents an important role in the develop-
ment of PD, principally periodontitis [69], suggesting an association with bone resorption.
However, authors have also reported opposite approaches through in vitro and in vivo
studies about sexual dimorphisms in oral bacterial infectious related to alveolar bone
loss, resulting in increased inflammatory responses in males, which might create better
biochemical conditions for the presence of more severe PD stages in comparison to fe-
males [70]. Although the relationship between gender and PD is not still clear, some studies
have revealed interesting predispositions, according to gender, to increase the presence
and severity of PD, including more antimicrobial resistance to certain microbial agents.
Consequently, such specific hormonal factors, identified exclusively in women subjects,
could alter the immune response in the PD, leading to the homeostasis loss from peri-
odontal tissues and facilitating the development of gingivitis and periodontitis [71,72].
Results from this research regarding the characteristics of female patients show that there
is a need for a greater concentration of AgNP and CHX treatments compared to males
and, although no significant differences were found according to gender, an interesting
tendency among females to be more resistant to all antimicrobial agents was identified.
A possible explanation is that the concentrations of AgNP and CHX solutions needed to
generate antimicrobial activity in women patients were greater than in men due to certain
physiological and metabolic stages that can alter the hormonal conditions exclusively for
women, such as puberty, menstrual cycle, pregnancy, menopause, postmenopause, and
the use of contraceptive agents, promoting the modification of the immune response to
periodontal disease, which leads to the homeostasis loss of periodontium tissue, facilitating
the development of gingivitis and periodontitis [72–74].

The action mechanism of AgNP is still a controversial issue, but it is suggested that
AgNP might gradually release silver ions that inhibit the production of adenosine triphos-
phate (ATP) and deoxyribonucleic acid (DNA) replication, which are fundamental elements
for cell survival, but at the same time, promote the production of reactive oxygen species
(ROS) and, subsequently, cell death [75–77]. This effect could be explained because silver ions
have a strong affinity for the electron-donating groups present in various bacterial cells that
contain sulfur, oxygen, or nitrogen [78], facilitating internalized particles into the bacterium
due to their narrow size [79–81]. Then, AgNP releases silver ions and simultaneously joins
to sulfhydryl groups of biomolecules and with phosphorosulfur compounds such as DNA,
inactivating and altering the bacteria and cytoplasm leading to cell death [75–77]. In this
sense, the action mechanism of AgNP might synergistically involve particular physical and
chemical conditions such as silver release, chemical affinity with the cell wall, shape, size,
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electrical charge on the surface, concentration, distribution, and others [75,81,82]. Yet, specific
microbiological and sociodemographic characteristics related to biofilms and patients such as
type of oral infectious disease, particular microbial species, drug-resistance bacteria, type of
cell wall, gender, oral hygiene habits, systemic disease, genetic, age, as well as immunological
and metabolic conditions, among others, may be factors as well [41,73,83,84].

Additionally, the potential damage offered by nanomaterials, exclusively AgNP, to
organs and systems of the body has been considered to promote the safe use of these metallic
nanomaterials in biomedical uses. Studies have reported that AgNP can be distributed
to specific organs according to a wide variety of routes, including inhalation, ingestion,
skin contact, subcutaneous, or intravenous injection [85]. These routes will determine
the specific organs where the AgNP will penetrate and accumulate. The absorbed AgNP
are distributed in various organs and tissues such as the spleen, liver, stomach, lung,
heart, brain, small intestine, and muscles, even in teeth and bones [86,87]; promoting
cytotoxicity in dermal, ocular, respiratory, hepatobiliary, neural, or reproductive systems,
limiting the application of these nanomaterials [86–88]. In addition, experiments have
revealed that cytotoxicity is related to the chemical transformation of AgNP into silver ions
(Ag+), facilitating the induction of cellular biochemical changes [89]. On the other hand,
investigations have reported that AgNP could play an important anti-inflammatory role to
reduce wound inflammation, modulation of fibrogenic and proinflammatory cytokines,
and apoptosis in inflammatory cells [90]. Moreover, various studies have determined that
in specific conditions, AgNP did not produce significant hepatoxicity or immunotoxicity
during in vivo studies with rats [87,91]. Additionally, an in vivo human oral time-exposure
study reported that the commercial nanoscale silver particle solutions administrated to
humans did not promote clinically important changes in the metabolic, hematologic, urine,
or physical findings [92]. This means that it is very necessary to investigate the toxicity
mechanisms of AgNP to elucidate the potential cytotoxicity, long-term adverse effects,
routes of administration, doses, and other physical and biochemical properties to determine
a well-defined and safe therapeutic with AgNP.

Although this study determined that AgNP exerts an inhibitory effect on oral biofilms
in patients with PD, it is necessary to identify more realistic conditions from antimicrobial
evaluations in future investigations, thus determining the antimicrobial particularities of
AgNP among specific and well-controlled bacterial distributions from oral biofilms. This
perspective will permit us to understand the relationship between the antimicrobial effects
of AgNP related to particular microbiological conditions of biofilms, as well as to clinical
and sociodemographic conditions from sampled patients such as oral or systemic disease,
medical conditions, oral hygiene or eating habits, pharmacological treatment, race, genetics,
gender, age, or any other particular conditions derived from patients. This will undoubtedly
generate a better understanding, allowing for the recommendation of the safe use of AgNP
as a potential antimicrobial alternative to control the presence and severity of PD in humans.

5. Conclusions

AgNP exerted a statistically significant growth inhibitory effect against clinically
isolated oral biofilms from patients with and without PD. The primary antimicrobial
associations of AgNP were determined according to particle size from AgNP and type of
oral biofilm, determining a higher inhibitory effect for the smaller particles, while the most
resistant antimicrobial activity was presented for microorganisms involved in PD biofilms.
On the other hand, although no significant differences among the antimicrobial activity of
AgNP were defined according to gender, an interesting tendency was shown for female
subjects, having the predisposition to demonstrate a more resistant bactericidal activity
to AgNP compared to males. Additionally, significant correlations were found among
the initial bacterial growth, in particular, a trend for the PD group to increase the growth
capacity, while the antimicrobial activity of both AgNP samples acted similarly in any age
for any oral biofilm. Despite the fact that AgNP showed latent antimicrobial properties
suggesting its potential for application as a complementary therapy for the prevention and
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control of PD, new investigations on AgNP using novel methodological approaches with
more clinical and sociodemographic information from clinical oral biofilms, as well as other
oral biofilms related to infectious diseases in the oral cavity, are strongly recommended.

Author Contributions: P.A.H.-V. and L.F.E.-C., conceptualization, methodological design, sample
collection, interpretation of data, and writing of the protocol and manuscript. L.F.E.-C., R.E.M.-M.,
S.Y.R.-L., E.A.Z.-C. and A.D.-C. supervised the workflow and reviewed the paper. R.A.D.-P. and
N.M.-F. participated in the concept design and reviewed the paper. J.C.C.-G. and A.D.-C. participated
in the statistical analysis and reviewed the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Council of Science and Technology (Fondo
Mixto-CONACYT Gobierno del Estado de Chihuahua 2018-02), grant number CHIH-2018-02-01-1167
and the Stomatology Department at the Autonomous University of Ciudad Juarez (UACJ), grant
number RIPI2019ICB5 and RIPI2022ICB10.

Data Availability Statement: All data obtained from this study can be found in the research archives
of the Master’s Program in Dental Sciences of the Autonomous University of Ciudad Juarez and can
be requested through the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Chapple, I.L.C.; Mealey, B.L.; Van Dyke, T.E.; Bartold, P.M.; Dommisch, H.; Eickholz, P.; Geisinger, M.L.; Genco, R.J.; Glogauer, M.;

Goldstein, M.; et al. Periodontal Health and Gingival Diseases and Conditions on an Intact and a Reduced Periodontium:
Consensus Report of Workgroup 1 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases
and Conditions. J. Periodontol. 2018, 89 (Suppl. S1), S74–S84. [CrossRef]

2. Gasner, N.; Schure, R. Periodontal Disease—StatPearls—NCBI Bookshelf. Available online: https://www.ncbi.nlm.nih.gov/
books/NBK554590/ (accessed on 19 May 2023).

3. Bárcena García, M.; Cobo Plana, J.M.; Arcos González, P.I. Prevalence and Severity of Periodontal Disease among Spanish Military
Personnel. BMJ Mil. Health 2022, 168, 132–135. [CrossRef]

4. Curtis, M.A.; Diaz, P.I.; Van Dyke, T.E. The Role of the Microbiota in Periodontal Disease. Periodontol. 2000 2020, 83, 14–25.
[CrossRef] [PubMed]

5. Mills, A.; Levin, L. Inequities in Periodontal Disease Prevalence, Prevention, and Management. Quintessence Int. 2022, 53, 122–132.
[CrossRef] [PubMed]

6. Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, P.M.; Chen, S.; Cochran, D.; Derks, J.; Figuero, E.; et al.
Peri-Implant Diseases and Conditions: Consensus Report of Workgroup 4 of the 2017 World Workshop on the Classification of
Periodontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45 (Suppl. S2), S286–S291. [CrossRef]

7. Abusleme, L.; Dupuy, A.K.; Dutzan, N.; Silva, N.; Burleson, J.A.; Strausbaugh, L.D.; Gamonal, J.; Diaz, P.I. The Subgingival Microbiome
in Health and Periodontitis and Its Relationship with Community Biomass and Inflammation. ISME J. 2013, 7, 1016–1025. [CrossRef]

8. Marsh, P.D. Microbial Ecology of Dental Plaque and Its Significance in Health and Disease. Adv. Dent. Res. 1994, 8, 263–271.
[CrossRef] [PubMed]

9. Moore, W.E.C.; Moore, L.V.H. The Bacteria of Periodontal Diseases. Periodontol. 2000 1994, 5, 66–77. [CrossRef]
10. Hong, B.-Y.; Furtado Araujo, M.V.; Strausbaugh, L.D.; Terzi, E.; Ioannidou, E.; Diaz, P.I. Microbiome Profiles in Periodontitis in

Relation to Host and Disease Characteristics. PLoS ONE 2015, 10, e0127077. [CrossRef]
11. Socransky, S.S.; Haffajee, A.D. Periodontal Microbial Ecology. Periodontol. 2000 2005, 38, 135–187. [CrossRef]
12. Chackartchi, T.; Hamzani, Y.; Shapira, L.; Polak, D. Effect of Subgingival Mechanical Debridement and Local Delivery of

Chlorhexidine Gluconate Chip or Minocycline Hydrochloride Microspheres in Patients Enrolled in Supportive Periodontal
Therapy: A Retrospective Analysis. Oral Health Prev. Dent. 2019, 17, 167–171. [CrossRef] [PubMed]

13. Poklepovic, T.; Worthington, H.V.; Johnson, T.M.; Sambunjak, D.; Imai, P.; Clarkson, J.E.; Tugwell, P. Interdental Brushing for the
Prevention and Control of Periodontal Diseases and Dental Caries in Adults. Cochrane Database Syst. Rev. 2013, 2013, CD009857.
[CrossRef] [PubMed]

14. Sälzer, S.; Graetz, C.; Dörfer, C.E.; Slot, D.E.; Van der Weijden, F.A. Contemporary Practices for Mechanical Oral Hygiene to
Prevent Periodontal Disease. Periodontol. 2000 2020, 84, 35–44. [CrossRef]

15. Worthington, H.V.; MacDonald, L.; Poklepovic Pericic, T.; Sambunjak, D.; Johnson, T.M.; Imai, P.; Clarkson, J.E. Home Use of
Interdental Cleaning Devices, in Addition to Toothbrushing, for Preventing and Controlling Periodontal Diseases and Dental
Caries. Cochrane Database Syst. Rev. 2019, 4, CD012018. [CrossRef]

107



J. Funct. Biomater. 2023, 14, 311

16. Chandra, S.S.; Miglani, R.; Srinivasan, M.R.; Indira, R. Antifungal Efficacy of 5.25% Sodium Hypochlorite, 2% Chlorhexidine
Gluconate, and 17% EDTA With and Without an Antifungal Agent. J. Endod. 2010, 36, 675–678. [CrossRef] [PubMed]

17. Solderer, A.; Kaufmann, M.; Hofer, D.; Wiedemeier, D.; Attin, T.; Schmidlin, P.R. Efficacy of Chlorhexidine Rinses after Periodontal
or Implant Surgery: A Systematic Review. Clin. Oral Investig. 2019, 23, 21–32. [CrossRef]

18. Haydari, M.; Bardakci, A.G.; Koldsland, O.C.; Aass, A.M.; Sandvik, L.; Preus, H.R. Comparing the Effect of 0.06% -, 0.12% and
0.2% Chlorhexidine on Plaque, Bleeding and Side Effects in an Experimental Gingivitis Model: A Parallel Group, Double Masked
Randomized Clinical Trial. BMC Oral Health 2017, 17, 118. [CrossRef]

19. Brookes, Z.L.S.; Bescos, R.; Belfield, L.A.; Ali, K.; Roberts, A. Current Uses of Chlorhexidine for Management of Oral Disease: A
Narrative Review. J. Dent. 2020, 103, 103497. [CrossRef]

20. Poppolo Deus, F.; Ouanounou, A. Chlorhexidine in Dentistry: Pharmacology, Uses, and Adverse Effects. Int. Dent. J. 2022, 72, 269–277.
[CrossRef]

21. Feres, M.; Figueiredo, L.C.; Soares, G.M.S.; Faveri, M. Systemic Antibiotics in the Treatment of Periodontitis. Periodontol. 2000
2015, 67, 131–186. [CrossRef]

22. Walker, C.; Karpinia, K. Rationale for Use of Antibiotics in Periodontics. J. Periodontol. 2002, 73, 1188–1196. [CrossRef]
23. Blair, F.M.; Chapple, I.L.C. Prescribing for Periodontal Disease. Prim. Dent. J. 2014, 3, 38–43. [CrossRef]
24. Rams, T.E.; Degener, J.E.; van Winkelhoff, A.J. Antibiotic Resistance in Human Chronic Periodontitis Microbiota. J. Periodontol.

2014, 85, 160–169. [CrossRef] [PubMed]
25. Gowda, B.H.J.; Ahmed, M.G.; Chinnam, S.; Paul, K.; Ashrafuzzaman, M.; Chavali, M.; Gahtori, R.; Pandit, S.; Kesari, K.K.;

Gupta, P.K. Current Trends in Bio-Waste Mediated Metal/Metal Oxide Nanoparticles for Drug Delivery. J. Drug Deliv. Sci. Technol.
2022, 71, 103305. [CrossRef]

26. Nizami, M.Z.I.; Xu, V.W.; Yin, I.X.; Yu, O.Y.; Chu, C.-H. Metal and Metal Oxide Nanoparticles in Caries Prevention: A Review.
Nanomaterials 2021, 11, 3446. [CrossRef] [PubMed]

27. Ahmed, O.; Sibuyi, N.R.S.; Fadaka, A.O.; Madiehe, M.A.; Maboza, E.; Meyer, M.; Geerts, G. Plant Extract-Synthesized Silver
Nanoparticles for Application in Dental Therapy. Pharmaceutics 2022, 14, 380. [CrossRef]

28. Wan, C.; Jiao, Y.; Sun, Q.; Li, J. Preparation, Characterization, and Antibacterial Properties of Silver Nanoparticles Embedded into
Cellulose Aerogels. Polym. Compos. 2016, 37, 1137–1142. [CrossRef]

29. de Almeida, J.; Cechella, B.; Bernardi, A.; de Lima Pimenta, A.; Felippe, W. Effectiveness of Nanoparticles Solutions and
Conventional Endodontic Irrigants against Enterococcus Faecalis Biofilm. Indian J. Dent. Res. 2018, 29, 347. [CrossRef]

30. Vanitha, G.; Rajavel, K.; Boopathy, G.; Veeravazhuthi, V.; Neelamegam, P. Physiochemical Charge Stabilization of Silver
Nanoparticles and Its Antibacterial Applications. Chem. Phys. Lett. 2017, 669, 71–79. [CrossRef]

31. Hernández-Sierra, J.F.; Ruiz, F.; Cruz Pena, D.C.; Martínez-Gutiérrez, F.; Martínez, A.E.; de Jesús Pozos Guillén, A.; Tapia-Pérez,
H.; Martínez Castañón, G. The Antimicrobial Sensitivity of Streptococcus Mutans to Nanoparticles of Silver, Zinc Oxide, and
Gold. Nanomed. Nanotechnol. Biol. Med. 2008, 4, 237–240. [CrossRef]

32. Espinosa-Cristóbal, L.F.; Martínez-Castañón, G.A.; Martínez-Martínez, R.E.; Loyola-Rodríguez, J.P.; Patiño-Marín, N.; Reyes-Macías,
J.F.; Ruiz, F. Antibacterial Effect of Silver Nanoparticles against Streptococcus Mutans. Mater. Lett. 2009, 63, 2603–2606. [CrossRef]

33. May, A.; Kopecki, Z.; Carney, B.; Cowin, A. Practical Extended Use of Antimicrobial Silver (PExUS). ANZ J. Surg. 2022, 92, 1199–1205.
[CrossRef]

34. Panpaliya, N.P.; Dahake, P.T.; Kale, Y.J.; Dadpe, M.V.; Kendre, S.B.; Siddiqi, A.G.; Maggavi, U.R. In Vitro Evaluation of
Antimicrobial Property of Silver Nanoparticles and Chlorhexidine against Five Different Oral Pathogenic Bacteria. Saudi Dent. J.
2019, 31, 76–83. [CrossRef]

35. Yin, I.X.; Yu, O.Y.; Zhao, I.S.; Mei, M.L.; Li, Q.-L.; Tang, J.; Chu, C.-H. Developing Biocompatible Silver Nanoparticles Using
Epigallocatechin Gallate for Dental Use. Arch. Oral Biol. 2019, 102, 106–112. [CrossRef]

36. Lu, Z.; Rong, K.; Li, J.; Yang, H.; Chen, R. Size-Dependent Antibacterial Activities of Silver Nanoparticles against Oral Anaerobic
Pathogenic Bacteria. J. Mater. Sci. Mater. Med. 2013, 24, 1465–1471. [CrossRef] [PubMed]

37. Halkai, K.; Halkai, R.; Mudda, J.; Shivanna, V.; Rathod, V. Antibiofilm Efficacy of Biosynthesized Silver Nanoparticles against
Endodontic-Periodontal Pathogens: An in Vitro Study. J. Conserv. Dent. 2018, 21, 662. [CrossRef] [PubMed]

38. Zorraquín-Peña, I.; Cueva, C.; González de Llano, D.; Bartolomé, B.; Moreno-Arribas, M.V. Glutathione-Stabilized Silver
Nanoparticles: Antibacterial Activity against Periodontal Bacteria, and Cytotoxicity and Inflammatory Response in Oral Cells.
Biomedicines 2020, 8, 375. [CrossRef]

39. Constantin, M.; Lupei, M.; Bucatariu, S.-M.; Pelin, I.M.; Doroftei, F.; Ichim, D.L.; Daraba, O.M.; Fundueanu, G. PVA/Chitosan Thin
Films Containing Silver Nanoparticles and Ibuprofen for the Treatment of Periodontal Disease. Polymers 2022, 15, 4. [CrossRef]
[PubMed]

40. Espinosa-Cristóbal, L.F.; López-Ruiz, N.; Cabada-Tarín, D.; Reyes-López, S.Y.; Zaragoza-Contreras, A.; Constandse-Cortéz, D.;
Donohué-Cornejo, A.; Tovar-Carrillo, K.; Cuevas-González, J.C.; Kobayashi, T. Antiadherence and Antimicrobial Properties of
Silver Nanoparticles against Streptococcus Mutans on Brackets and Wires Used for Orthodontic Treatments. J. Nanomater. 2018,
2018, 9248527. [CrossRef]

41. Jiménez-Ramírez, A.J.; Martínez-Martínez, R.E.; Ayala-Herrera, J.L.; Zaragoza-Contreras, E.A.; Domínguez-Pérez, R.A.; Reyes-López,
S.Y.; Donohue-Cornejo, A.; Cuevas-González, J.C.; Silva-Benítez, E.L.; Espinosa-Cristóbal, L.F. Antimicrobial Activity of Silver
Nanoparticles against Clinical Biofilms from Patients with and without Dental Caries. J. Nanomater. 2021, 2021, 5587455. [CrossRef]

108



J. Funct. Biomater. 2023, 14, 311

42. Martinez-Martinez, R.E.; Abud-Mendoza, C.; Patiño-Marin, N.; Rizo-Rodríguez, J.C.; Little, J.W.; Loyola-Rodríguez, J.P. Detection
of Periodontal Bacterial DNA in Serum and Synovial Fluid in Refractory Rheumatoid Arthritis Patients. J. Clin. Periodontol. 2009,
36, 1004–1010. [CrossRef] [PubMed]

43. Martínez-Martínez, R.E.; Moreno-Castillo, D.F.; Loyola-Rodríguez, J.P.; Sánchez-Medrano, A.G.; Miguel-Hernández, J.H.S.;
Olvera-Delgado, J.H.; Domínguez-Pérez, R.A. Association between Periodontitis, Periodontopathogens and Preterm Birth: Is It
Real? Arch. Gynecol. Obstet. 2016, 294, 47–54. [CrossRef]

44. Tran, S.D.; Rudney, J.D. Multiplex PCR Using Conserved and Species-Specific 16S RRNA Gene Primers for Simultaneous Detection
of Actinobacillus Actinomycetemcomitans and Porphyromonas Gingivalis. J. Clin. Microbiol. 1996, 34, 2674–2678. [CrossRef]

45. Stubbs, S.; Park, S.F.; Bishop, P.A.; Lewis, M.A.O. Direct Detection of Prevotella Intermedia and P. Nigrescens in Suppurative Oral
Infection by Amplification of 16S RRNA Gene. J. Med. Microbiol. 1999, 48, 1017–1022. [CrossRef]

46. Watanabe, K.; Frommel, T.O. Porphyromonas Gingivalis, Actinobacillus Actinomycetemcomitans and Treponema Denticola
Detection in Oral Plaque Samples Using the Polymerase Chain Reaction. J. Clin. Periodontol. 1996, 23, 212–219. [CrossRef] [PubMed]

47. Ashimoto, A.; Chen, C.; Bakker, I.; Slots, J. Polymerase Chain Reaction Detection of 8 Putative Periodontal Pathogens in
Subgingival Plaque of Gingivitis and Advanced Periodontitis Lesions. Oral Microbiol. Immunol. 1996, 11, 266–273. [CrossRef]

48. Poulsen, K.; Ennibi, O.-K.; Haubek, D. Improved PCR for Detection of the Highly Leukotoxic JP2 Clone of Actinobacillus
Actinomycetemcomitans in Subgingival Plaque Samples. J. Clin. Microbiol. 2003, 41, 4829–4832. [CrossRef]

49. Wang, W.; Chen, Q.; Jiang, C.; Yang, D.; Liu, X.; Xu, S. One-Step Synthesis of Biocompatible Gold Nanoparticles Using Gallic Acid
in the Presence of Poly-(N-Vinyl-2-Pyrrolidone). Colloids Surf. A Physicochem. Eng. Asp. 2007, 301, 73–79. [CrossRef]

50. Martínez-Castañón, G.A.; Niño-Martínez, N.; Martínez-Gutierrez, F.; Martínez-Mendoza, J.R.; Ruiz, F. Synthesis and Antibacterial
Activity of Silver Nanoparticles with Different Sizes. J. Nanopart. Res. 2008, 10, 1343–1348. [CrossRef]

51. Huong, P.T.L.; Van Son, T.; Phan, V.N.; Tam, L.T.; Le, A.-T. Microstructure and Chemo-Physical Characterizations of Func-
tional Graphene Oxide-Iron Oxide-Silver Ternary Nanocomposite Synthesized by One-Pot Hydrothermal Method. J. Nanosci.
Nanotechnol. 2018, 18, 5591–5599. [CrossRef]

52. Rodríguez-González, B.; Sánchez-Iglesias, A.; Giersig, M.; Liz-Marzán, L.M. AuAg Bimetallic Nanoparticles: Formation, Silica-
Coating and Selective Etching. Faraday Discuss. 2004, 125, 133–144. [CrossRef]

53. Lee, H.K.; Talib, Z.A.; Mamat @ Mat Nazira, M.S.; Wang, E.; Lim, H.N.; Mahdi, M.A.; Ng, E.K.; Yusoff, N.M.; AL-Jumaili, B.E.;
Liew, J.Y.C. Effect of Sodium Hydroxide Concentration in Synthesizing Zinc Selenide/Graphene Oxide Composite via Microwave-
Assisted Hydrothermal Method. Materials 2019, 12, 2295. [CrossRef] [PubMed]

54. Abdel-Halim, E.S.; Al-Deyab, S.S. Antimicrobial Activity of Silver/Starch/Polyacrylamide Nanocomposite. Int. J. Biol. Macromol.
2014, 68, 33–38. [CrossRef] [PubMed]

55. Espinosa-Cristóbal, L.F.; Martínez-Castañón, G.A.; Loyola-Rodríguez, J.P.; Niño-Martínez, N.; Ruiz, F.; Zavala-Alonso, N.V.;
Lara, R.H.; Reyes-López, S.Y. Bovine Serum Albumin and Chitosan Coated Silver Nanoparticles and Its Antimicrobial Activity
against Oral and Nonoral Bacteria. J. Nanomater. 2015, 2015, 420853. [CrossRef]

56. Tuan, T.Q.; Van Son, N.; Dung, H.T.K.; Luong, N.H.; Thuy, B.T.; Van Anh, N.T.; Hoa, N.D.; Hai, N.H. Preparation and Properties of
Silver Nanoparticles Loaded in Activated Carbon for Biological and Environmental Applications. J. Hazard. Mater. 2011, 192, 1321–1329.
[CrossRef] [PubMed]

57. Kaler, A.; Jain, S.; Banerjee, U.C. Green and Rapid Synthesis of Anticancerous Silver Nanoparticles by Saccharomyces Boulardii
and Insight into Mechanism of Nanoparticle Synthesis. BioMed Res. Int. 2013, 2013, 872940. [CrossRef]

58. Prema, P.; Veeramanikandan, V.; Rameshkumar, K.; Gatasheh, M.K.; Hatamleh, A.A.; Balasubramani, R.; Balaji, P. Statistical
Optimization of Silver Nanoparticle Synthesis by Green Tea Extract and Its Efficacy on Colorimetric Detection of Mercury from
Industrial Waste Water. Environ. Res. 2022, 204, 111915. [CrossRef]

59. Sirisha, P.; Gayathri, G.; Dhoom, S.; Amulya, K. Antimicrobial Effect of Silver Nanoparticles Synthesised with Ocimum Sanctum
Leaf Extract on Periodontal Pathogens. J. Oral Health Dent. Sci. 2017, 1, 106.

60. Feng, Q.L.; Wu, J.; Chen, G.Q.; Cui, F.Z.; Kim, T.N.; Kim, J.O. A Mechanistic Study of the Antibacterial Effect of Silver Ions
OnEscherichia Coli AndStaphylococcus Aureus. J. Biomed. Mater. Res. 2000, 52, 662–668. [CrossRef]

61. Qing, Y.; Cheng, L.; Li, R.; Liu, G.; Zhang, Y.; Tang, X.; Wang, J.; Liu, H.; Qin, Y. Potential Antibacterial Mechanism of Silver
Nanoparticles and the Optimization of Orthopedic Implants by Advanced Modification Technologies. Int. J. Nanomed. 2018, 13,
3311–3327. [CrossRef]

62. Dewhirst, F.E.; Chen, T.; Izard, J.; Paster, B.J.; Tanner, A.C.R.; Yu, W.-H.; Lakshmanan, A.; Wade, W.G. The Human Oral
Microbiome. J. Bacteriol. 2010, 192, 5002–5017. [CrossRef]

63. Arweiler, N.B.; Netuschil, L. The Oral Microbiota. Adv. Exp. Med. Biol. 2016, 902, 45–60. [CrossRef]
64. Soares, G.M.S.; Figueiredo, L.C.; Faveri, M.; Cortelli, S.C.; Duarte, P.M.; Feres, M. Mechanisms of Action of Systemic Antibiotics Used

in Periodontal Treatment and Mechanisms of Bacterial Resistance to These Drugs. J. Appl. Oral Sci. 2012, 20, 295–309. [CrossRef]
65. Rams, T.E.; Feik, D.; Mortensen, J.E.; Degener, J.E.; van Winkelhoff, A.J. Antibiotic Susceptibility of Periodontal Enterococcus

Faecalis. J. Periodontol. 2013, 84, 1026–1033. [CrossRef] [PubMed]
66. Zijnge, V.; van Leeuwen, M.B.M.; Degener, J.E.; Abbas, F.; Thurnheer, T.; Gmür, R.; Harmsen, H.J.M. Oral Biofilm Architecture on

Natural Teeth. PLoS ONE 2010, 5, e9321. [CrossRef]
67. Zarco, M.F.; Vess, T.J.; Ginsburg, G.S. The Oral Microbiome in Health and Disease and the Potential Impact on Personalized

Dental Medicine. Oral Dis. 2012, 18, 109–120. [CrossRef] [PubMed]

109



J. Funct. Biomater. 2023, 14, 311

68. Ghazeeri, G.; Abdullah, L.; Abbas, O. Immunological Differences in Women Compared with Men: Overview and Contributing
Factors. Am. J. Reprod. Immunol. 2011, 66, 163–169. [CrossRef]

69. Nakaya, M.; Tachibana, H.; Yamada, K. Effect of Estrogens on the Interferon-Gamma Producing Cell Population of Mouse
Splenocytes. Biosci. Biotechnol. Biochem. 2006, 70, 47–53. [CrossRef]

70. Valerio, M.S.; Basilakos, D.S.; Kirkpatrick, J.E.; Chavez, M.; Hathaway-Schrader, J.; Herbert, B.A.; Kirkwood, K.L. Sex-Based
Differential Regulation of Bacterial-Induced Bone Resorption. J. Periodontal Res. 2017, 52, 377–387. [CrossRef]

71. Bhardwaj, A.; Bhardwaj, S. Effect of Menopause on Women′s Periodontium. J. Midlife Health 2012, 3, 5. [CrossRef] [PubMed]
72. Machtei, E.E.; Mahler, D.; Sanduri, H.; Peled, M. The Effect of Menstrual Cycle on Periodontal Health. J. Periodontol. 2004, 75, 408–412.

[CrossRef] [PubMed]
73. Lipsky, M.S.; Su, S.; Crespo, C.J.; Hung, M. Men and Oral Health: A Review of Sex and Gender Differences. Am. J. Mens. Health

2021, 15, 155798832110163. [CrossRef] [PubMed]
74. Krejci, C.B.; Bissada, N.F. Women’s Health Issues and Their Relationship to Periodontitis. J. Am. Dent. Assoc. 2002, 133, 323–329.

[CrossRef] [PubMed]
75. Yin, I.X.; Zhang, J.; Zhao, I.S.; Mei, M.L.; Li, Q.; Chu, C.H. The Antibacterial Mechanism of Silver Nanoparticles and Its Application

in Dentistry. Int. J. Nanomed. 2020, 15, 2555–2562. [CrossRef]
76. Lee, W.; Kim, K.-J.; Lee, D.G. A Novel Mechanism for the Antibacterial Effect of Silver Nanoparticles on Escherichia Coli.

BioMetals 2014, 27, 1191–1201. [CrossRef]
77. Qin, G.; Tang, S.; Li, S.; Lu, H.; Wang, Y.; Zhao, P.; Li, B.; Zhang, J.; Peng, L. Toxicological Evaluation of Silver Nanoparticles and

Silver Nitrate in Rats Following 28 Days of Repeated Oral Exposure. Environ. Toxicol. 2017, 32, 609–618. [CrossRef]
78. Venugopal, A.; Muthuchamy, N.; Tejani, H.; Gopalan, A.-I.; Lee, K.-P.; Lee, H.-J.; Kyung, H.M. Incorporation of Silver Nanoparti-

cles on the Surface of Orthodontic Microimplants to Achieve Antimicrobial Properties. Korean J. Orthod. 2017, 47, 3. [CrossRef]
79. Sweet, M.J.; Chessher, A.; Singleton, I. Review: Metal-Based Nanoparticles; Size, Function, and Areas for Advancement in Applied

Microbiology. In Advances in Applied Microbiology; Academic Press: Cambridge, MA, USA, 2012; pp. 113–142. ISBN 9780123943811.
80. Durán, N.; Marcato, P.D.; Durán, M.; Yadav, A.; Gade, A.; Rai, M. Mechanistic Aspects in the Biogenic Synthesis of Extracellular

Metal Nanoparticles by Peptides, Bacteria, Fungi, and Plants. Appl. Microbiol. Biotechnol. 2011, 90, 1609–1624. [CrossRef]
81. Prabhu, S.; Poulose, E.K. Silver Nanoparticles: Mechanism of Antimicrobial Action, Synthesis, Medical Applications, and Toxicity

Effects. Int. Nano Lett. 2012, 2, 32. [CrossRef]
82. Kailasa, S.K.; Park, T.-J.; Rohit, J.V.; Koduru, J.R. Antimicrobial Activity of Silver Nanoparticles. In Nanoparticles in Pharmacotherapy;

Elsevier: Amsterdam, The Netherlands, 2019; ISBN 9780128165041.
83. Loyola-Rodriguez, J.P.; Ponce-Diaz, M.E.; Loyola-Leyva, A.; Garcia-Cortes, J.O.; Medina-Solis, C.E.; Contreras-Ramire, A.A.;

Serena-Gomez, E. Determination and Identification of Antibiotic-Resistant Oral Streptococci Isolated from Active Dental Infections
in Adults. Acta Odontol. Scand. 2018, 76, 229–235. [CrossRef]

84. Espinosa-Cristóbal, L.F.; Holguín-Meráz, C.; Zaragoza-Contreras, E.A.; Martínez-Martínez, R.E.; Donohue-Cornejo, A.; Loyola-
Rodríguez, J.P.; Cuevas-González, J.C.; Reyes-López, S.Y. Antimicrobial and Substantivity Properties of Silver Nanoparticles
against Oral Microbiomes Clinically Isolated from Young and Young-Adult Patients. J. Nanomater. 2019, 2019, 3205971. [CrossRef]

85. Xu, L.; Wang, Y.-Y.; Huang, J.; Chen, C.-Y.; Wang, Z.-X.; Xie, H. Silver Nanoparticles: Synthesis, Medical Applications and
Biosafety. Theranostics 2020, 10, 8996–9031. [CrossRef]

86. Dos Santos, C.A.; Seckler, M.M.; Ingle, A.P.; Gupta, I.; Galdiero, S.; Galdiero, M.; Gade, A.; Rai, M. Silver Nanoparticles:
Therapeutical Uses, Toxicity, and Safety Issues. J. Pharm. Sci. 2014, 103, 1931–1944. [CrossRef]

87. Espinosa-Cristobal, L.F.; Martinez-Castañon, G.A.; Loyola-Rodriguez, J.P.; Patiño-Marin, N.; Reyes-Macías, J.F.; Vargas-Morales, J.M.;
Ruiz, F. Toxicity, Distribution, and Accumulation of Silver Nanoparticles in Wistar Rats. J. Nanopart. Res. 2013, 15, 1702. [CrossRef]

88. Ferdous, Z.; Nemmar, A. Health Impact of Silver Nanoparticles: A Review of the Biodistribution and Toxicity Following Various
Routes of Exposure. Int. J. Mol. Sci. 2020, 21, 2375. [CrossRef] [PubMed]

89. Wang, L.; Zhang, T.; Li, P.; Huang, W.; Tang, J.; Wang, P.; Liu, J.; Yuan, Q.; Bai, R.; Li, B.; et al. Use of Synchrotron Radiation-Analytical
Techniques To Reveal Chemical Origin of Silver-Nanoparticle Cytotoxicity. ACS Nano 2015, 9, 6532–6547. [CrossRef] [PubMed]

90. Hebeish, A.; El-Rafie, M.H.; EL-Sheikh, M.A.; Seleem, A.A.; El-Naggar, M.E. Antimicrobial Wound Dressing and Anti-
Inflammatory Efficacy of Silver Nanoparticles. Int. J. Biol. Macromol. 2014, 65, 509–515. [CrossRef] [PubMed]

91. van der Zande, M.; Vandebriel, R.J.; Van Doren, E.; Kramer, E.; Herrera Rivera, Z.; Serrano-Rojero, C.S.; Gremmer, E.R.; Mast, J.;
Peters, R.J.B.; Hollman, P.C.H.; et al. Distribution, Elimination, and Toxicity of Silver Nanoparticles and Silver Ions in Rats after
28-Day Oral Exposure. ACS Nano 2012, 6, 7427–7442. [CrossRef] [PubMed]

92. Munger, M.A.; Radwanski, P.; Hadlock, G.C.; Stoddard, G.; Shaaban, A.; Falconer, J.; Grainger, D.W.; Deering-Rice, C.E. In Vivo
Human Time-Exposure Study of Orally Dosed Commercial Silver Nanoparticles. Nanomedicine 2014, 10, 1–9. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

110



Citation: Paradowska-Stolarz, A.;

Wezgowiec, J.; Malysa, A.;

Wieckiewicz, M. Effects of Polishing

and Artificial Aging on Mechanical

Properties of Dental LT Clear® Resin.

J. Funct. Biomater. 2023, 14, 295.

https://doi.org/10.3390/

jfb14060295

Academic Editors: Lavinia

Cosmina Ardelean and

Laura-Cristina Rusu

Received: 1 May 2023

Revised: 22 May 2023

Accepted: 23 May 2023

Published: 25 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

Effects of Polishing and Artificial Aging on Mechanical
Properties of Dental LT Clear® Resin
Anna Paradowska-Stolarz 1,*, Joanna Wezgowiec 2, Andrzej Malysa 2 and Mieszko Wieckiewicz 2,*

1 Division of Dentofacial Anomalies, Department of Maxillofacial Orthopedics and Orthodontics,
Wroclaw Medical University, 50-425 Wroclaw, Poland

2 Department of Experimental Dentistry, Wroclaw Medical University, 50-425 Wroclaw, Poland;
joanna.wezgowiec@umw.edu.pl (J.W.); andrzej.malysa@umw.edu.pl (A.M.)

* Correspondence: anna.paradowska-stolarz@umw.edu.pl (A.P.-S.); m.wieckiewicz@onet.pl (M.W.)

Abstract: Three-dimensional printing has become incorporated into various aspects of everyday life,
including dentistry. Novel materials are being introduced rapidly. One such material is Dental LT
Clear by Formlabs, a resin used for manufacturing occlusal splints, aligners, and orthodontic retainers.
In this study, a total of 240 specimens, comprising two shapes (dumbbell and rectangular), were
evaluated through compression and tensile tests. The compression tests revealed that the specimens
were neither polished nor aged. However, after polishing, the compression modulus values decreased
significantly. Specifically, the unpolished and nonaged specimens measured 0.87 ± 0.02, whereas the
polished group measured 0.086 ± 0.03. The results were significantly affected by artificial aging. The
polished group measured 0.73 ± 0.05, while the unpolished group measured 0.73 ± 0.03. In contrast,
the tensile test proved that the specimens showed the highest resistance when the polishing was
applied. The artificial aging influenced the tensile test and reduced the force needed to damage the
specimens. The tensile modulus had the highest value when polishing was applied (3.00 ± 0.11). The
conclusions drawn from these findings are as follows: 1. Polishing does not change the properties
of the examined resin. 2. Artificial aging reduces resistance in both compression and tensile tests.
3. Polishing reduces the damage to the specimens in the aging process.

Keywords: 3D print; resin; dental LT clear; polishing; artificial aging; compression; tensile modulus

1. Introduction

Three-dimensional (3D) printing is becoming one of the most popular methods for
fabricating customized dental elements in contemporary dentistry. It is widely employed for
various applications, including dental restorations, personalized orthodontic and prosthetic
appliances, as well as precise components such as surgical guides [1,2]. The ability to create
precise and individualized elements has propelled 3D printing materials to the forefront of
modern dentistry, enabling in-house treatment planning [3].

Clear aligners have emerged as a popular trend in modern orthodontics, affecting
various branches of dentistry. While thermoformed plates have traditionally been used
for their fabrication, there is a growing preference for 3D printed materials due to their
enhanced accuracy and precision. The integration of digital technologies has prompted
dentists and dental companies to explore novel materials, among which Dental LT Clear
resin (Formlabs) stands out. This material is classified as a IIa biocompatible resin, making
it suitable for long-term use on the skin and mucosal surfaces. In addition to its high
translucency, Dental LT Clear resin exhibits nonlinear compression resistance of up to
600 N, comparable to the biting force. This value is comparable to other popular materials
commonly used for fabricating clear aligners, such as Duran and Durasoft [4].

Biocompatibility is a critical feature of dental materials, particularly when they come
into contact with tissues for extended periods. Technical tests are employed to assess the
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biocompatibility of materials and ensure their safety for human use [5]. According to the
manufacturer [6], Dental LT Clear resin is a new-generation, biocompatible material specifi-
cally designed for long-term applications. It is composed of several chemical components,
including 7,7,9-(or 7,9,9)-trimethyl-4,13-dioxo-3,14-dioxa-5,12-diazahexadecane-1,16-diyl
bismethacrylate, 2-hydroxyethyl methacrylate, a reaction mass of Bis(1,2,2,6,6-pentamethyl-
4-piperidyl) sebacate and methyl 1,2,2,6,6-pentamethyl-4-piperidyl sebacate, diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide, acrylic acid, monoester with propane-1,2-diol, ethylene
dimethacrylate, 2-hydroxyethyl acrylate, mequinol, 4-methoxyphenol, and hydroquinone
monomethyl ether. The material possesses translucency, rigidity, and strength, making it an
ideal choice for esthetically pleasing individual appliances, including dental aligners. Addi-
tionally, the resin is used for fabricating occlusal guards, splints, and orthodontic retainers.
It is important to note that food and beverages can affect the properties of intraoral appli-
ances, diminishing their esthetics and compromising their structural integrity [7,8]. The
properties of materials are also influenced by intraoral conditions. Originally, CAD/CAM
materials were used for dental restorations (temporary and permanent ones) and the pur-
pose of the use is longitudinal—which means that the pieces of material stay in contact with
the oral cavity for a long time. Consequently, the properties of the materials are examined in
terms of color stability and durability [8,9]. Recently, more materials have been introduced,
and therefore doctors and laboratories are able to prepare more customized pieces, such as
individual face masks or individual appliances for cleft patients [10–12].

Dental LT Clear is a relatively new material that has not yet been fully investi-
gated [3,13]. Therefore, the study we have designed is among the first of its kind in
our opinion. Apart from its intended use in intraoral splints, Dental LT Clear may also have
potential applications in the fabrication of precise individual and orthopedic appliance
components, such as nasal–alveolar molding plates for patients with clefts [13]. A similar
rigid material, BioMed Amber, produced by the same manufacturer (Formlabs), has shown
greater resistance to compression but lower resistance to tensile forces. This makes BioMed
Amber more suitable for the fabrication of mouth guards and occlusal splints. However, it
should be noted that BioMed Amber is not designed for long-term use and should only
remain in contact with the human body for a short period [6].

In another study [14], a comparison of three dental 3D printed materials revealed
that Dental LT Clear exhibited the greatest stability following compression and tensile
tests. Fractal dimension and texture analyses showed minimal changes in the material’s
properties. However, bone index analysis of BioMed Amber indicated a decline in material
quality because of the performed tests. It should be noted that according to the information
provided by the manufacturer [6], Dental LT Clear material is not recommended for steril-
ization. Nonetheless, a recent study [15] revealed the benefits of sterilization in terms of
reducing monomer elution, and autoclaving at 132 ◦C for 4 min improved the microhard-
ness of the resin. Therefore, sterilization should be considered during the prefabrication of
occlusal splints.

The aim of this study was to examine the mechanical resistance properties of a selected
3D printable resin, specifically Dental LT Clear from Formlabs, with regard to the effects
of specimen polishing and aging. To evaluate the material, we formulated the following
hypotheses:

• There is no influence of polishing on the material’s durability.
• There is no influence of artificial aging on the material’s durability.
• There is no relation between application of polishing and artificial aging regarding the

material’s durability.
• Polishing does not change the properties of the material in terms of artificial aging.

2. Materials and Methods
2.1. Materials

In this study, we examined the properties of Dental LT Clear, a 3D printable biocom-
patible resin provided by Formlabs, located in Milbury, OH, USA. The specimens were
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prepared using the Form 2 printer from Formlabs, specifically designed for this resin.
The printer is a self-adjusting device, which automatically sets the print settings once the
cartridge is inserted. The printing process was carried out using violet light (405 nm)
with a power output of 250 mW. The print layer thickness was set to 100 microns, and the
temperature was maintained at 35 ◦C. The manufacturer’s recommendations regarding
potential applications and properties of Dental LT Clear are summarized in Table 1.

Table 1. A brief description of Dental LT Clear applications recommended by the producer.

Resin Application

Dental LT Clear Resin

Characteristics:

• Long-term use
• Biocompatible
• Suitable for mucosal and skin contact
• Highly esthetic
• Transparent, translucent
• Strong, rigid

Use:

• Hard splints
• Occlusal guards
• Retainers
• Aligners
• Other direct-printed long-term orthodon-tic appliances

2.2. Specimens’ Preparation and Artificial Aging

For this research, two types of specimens were prepared. The rectangular specimens
were designed for the compression test following the ISO 604:2003 standard [16]. The
dumbbell-shaped specimens (type 1BA) were prepared for the tensile test according to the
ISO 527-1:2019(E) standard [17]. While the standards required a minimum of five samples,
the authors decided to expand the test to 30 specimens for each test. In total, 240 specimens
of Dental LT Clear resin were printed using the Form 2 printer by Formlabs, following the
ISO standards and the manufacturer’s instructions. Of these, 120 were rectangular-shaped
and 120 were dumbbell-shaped.

After printing, the specimens were rinsed twice for 10 min each in 99% isopropanol
alcohol (Stanlab, Lublin, Poland). Following a 30 min drying period at room temperature,
the specimens were postcured using Form Cure from Formlabs at 80 ◦C for 20 min, as
recommended by the manufacturer for Dental LT Clear resin. Once the specimens were
prepared, the supports were removed. All specimens were then ground using sandpaper,
but only half of them (60 rectangular and 60 dumbbell-shaped) underwent further polishing
on one side using 0.2 pumice (Everall 7, Warsaw, Poland) and polishing paste (Everall 7)
with the Reiter Poliret Mini Feinwerktechnik (GmbH, Bad Essen, Germany). The polishing
process involved a rotational range of 1000–4500 rotations per minute and an average speed
of 2250 rpm.

Following preparation, the specimens were stored at room temperature and 50%
humidity for 24 h (for the tensile test) or 4 days (for the compression test). Half of the
specimens were tested immediately after the storage period, while the other half (60 of
each shape) underwent artificial aging for 90 days in distilled water at 37 ◦C. The water
was changed weekly, based on the scheme used in a previous study on conventional
dental restorative materials [18]. The decision to change the water every 7 days was
made to prevent any potential alteration of properties while ensuring that the water did
not evaporate.
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2.3. Compression Test

According to the ISO 604:2003 [15] standard, specimens measuring (10.0 ± 0.2) mm ×
(10.0 ± 0.2) mm × (4 ± 0.2) mm were selected for testing. Prior to the test, the specimens
were conditioned for 4 days at 23 ◦C/50% relative humidity (RH) in ambient air. The height
and width of the specimens were then measured at five points using a Magnusson digital
caliper (150 mm) (Limit, Wroclaw, Poland). The mean values of these measurements were
calculated.

Axial compression tests were conducted using the Z10-X700 universal testing machine
from AML Instruments in Lincoln, UK. The tests were performed at a constant speed of
1 mm/min (Figure 1). By recording the uniaxial stress–strain curve, the compressive modu-
lus (E [MPa]) of each specimen was determined using the slope of the curve. The changes
in width and height during the compression test were compared to the measurements
taken before and after compression, as shown in Table 2.
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Figure 1. Compression test: (A) set of specimens after printing; (B) a finished specimen before
compression; (C) resin specimen between the compression plates.

Table 2. The formulas for calculation of the compression and tensile modulus.

Formula Explanations

Compressive modulus

Compressive stress
σ = F

A [MPa]
Nominal strain

ε = ∆L
L

F—force [N]
A—initial cross sectional area measurement [mm2]
L—the initial distance between the compression
plates [mm]
∆L—the decrease in the distance between the
plates after the test [mm]

Tensile modulus

Tensile stress
σ = F

A [MPa]
Nominal strain

ε = ∆L
L

Et = σ2−σ1
ε2−ε1

[MPa]

F—force [N]
A—initial cross sectional area measurement [mm2]
L—the initial distance between the grips [mm]
∆L—the increase in the distance between the grips
after the test [mm]
σ1—the stress in MPa
measured at a strain of 0.0005 (ε1)
σ2—the stress in MPa
measured at a strain of 0.0025 (ε2)

2.4. Tensile Test

The dumbbell-shaped specimens (type 1BA) were 3D printed with a length of 75 mm
and an end width of 10 mm, while the thickness was 2 mm. These measurements adhered
to the ISO 527-2:2019 standard [17]. Prior to the tensile test, the specimens were conditioned
at room temperature (23 ◦C) and 50% RH for 24 h. Using a Magnusson digital caliper
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(150 mm) (Limit, Wroclaw, Poland), the width and height of the specimens were measured
at the test length, with measurements taken at five points. The mean values of these
measurements were then calculated.

To perform the tensile test, a universal testing machine (Z10-X700, AML Instruments,
Lincoln, UK) was utilized. The test was conducted at a constant speed of 5 mm/min, as
shown in Figure 2. If any of the specimens broke outside of the test length, they were
discarded. Based on the measurements obtained during the test, the stress and strain of the
specimens were determined. The formulas for these calculations are presented in Table 2.
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Figure 2. Tensile test: (A) set of specimens after printing; (B) a finished specimen mounted between
grips before tensile force application; (C) a specimen broken by tensile force.

2.5. Statistical Analysis

The statistical analysis was conducted using Statistica c. 13 software (TIBCO Software
Inc., Palo Alto, CA, USA).

The analysis involved calculating the mean values, along with their corresponding
standard deviations, for both the compression and tensile modulus of the specimens. To
assess any potential statistical differences between the specimens, the Kruskal–Wallis test
by rank was employed, with a p-value threshold set at the range of p < 0.001. To compare
the results obtained from the four tests for each trial, a multivariate analysis of variance
(MANOVA) test was conducted. Finally, to determine the significance of the presented
results, the Mann–Whitney U test was performed.

3. Results

The results of the conducted tests are summarized and presented in three tables
and four figures. Table 3 provides an overview of the elasticity modulus measurements
of Dental LT Clear resin. It was found that the highest compression modulus values
were observed in specimens that had not undergone polishing or aging. On the other
hand, specimens subjected to aging or both polishing and aging exhibited lower mean
compression modulus values. It is worth noting that the tensile test results showed the
widest ranges when polishing was applied without aging, while the narrowest ranges were
observed after the application of aging.

Figures 3 and 4 depict the comparisons of the elasticity modulus. Figure 3 illustrates
that the impact of polishing on compression resistance is minimal, while artificial aging
noticeably weakens the material properties by reducing the force required to damage the
specimens. This difference is statistically significant (p < 0.001). In Figure 4, the largest
disparity is observed when comparing the nonpolished and nonaged group with the group
of specimens that underwent both polishing and aging.
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Table 3. The measurements of elasticity module of Dental LT Clear resin after the compression (Ec)
and tensile (Et) tests.

E (GPa) Polishing Aging N M ± SD Me [Q1–Q3] Min–Max

Compression Ec

No No 30 0.87 ± 0.02 0.87 [0.86–0.88] 0.81–0.89
No Yes 30 0.73 ± 0.03 0.73 [0.71–0.74] 0.67–0.80
Yes No 32 0.86 ± 0.03 0.87 [0.85–0.88] 0.74–0.90
Yes Yes 30 0.73 ± 0.05 0.73 [0.69–0.77] 0.62–0.81

Tensile Et

No No 32 2.96 ± 0.20 2.97 [2.84–3.07] 2.31–3.33
No Yes 32 2.20 ± 0.10 2.23 [2.13–2.26] 2.01–2.39
Yes No 28 3.00 ± 0.11 3.00 [2.93–3.08] 2.77–3.23
Yes Yes 36 2.38 ± 0.16 2.43 [2.25–2.51] 1.95–2.62

M—mean, SD—standard deviation, Me—median (50th percentile), Q1—lower quartile (25th percentile), Q3—
upper quartile (75th percentile), Min—smallest value, Max—greatest value.
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Figure 4 displays the variance analysis conducted to determine the influence of ar-
tificial aging and polishing on the module of elasticity in compression (Ec). The mean
values of the elastic modulus varied depending on whether artificial aging was applied
with or without polishing. Polishing had an impact on the nonaged specimens, but when
comparing the aged specimens, polishing itself did not influence the material’s properties.

Additionally, Table 4 shows the results of the MANOVA test, indicating that there
were statistically significant differences among the results obtained from all the processes
performed on the specimens.

Table 4. MANOVA test for elasticity module for Dental LT Clear resin in compression test. p value
lower than 0.001 is presented in red.

Effect SS df MS F p

Constant 731.1 1 731.1 60901 <0.001

Direct 210.1 1 210.1 17502 <0.001
Polishing 0.166 1 0.166 13.8 <0.001

Artificial aging 10.60 1 10.60 883 <0.001
Direct Polishing 0.213 1 0.213 17.7 <0.001

Polishing + Artificial aging 4.773 1 4.773 398 <0.001
Artificial aging + Polishing 0.078 1 0.078 6.49 0.011

Direct Polishing + Artificial aging 0.060 1 0.060 5.02 0.026

Error 2.9052 242 0.012

In contrast to the previous results, Table 5 presents the MANOVA test results for the
module of elasticity in applied tension. It shows that the only significant influence observed
was due to artificial aging. There was no observed influence of the interaction between
polishing and artificial aging.

Table 5. MANOVA test for module of elasticity in tension of Dental LT Clear resin. p value lower
than 0.001 is presented in red.

Effect SS df MS F p

Constant 77.10 1 77.10 62136 0.000
Polishing 0.001 1 0.001 1.16 0.283

Artificial aging 0.562 1 0.562 452.6 0.000
Artificial aging + Polishing 0.001 1 0.001 0.44 0.506

Error 0.146 118 0.001

The results depicted in Figure 5 demonstrate that polishing had no significant influence
on the tensile properties of the examined resin. However, artificial aging was found to
reduce the resistance to breakage during the tensile test.

Figure 6 provides a summary of the previous findings, indicating that polishing has
a slight positive effect on the resistance to tension, but it does not affect the resistance
to compression. In contrast, artificial aging decreases the force required to damage the
specimens in both the compression and tensile tests, although the impact is less noticeable
in compression. Additionally, the tensile modulus value significantly decreases with the
application of artificial aging.
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4. Discussion

Dental LT Clear, as a class IIa biocompatible resin, is specifically designed for long-
term use and contact with tissues, including oral mucosa. It is commonly utilized in the
production of clear aligners and dental guards, which are intended for extended wear by
patients [4,19]. These splints are designed for long-term use and stay in the patient’s mouth
for several hours per day and should not be used while eating and drinking due to the
potential loss of color stability and mechanical properties [7,20]. With this in mind, we
conducted this study to evaluate the mechanical properties of Dental LT Clear resin when
subjected to two technological activities: polishing and artificial aging.

Considering that the examined material is designed for long-term use, such as in
splints, aligners, and retainers [6], we decided to assess its resistance to artificial aging
to simulate this condition. We chose to use water for artificial aging to mimic the humid
environment of the oral cavity. Thermocycling, which involves temperature variations
during eating, was not considered in our study [19]. Water storage provides valuable
information on hydrolytic degradation [21]. Patient appliances should be polished to create
smoother surfaces and prevent irritations. The results we obtained supported the notion
that polishing helps protect the resin from unfavorable conditions, thereby confirming the
durability of its mechanical properties. However, it is important to note that Dental LT Clear
is a transparent, clear resin and is not intended for dental fillings. Therefore, thermocycling
was not included as a method of material aging. We found a study [22] that examined the
influence of artificial aging on the material’s properties. Although their study had a similar
design to ours, they assessed the resistance to mechanical forces after 2 and 4 weeks. The
two-week period, presented by Reymus and Stawarczyk [22], provides insights into the
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material’s durability within a clear aligner treatment timeframe. In contrast, our study
was conducted over a period of 3 months, which is a more appropriate timeframe for
assessing the long-term use of Dental LT Clear as an occlusal splint or retainer. It is also
worth mentioning that other resins, such as Tera Harz TC-85 (Graphy), have been studied
in more detail in the context of artificial aging [3]. Dental LT Clear is a relatively new resin
and, therefore, the available studies on this specific topic are limited.

Dental LT Clear is indeed a relatively new material, and during our literature search,
we did not come across articles specifically examining the features presented in this research.
Existing studies on resin use in dentistry often focus on color changes, which is a primary
concern for researchers [23–26]. Our study demonstrates that polishing has minimal
impact on the mechanical resistance of Dental LT Clear, while artificial aging significantly
weakens these properties. Therefore, we believe that our paper holds value and importance,
especially for clinicians. Over time, splints may become less precise and show signs of
wear. Another interesting study revealed that printed splints tend to be thicker than the
designed file, suggesting potential loss of precision during use [27]. Scanning, which
replaces traditional intraoral impressions, can also introduce errors and distortions [28].
Additionally, the properties of impressions may change during disinfection. Silicone
materials are known to be more resistant to disinfecting agents and sterilization, whereas
commonly used alginate materials are less stable and accurate, losing their precision after
undergoing antibacterial procedures [29–31].

An interesting observation is that the angle of printing is crucial in the context of
polishing, as the layers of material used for occlusal splint preparation can result in irregu-
larities and reduced precision in the structure of the splint [32]. However, this aspect was
not the focus of our study, as we did not plan to print the specimens at different angles.

In a comparative study, it was found that Dental LT Clear has the highest fracture rate
among other resins used for occlusal splints [33]. This finding highlights the importance of
considering the properties of different materials when planning any type of splint. It also
emphasizes the need for further research and the development of new materials with more
stable properties for similar applications.

Furthermore, a study by Paradowska-Stolarz et al. [14] demonstrated that the applica-
tion of external forces does not significantly alter the fractal dimension and texture analysis
reveals only resistance to compression—the study shows that Dental LT Clear remains
stable in its mechanical features, which indicates that the microscopic structure of the
material remains relatively unchanged after undergoing the tested conditions. The study
also revealed the high stability of Dental LT Clear against mechanical action, as indicated
by its resistance to compression.

It is worth mentioning that 3D composite materials may absorb water and undergo
changes in weight. Although this feature was not evaluated in our study, it is an interesting
finding that warrants further investigation [34].

We acknowledge that our research has certain limitations. One of the main limitations
is that we only focused on one resin, Dental LT Clear, without comparing it to other
materials. However, we believe that our study is a novel contribution to this field and was
designed with this specific material in mind. It is worth noting that other papers in the
literature tend to concentrate on restorative and prosthetic materials [23–26], whereas our
study specifically examines a material used for occlusal splints and clear aligners.

ISO standards typically suggest using five samples for this type of research. However,
by expanding our sample size to 30 specimens, we believe that our study gains a significant
advantage in terms of statistical analysis and the reliability of our findings. Furthermore,
the scarcity of references on this particular topic underscores the novelty and originality of
our research.

5. Conclusions

Based on the obtained results, we can draw several conclusions. Firstly, polishing has
minimal influence on the properties of Dental LT Clear resin. However, artificial aging
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significantly affects both the compressive modulus and tension of the material. Secondly,
polishing increases the resistance of the specimens to artificial aging, as evidenced by the
higher force required to damage the specimens. Therefore, it is recommended to polish
appliances made from Dental LT Clear resin after printing to enhance their durability and
resistance to wear during use.
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Abstract: Replacement of missing teeth is possible using biocompatible devices such as endosseous
implants. This study aims to analyze and recognize the best characteristics of different implant
surfaces that ensure good peri-implant tissue healing and thus clinical success over time. The present
review was performed on the recent literature concerning endosseous implants made of titanium,
a material most frequently used because of its mechanical, physical, and chemical characteristics.
Thanks to its low bioactivity, titanium exhibits slow osseointegration. Implant surfaces are treated so
that cells do not reject the surface as a foreign material and accept it as fully biocompatible. Analysis
of different types of implant surface coatings was performed in order to identify ideal surfaces that
improve osseointegration, epithelial attachment to the implant site, and overall peri-implant health.
This study shows that the implant surface, with different adhesion, proliferation, and spreading
capabilities of osteoblastic and epithelial cells, influences the cells involved in anchorage. Implant
surfaces must have antibacterial capabilities to prevent peri-implant disease. Research still needs to
improve implant material to minimize clinical failure.

Keywords: osseointegration; surface; coating; dental implant; titanium; treatment surface; peri-implant
health; implant stability; bacterial adhesion; marginal bone level

1. Introduction

Natural tooth loss has serious emotional, psychological, and social effects in addition
to physical and functional effects on an individual [1]. Implantoloy is one of the most
secure and effective surgical procedures [2]. The most common dental implant materials
are titanium, zirconium, and polyetheretherketone (PEEK) [3,4].

Zirconium implants have good aesthetic qualities but a moderate rate of fracture,
which leads to implant failure [5]. PEEK implants have demonstrated high fallibility rates;
hence, long-term multicentric studies are required to confirm the reliability [6].

Titanium is the material that best complies with the requirements of dental implantol-
ogy, including osseointegration, biocompatibility, mechanical resistance, and anti-bacterial
properties [7,8]. The term “osseointegration” was first used by Albrektsson (1981) to refer
to the functional and structural connection between a vulnerable structure’s surface and
its critical organs [9]. Accordingly, a number of critical factors for proper bone resorption
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have been identified: biocompatibility, implant design, implant surface characteristics,
condition of the recipient bone site, surgical technique, operator’s skill, and implant storage
conditions [9].

The characteristics of the implants’ surface and the quality of the recipient site bone
determine the interface between the two: the bone–implant interface [10]. For instance,
an implant positioned in a lamellar bone has 90% contact, whereas one positioned in a
midollar bone has 50% contact [11,12].

Morphologically, dental and implant periodontal tissues have many common features,
as both are marked by a well-keratinized oral epithelium and a portion of connective tissue
in direct contact with the implant and tooth [13]. More collagen and fewer fibroblasts are
found in the implantable connective tissue [13,14].

The physicochemical properties of the implant outermost layer and its interaction
with the surrounding essential tissues play a role in determining whether osseointegration
succeeds or fails [15].

A fundamental prerequisite for the long-term success of the implant is biological
anchorage between the surface of the dental implant and the bone tissue [16,17]. Bone
response is closely related to the implant surface [17].

Hydrophilic and hydrophobic implant surfaces can be distinguished [11,18]. Hy-
drophilic surfaces, compared with hydrophobic structures, favor interactions with biologi-
cal fluids and cells allowing a good surface wettability [18,19]. Implant surfaces with the
same chemical composition actually offer a different contact angle for biological fluids
depending on the topography of the surface: rough surfaces, such as sandblasted and
etched surfaces, are more likely to be wettable than surfaces considered to be smooth [18,20]
(Figure 1).
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Figure 1. Fibrin implant wettability. The hydrophobe surface shows poor wettability, unlike the
hydrophile one with good wettability. The red arrow indicates the magnitude of liquid permeability
on the surface of the implant.

The hydrophilicity of the implant surface results in abrupt contact of the implant
with the clot, favouring the osseointegration process [21,22]. Some surfaces have such hy-
drophilicity that mere contact of the first coils with blood results in suction along the entire
implant surface [21,21] (Figure 2). Roughened surfaces increase blood clot retention [23].
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The implant surface treated with rumination exhibits a double retraction of fibrin
filaments and a double blood clotting compared with the smooth surface [24] (Figure 3).
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Figure 3. Fibrin adhesion to the implant surface.

During the wound healing phase, the following takes place:

• Fibrin formation that protects the wound and, together with platelets, plugs the wound
and releases the repair factors;

• Fibrinolysis: reabsorption of the clot;
• Osteoclastic activity: migration of cells from the blood;
• Migration of mesenchymal cells, precursors of bone cells [25–27].

Implant stability is necessary for effective osseointegration and healing [3,13,24,28].
The features of the bone, the implant’s design, and the procedure used to place it all affect
primary stability [29]. Bone remodeling and bone production around the implant lead to
secondary stability [30]. Growing research demonstrates that implant surface features also
affect secondary stability [31,32].

Bone apposition on the implant surface begins first in trabecular bone, then in compact
bone [24,33]. Peri-implant bone metabolism is at its peak 1–4 months after surgery [34,35].

The clinical success of the implant, in addition to osseointegration, depends on the
health of the bone–implant–soft tissue interface [16] (Figure 4).
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Implant failure may result from titanium’s reduced ability to induce osseointegration,
which causes poor or delayed osseointegration [36,37]. Furthermore, early titanium im-
plants had a mechanically polished surface that was smooth, and research in recent years
revealed that this surface is less stable over time than those with a rough surface [36,38]. In
order to achieve a larger contact surface, treatment of the implant surface was performed
in order to increase the osseointegration between the bone and the implant [36].

This review aimed to analyze different surfaces and, therefore, identify the ideal
implant structure from a clinical and durability point of view, with the least post-surgical
complications and the least discomfort to the body [17,39,40]. Research is extensive and
challenging because of ongoing scientific discoveries and innovations [41].

In fact, an appropriate modification of titanium surface, which increases the percentage
of BIC (bone implant contact), is still being studied to favor osseointegration, which has
antibacterial properties to prevent peri-implant diseases and resists the stresses it will
undergo with functionalization, such as chewing, thus guaranteeing healthy peri-implant
tissue over time [30,39,42].

2. Materials and Methods
2.1. Search Processing

The present review was performed in accordance with the principles of PRISMA.
PubMed, Scopus, and Web of Science were searched to find papers that matched our
topic dating from 1 January 2019 up to 31 March 2023, with English-language restriction.
The search strategy was built using a combination of words that matched the purpose
of the investigation, whose primary focus is the difference of implant surface coatings
on osseointegration; hence, the following Boolean keywords were used: different dental
implant surface AND osseointegration (Table 1).

Table 1. Database search indicators.

Articles’ Screening Strategy

KEYWORDS: A: different dental implant surface; B: osseointegration.

Boolean Indicators: A AND B.

Timespan: 2019–2023.

Electronic databases: Pubmed; Scopus; WOS.

2.2. Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) human in vivo study; (2) English language;
(3) open access studies; (4) clinical studies; (5) studies examining the variety of surfaces of
titanium dental implants: implant surface treatments and coatings; and (6) in vitro studies
concerning the analysis of implant surface coatings of great interest to our research.
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The exclusion criteria were as follows: (1) animal; (2) other languages different from
English; (3) not open access studies; (4) case report/series, reviews, editorials, book chapters;
(5) research about zirconium and peek dental implant; and (6) in vitro studies far from the
focus of our research.

The review was conducted using the PICO criteria:

• Population: Titanium endosseous implants;
• Intervention: Implant surface treatment;
• Comparisons: Different implant surfaces;
• Outcomes: Interaction with biological tissues;

2.3. Data Processing

Author disagreements on the choice of articles were discussed and settled.

3. Results

A total of 1262 publications were identified from the following databases, Pubmed
(482), Scopus (344), and Web of Science (436), which led to 732 articles after removing
duplicates (530). A total of 290 articles accessed the screening phase, while 442 items were
removed because 3 were not found, 131 were in animal, 1 was a chapter in a book, 75 were
not in vivo and far from the focus of this review, 66 were reviews and meta-analyses, and
166 were off topic. From these papers, 279 were additionally removed because of lack of
interest and eligibility was assigned to 11 records that were finally included in the review
for qualitative analysis, of which 5 were in vitro (Figure 5). The results of each study are
reported in Tables 2 and 3.

Table 2. Characteristics of the in vivo studies included in the qualitative analysis.

Authors (Year) Type of the Study Aim of the Study Materials Results

Bielemann et al. (2022) [43] Randomized
controlled trial

Evaluate the clinical
and radiological
peri-implant
parameters
between
hydrophilic and
hydrophobic
dental implants

For 2 types of surfaces,
hydrophobic and
hydrophilic, different
peri-implant health indices
were evaluated: (i) early
healing index (EHI), visible
plaque index (VPI), presence
of tartar (CP), peri-implant
inflammation (PI), probing
depth (PD), and bleeding on
probing (BOP); implant
stability quotient (ISQ),
crestal bone loss (CBL), and
bone level change (BLC); and
implant success and
survival rates.

There were no
differences in
peri-implant
healing, stability,
and bone
remodeling
after 1 year.

Gursaytrak et al. (2020) [44] Randomized
controlled trial

Evaluate the
stability of implants
with different
surfaces
(alkali-modified or
sandblasted) using
resonance
frequency
analysis (RFA).

Immediately after
implantation as well as at 2,
6, and 12 weeks, RFA was
utilized to assess the stability
quotient of implants with
alkali-modified (bioactive)
and sandblasted surfaces.

After placement,
implants with
alkali-modified
surfaces were more
stable than
implants with
sandblasted
surfaces after, but
the two types had
similar clinical
results at 12 weeks
after surgery.
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Table 2. Cont.

Authors (Year) Type of the Study Aim of the Study Materials Results

Hasegawa et al. (2020) [45] Randomized
controlled trial

Optimize the
implant surface’s
biological potential
for improved os-
seointegration.

The titanium surface was
etched with sulfuric acid at
different temperatures (120,
130, 140, and 150 ◦C).

The maximum
capacity for osseous
integration was
reached when the
surface of the
implant was
acidified at 140 ◦C,
significantly
increasing the
capacity for
osteoconductive
and osteointegra-
tive growth.

Ko et al. (2019) [46] Randomized
controlled trial

Comparing the
peri-implant
marginal bone level
around CaP-coated
and uncoated
sandblasted,
large-grit,
acid-etched (SLA)
surface
implants 1 year
after implantation.

Clinical and radiographic
examinations were
performed to assess initial
stability and changes in
marginal bone level after
3 months and after
12 months.

All of the implants
were successful.

Kormoczi et al. (2021) [47] Randomized
controlled trial

Comparison of
early loaded
implants with
different modified
surface stability.

Implant success, implant
stability, and periodontal
parameters were evaluated
after the placement of
implants with SA (alumina
blasting and acid etching),
NH (bioabsorbable apatite
nanocoating), or SLA
(coarse-grain blasting and
acid etching) surfaces.

No significant
differences were
found in the two
groups and good
periodontal
parameters
were found.

Velloso et al. (2019) [11] Randomized
controlled trial

Evaluating the
effects of implant
devices with the
same brand, design,
length, and
diameter but with
two different
surface treatments:
sandblasting and
etching with acid
(SAE) and SAE
modified chemi-
cally (hydrophilic).

20 distinct patients received
20 implants with the same
shape, size, and diameter but
with two different surface
treatments (10 SAE and
10 modified SAE). After
six weeks, implant stability
values were assessed.

Implants with a
modified SAE
surface showed
superior and faster
implant stability.
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Table 3. Characteristics of the in vitro studies included in the qualitative analysis.

Authors (Year) Type of
the Study Aim of the Study Materials Results

Chauhan et al. (2021) [48] In vitro

To investigate the action
of acid etching on the
surface characteristics of
titanium alloy implants
and to optimize the
process variables to
produce micro- and
nanotopography on the
surface of dental implants.

Without heating the
acid solution, the
optimum implant
surface was carefully
examined and
compared with the
etched surface.

Titanium alloy had a very
different surface topography
than commercially pure
titanium, and it had a
distinct surface topography
depending on whether the
attachment was done at
ambient temperature or at
higher temperature, which
has an impact on
cells’ behavior

Gavinho et al. (2019) [49] In vitro

Analyze Bioglass 45S5
with CeO, evaluating
whether its antioxidant
effect reverses oxidative
stress after implantation
in bone.

The materials’
morphological,
structural, and
biological properties
(cytotoxicity,
bioactivity, and
antibacterial activity)
were examined.

The addition of cerio did not
lead to structural changes in
the biocompatible glass,
which did not exhibit
cytotoxicity, but it prevent
the growth of Escherichia
coli and Streptococcus
mutans, and all of the tests
revealed the initial
deposition of a CaP-rich
layer on the material’s
surface after 24 h.

Rausch et al. (2021) [17] In vitro

Evaluate the ability of
human gingival cells to
attach to and grow on
differently treated
titanium or zirconia
implant surfaces

Zirconia and titanium
implant surfaces
were treated
differently and
subsequently had
different roughness:
some surfaces were
machined and
smooth, while other
surfaces were
sandblasted
and rough.

Gingival cell behavior is
mainly influenced by surface
roughness, and no relevant
difference was found
between titanium and
zirconia implants.

Schupbach et al. (2019) [50] In vitro

Comparing several
commercially available
implant systems with
SA-modified surfaces and
their surface-level
morphological and
cleaning characteristics.

Six candidates from
three different lots
were chosen to be the
installation team for
each system. The
average particulate
counts for each
project were
calculated from
three different
interest regions
and compared.

Not all manufacturers can
create implant surfaces
without contaminating them
with particulates.

Zhang et al. (2021) [8] In vitro

Reduce associated
infection symptoms and
improve early
osseointegration of
dental implant.

Anodic oxidation
with hydrogen
fluoride was
performed on the
Ti-Cu alloy
implant surface.

Etching hydrogen fluoride +
Ti-5Cu alloy revealed that it
has high corrosion resistance,
great biological compatibility,
and extremely potent
antibacterial characteristics.
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4. Discussion

Thanks to its excellent mechanical properties, including biocompatibility, corrosion
resistance, non-magnetism, and non-toxicity, titanium and its alloys are widely used to
create body armor and dental implants, with success rates close to 95–97% [51].

It is also very reactive and forms an ossidic layer of about 5 nm in thickness, which,
in contact with air and water, protects it from corrosion and improves its affinity for
patient cells [8].

However, even if titanium is a biologically inert material, it lacks anti-bacterial proper-
ties [52]. As a result, bacteria tend to adhere to the collars of implants, and implant failure
can be linked to peri-implant infections [51,53]. Once discovered, perimplantite must be
treated with antibiotics, which not only increases the risk of developing antibiotic resistance
but also causes discomfort and costs the patient money [54]. As a result, it is crucial that
titanium implants have long-term anti-bacterial properties and improve early osseointe-
gration capability [55,56]. To meet these clinical requirements, it is necessary to apply a
treatment to change the surface of pure titanium, optimizing the surface’s morphology and
chemical composition [8].

Researchers are working to increase the capacity of the surfaces of titanium machin-
ery [57]. The surface, shape, and structure of the implant affect the osseointegration process,
which is necessary to provide implant stability [36]. The stability of the implant, both

129



J. Funct. Biomater. 2023, 14, 287

primary and secondary, is a factor that affects how well the implant itself will osseoin-
tegrate [58]. While the primary stability is a mechanical phenomenon that depends on
both the implant’s macroscopic and microscopic design and the surgical technique used
to position it, numerous studies have found that the implant’s surface is the key factor in
achieving a high level of secondary stability [58,59].

Among the characteristics of implant surfaces, topography and chemical composition
are those that have the most impact on the interaction between biomaterial and osseous
tissue and, consequently, on secondary stability [17,29]. In particular, numerous studies
have demonstrated that, compared with implant surfaces, textured surfaces exhibit a
greater capacity for determining a biological response from some osseous cellular lines [60].
In fact, the roughness provides a larger area of contact and interconnection, leading to a
greater number of cellular colonies that create strong adhesions to the implant site and
enhancing osteoblast proliferation and adhesion processes while decreasing osteoclastic
activity and promoting mineralization [61]. In addition, implant roughness aids in the
differentiation of mesenchymal cells into the osteoblastic phenotype [29].

Physicochemical treatments of major implant surfaces give rise to different types
of implants:

• machined;
• polished;
• treated;
• hybrid [17,62].

A significant advantage of treated and hybridized surfaces is the increased degree
of hydrophilicity and wettability compared with untreated, machined, smooth surfaces,
which are considered hydrophobic [19]. The only way to modify something on the surface
is to add or reduce materials on a micro- or nanometric scale [50] (Figure 6).
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Bone-to-implant contact (BIC), early in the healing phase, is considerably increased
by implants with a hydrophilic surface because these implants typically display more cell
differentiation and aggregation [11] (Figure 7).
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Figure 7. Electron microscopy detail of a smooth (hydrophobe) and a rough (hydrophile) implant
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hydrophobic surface.

The most significant advancement in implant dentistry has been the observation of
direct bone-to-implant contact (BIC), which was verified with electron microscopy [47].

In comparison with freshly worked surfaces, titanium dental implants with moderately
rough surfaces exhibit better osseointegration and faster osseous growth [50].

4.1. Implant Surface Treatments
4.1.1. Subtraction Treatments

A technique for creating moderately rough implant surfaces is sandblasting and acid
mordantation (SA) [50,60,63]. According to some studies, the surface modification using
the SA technique needs to be properly planned and managed in order to produce a final
medical device that is clean and reliable [17]. This is because it has been observed that
the majority of implant surface areas contain particulates, which are remnants of the
sandblasting [64]. This causes a 15% reduction in tensile strength, which could lead to the
beginning of a fracture process [9,11,17,65].

On the other hand, for the past ten years, a widely employed method of surface
modification has been the combination of sandblasting and etching [66]. Sandblasting
theoretically allows to achieve the ideal roughness for mechanical fixation, while additional
etching, by raising the peak height of the roughness peaks, allows to enhance the protein
adhesion mechanism, which is crucial in the early stages of bone healing [67]. In fact, these
two techniques are used in succession [48].

Surface alteration techniques that use subtractive processes include sandblasting and
acid etching [62]. Acid etching causes selective corrosion to occur, leaving holes or grooves
on the metal surface [38,68].

Because of its hydrophilic qualities, sandblasted, coarse-grained, acid-etched (SLA)
surface is a characteristic form of rough surface generated on a dental implant and has been
employed on the newest commercial dental implants [68].

Dual Acid Etch, or DAE Technology, uses double acid etching without first sand-
blasting [69]. Using this method, the danger of ingesting sand particles is reduced, and
surfaces are created that improve BIC, platelet retention, and the release of bone growth
hormones [70–72].
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By producing a special titanium surface with distinctive meso, micro, and nanoscale
roughness features that ensure better osteoconductive and osseointegrative capacities than
the more popular micro-rough titanium surface, a method for enhancing osseointegration
has been devised [45]. Sulfuric acid was used to etch commercially pure titanium at four
different temperatures (120, 130, 140, and 150 ◦C) [45]. Particularly when acid etching was
carried out at 140 ◦C, the new surface considerably stimulated osteoblast development and,
subsequently, osseointegration [17,45].

One of the nanoengineering methods for titanium implants is called electrochemical
anodizing [73]. This method involves immersing the titanium implant, which serves as the
anode, in an organic electrolyte containing water and fluoride in an electrochemical cell
with appropriate voltage, such that titania nanopores (TNPs) are created on the implant
surface in order to enhance soft tissue integration and wound healing [73,74]. Anodizing
has emerged as a useful technique for changing the surface morphology of titanium or
titanium alloys to enhance bone development because it is inexpensive, simple to apply,
and easy to control [75,76]. Anodizing can provide a surface morphology with a pore
structure on a micronano scale as well as increase the wear and corrosion resistance of pure
titanium implants [8].

Further frontiers of research that deserve further investigation are 3D-printed implants
and micro-ark oxidizing, which help improve biocompatibility. These are promising fields
that will offer new possibilities in the future of clinical practice [77].

4.1.2. Addition Treatments

Biomaterials in implantology have been promoting bone response and biomechan-
ical ability in recent years [78,79]. Many substances, including polyhydroxyalkanoates,
calcium phosphate, carbon, bisphosphonates, hydroxyapatite, bone-stimulating agents,
bioactive glass, bioactive ceramics, collagen, chitosan, metal and their alloys, fluoride,
and titanium/titanium nitride, are known as promising candidates for dental implant
coatings [78,80]. It is crucial that biomaterials degrade naturally; polyhydroxyalkanoates,
for instance, degrade naturally and do not harm tissues or cells in the process [81,82].

Owing to the development of biofilms, which are thought to aid bacteria in evading
antibiotics and the host defense mechanism, bacterial colonization of titanium results in im-
plant loss. Pathogens cause deterioration of the bone surrounding the implant, necessitating
surgery to repair the infected bone or to remove or replace infected implants. [37,78,83,84].

Although both implant types generated comparable clinical outcomes at 12 weeks
following surgery, implants with alkali-modified surfaces were consistently more stable
after implantation than implants with sandblasted surfaces [44,85].

Improved contact osteogenesis surrounding the dental implant was seen on surfaces
coated with calcium phosphate (CaP), and early healing phase osseointegration was also
seen to be enhanced [9,36]. Increasing the biocompatibility of titanium and encouraging
osteogenesis were among the first goals to be achieved by researchers, and for this, some
authors employed chemical modifications, such as the addition of fluoride to the implant
surface [48].

The interaction of fluoride with hydroxyapatite in bone tissue creates fluorapatite
followed by increased osteoblast proliferation and activation of alkaline phosphatase activ-
ity [86–88]. Because of its outstanding physical and chemical characteristics, particularly its
potential for osteoinduction, graphene oxide (GO) is a promising nanomaterial [57,89,90].
The addition of inorganic bioactive elements confers the important and necessary os-
teogenic, angiogenic, and antibacterial capabilities [53].

Broad-spectrum antibacterial capabilities, high efficiency, and durability are all proper-
ties of copper (Cu) [86,91]. Copper-containing titanium alloy has been confirmed to have a
constant precipitation of copper ions and long-lasting antibacterial activity [53,83,92]. It is a
necessary trace element for the human body because it can prevent osteoporosis, promote
osteogenic differentiation, and induce angiogenesis [93]. Ti-5Cu alloy has remarkable
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anti-infective efficacy, osteogenic potential, and biological compatibility, which have been
amply demonstrated by laboratory investigations [8,91,94].

Implants are frequently vulnerable to infections like peri-implantitis, which affect the
surrounding hard and soft tissues and result in implant loss and biocompatibility [95].

Peri-implantitis is an inflammatory condition that affects all surrounding tissues [96].
A deep pocket with hemorrhage, suppuration, and slight bone loss accompanies mucosal
injury [33,97,98] (Figure 8).
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important and necessary osteogenic, angiogenic, and antibacterial capabilities [53]. 

Broad-spectrum antibacterial capabilities, high efficiency, and durability are all 
properties of copper (Cu) [86,91]. Copper-containing titanium alloy has been confirmed 
to have a constant precipitation of copper ions and long-lasting antibacterial activity 
[53,83,92]. It is a necessary trace element for the human body because it can prevent 
osteoporosis, promote osteogenic differentiation, and induce angiogenesis [93]. Ti-5Cu 
alloy has remarkable anti-infective efficacy, osteogenic potential, and biological 
compatibility, which have been amply demonstrated by laboratory investigations 
[[8,91,94]. 

Implants are frequently vulnerable to infections like peri-implantitis, which affect the 
surrounding hard and soft tissues and result in implant loss and biocompatibility [95]. 

Peri-implantitis is an inflammatory condition that affects all surrounding tissues [96]. 
A deep pocket with hemorrhage, suppuration, and slight bone loss accompanies mucosal 
injury [33,97,98] (Figure 8). 
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Therefore, a recent scientific study has focused on the interface between the implant
and the surrounding soft tissues, highlighting the significance of establishing a sufficient
epithelial biological seal that is necessary to prevent bacterial contamination [17,97,99,100].
The underlying bone tissues are shielded from germs by the peri-implant tissues, which are
made up of connective and epithelial components [101]. It has been claimed that coating
the implant with bioactive materials will help to avoid the development of this disease [49].

A bioactive glass known as Bioglass 45S5 or calcium sodium phosphosilicate is made
up of silica, calcium oxide, phosphorus pentoxide, and sodium oxide [102]. Biomaterials
for bone grafts, periodontal defect repair, cranial and maxillofacial repair, wound care,
blood loss management, stimulation of vascular regeneration, and nerve repair are among
the typical uses of Bioglass 45S5 [49].

4.1.3. CGF Coated Dental Implants

More recent studies are focusing on the biological properties of growth factor concen-
trate (CGF), an autologous blood-derived biomaterial, in improving the osseointegration of
dental implants [103,104]. The surface of CGF permeated dental implants is biocompatible
and biologically active, significantly improving the adhesion of endothelial cells to the
implants themselves [31]. All of this guarantees better results in terms of osseointegration
and decline in post-surgical complications [31,103].

Some basic parameters are to be monitored during the osseointegration period and
after loading to ascertain peri-implant health over time: early healing index, visible plaque
index, tartar, peri-implant inflammation, probing depth and bleeding at probing, implant
stability quotient, crestal bone loss, bone level variation, and implant success and survival
rates [105]. Implant surface modifications can improve implant durability and health
and thus ensure proper prosthetic rehabilitation [38,106]. This is also especially true
in those patients in whom implant-prosthetic rehabilitation is not only cosmetic, but
functional [107]. Sometimes, such patients have systemic diseases or have compromised
bone conditions [108]. Implants with surface treatments that can improve bone–implant
interactions, protein uptake, adhesion, differentiation, and cell proliferation have been
used in these patients. In clinical trials with patients using anticoagulants, diabetics,
people who had radiation therapy to the head and neck, and people who needed bone
grafting, implants with hydrophilic surfaces displayed encouraging outcomes [109,110]. In
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comparison with other treated, coated implants, mandibular implant overdentures showed
considerably higher 1-year survival rates in clinical trials using SLActive hydrophilic
surfaces [43,110,111].

5. Conclusions

From the present study, it emerged that, although all surfaces allowed osseointegration
and cell proliferation, the treated surfaces, owing to surface irradiation, had a better
propensity for epithelial cell attachment and adhesion, proliferation, and differentiation of
osteoblastic cells.

However, research must be directed not only to the osseointegration of the implant
into the bone structure, to ensure primary and secondary stability, but also to the seal that
the soft tissues provide superficially, which is essential to protect the peri-implant tissues
and stability of the prosthesis.

Researchers in designing an implant must give equal importance to both osseointegra-
tion and mucointegration, key parameters for generating stability and creating a mucosal
seal around the prosthesis. Research in micro and macro implant topography must be
focused on designing successful medical devices, reducing clinical failure.

In summary, the primary objectives for the creation of implant surface changes are
as follows:

• Enhance clinical effectiveness in regions with both qualitative and quantitative bone
deficiencies;

• Speed up the osseointegration process so that immediate or early loading protocols
can be addressed;

• Sncourage bone formation in areas where there is insufficient alveolar ridge to enable
the implantation of implants;

• Properly seal the muco-gingival biological junction in order to prevent bacterial con-
tamination.

Owing to continuous scientific discoveries and innovation, research is extensive and
expanding. It is difficult to apply research in vivo; therefore, a long period of control is still
necessary before being able to have certain results on patients.
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Abbreviations

BIC Bone implant contact
BMMSC Multipotent mesenchymal stem cells from bone marrow
CaP Calcium phosphate
CGF Concentrated growth factors
Cu Copper
DAE Dual acid etch
GO Graphene oxide
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HF Hydrogen fluoride
PEEK Polyetheretherketone
RFA Resonance frequency analysis
SA Sandblasting and acid etching
SEM Scanning electron microscopy
SLA Coarse-grain blasting and acid etching
Ti Titanium
Ti-5Cu Titanium-copper alloy
TPS Titanium plasma spray
TNP Titanium nano pores
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Abstract: Background: Color stability is a crucial performance parameter for dental restorations,
and limited research exists on how surface preparation methods affect it. The purpose of this study
was to test the color stability of three resins intended for 3D printing, which can be used to make
dentures or crowns in A2 and A3 colors. Materials and Methods: Samples were prepared in the form
of incisors; the first group was not subjected to any treatment after curing and washing with alcohol,
the second was covered with light-curing varnish, and the third was polished in a standard way.
Then, the samples were placed in solutions of coffee, red wine, and distilled water and stored in the
laboratory. After 14, 30, and 60 days, color changes were measured (presented as Delta E) compared
to material stored in the dark. Results: The greatest changes were observed for samples that were not
polished, then were placed in red wine dilutions (∆E = 18.19 ± 0.16). Regarding the samples covered
with varnish, during storage, some parts detached, and the dyes penetrated inside. Conclusions:
3D-printed material should be polished as thoroughly as possible to limit the adhesion of dyes from
food to their surface. Applying varnish may be a temporary solution.

Keywords: 3D printing; dental restorations; color stability; surface preparation; polishing; varnishing;
red wine; coffee

1. Introduction

The field of dentistry has seen rapid advancements in the development of dental
materials over the past few decades. One of the most important aspects of dental materials
is their ability to mimic the natural appearance of teeth. The esthetic expectations of patients
have been continuously increasing, leading to a greater demand for dental restorations that
can achieve a high level of color stability, biocompatibility, and mechanical properties.

The color stability of dental materials is crucial because it ensures that the restoration
maintains its original color and appearance over time. When dental materials are exposed
to staining agents, such as coffee or red wine, they can discolor and become unsightly.
Patients expect their dental restorations to match the natural appearance of their teeth,
and the development of dental materials with enhanced color stability can help achieve
this goal.

Three-dimensional printing is increasingly utilized in healthcare due to its ability to
create patient-specific restorations with the necessary accuracy and precision. Examples of
3D printing technology applications include implanted heart valves, elements of rib cages,
bones, dentures, orthodontic appliances, and the first maxillofacial implants [1].

Three-dimensional printing technology has revolutionized various industries, in-
cluding dentistry, by offering more efficient and precise methods for fabricating dental
restorations [2]. Additive manufacturing techniques, such as stereolithography (SLA),
digital light processing (DLP), and selective laser sintering (SLS), enable the production of
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dental prostheses with complex geometries and intricate structures that would be difficult
to achieve through traditional manufacturing methods [3,4]. The use of resin materials in
3D printing has gained popularity in recent years due to their versatility, biocompatibility,
and favorable mechanical properties [5,6]. Additionally, 3D printing has proven to be
advantageous in terms of reduced chair time, customization, and waste compared to CAD
CAM technology [7].

The decreasing cost of professional printers has led to a surge of interest in this
technology among dental technicians, particularly in the use of SLA technology with light-
curing resins. Three-dimensional printing technology can also be used in the dental office,
especially when it comes to making temporary crowns and bridges. This has allowed for a
reduction in the number of visits; during one chair time, the patient can have their dental
arches scanned. Using databases from the computer, the design of the future temporary
restoration is adjusted. While the dentist is grinding the teeth, the dental assistant can
3D-print a temporary crown or bridge. [8].

Loges and Tiberius address the implementation challenges of 3D printing in prosthodon-
tics, highlighting the need for further research and development. Among the key advan-
tages of this technique are the capacity to print multiple prosthetic elements simultaneously,
such as crowns, bridges, and removable dentures, and the elimination of intermediate steps
like wax modeling and plaster use [9].

Color stability is a critical aspect of dental restorations, as it directly impacts the
esthetic outcome and patient satisfaction [10]. Factors such as staining solutions, surface
treatments, and resin composition can affect the color stability of dental materials [11,12].
Dental restorations are frequently exposed to staining agents like coffee, tea, and red
wine, which may cause discoloration over time [13]. To ensure the longevity and esthetic
appearance of dental restorations, it is crucial to investigate the color stability of 3D-printed
dental materials and evaluate the effects of different surface treatments.

Color stability is a crucial performance parameter for patients, and as such, new
materials entering the market should be tested for this attribute. Studies have identified
various beverages, including coffee, red wine, orange juice, and burqa juice, as agents that
can alter the color of materials, including 3D-printed elements [8,14–16].

However, limited research exists on how surface preparation methods affect color
stability and the geometry of printed objects [17,18]. There are various guidelines in the liter-
ature on how to cure samples after polymerization in the printer. For this purpose, you can
cover the samples with glycerin, use resin, or raise the temperature during polymerization
in the light oven.

A change in the color of printed restorations may also occur during their use in the
mouth, as a result of changes in the temperature of the food eaten and tooth brushing with
toothpastes and brushes [19].

The speed of printing and the thickness of individual layers affects the mechanical
properties of the obtained product, which is very important from the point of view of
materials used in medicine. Finite Element (FE) simulations are very useful for analyzing
this phenomenon [20].

As each material can be cured in various ways, the obtained results may be significantly
influenced by factors such as the thickness and shape of the element itself.

Dental technicians and dentists often question the proper method for finishing a
prosthetic restoration. Should self-polishing suffice, or should surfaces be protected with
varnishes? [21]. The aim of this study is to address this question by determining the color
change of three types of resins designed for 3D printing when placed in different media:
coffee, red wine, and distilled water, for two months. Based on previous in vitro tests
described in the literature, it is assumed that 24 h in the staining solution simulates food
intake for 30 days [22]. The 60-day period can successfully indicate how the material will
behave throughout its entire service life, assuming that the use of one prosthesis lasts
2–3 years maximum.
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The purpose of this study was to test the color stability of three resins intended for 3D
printing, which can be used to make removable dentures or crowns and bridges in A2 and
A3 colors. The hypothesis put forward at the beginning of this study is that there will be no
separation between surfaces prepared in different ways or test solutions.

2. Materials and Methods
2.1. 3D Printing and Sample Preparation

Three commercial resins from NextDent were utilized for the tests: Denture 3D+ (dark
pink color), Crowntec (color A3), and A2 (NextDent, Soesterberg, The Netherlands). The
framework composition of the tested materials based on the available SDS is presented in
Table 1. The materials were mixed prior to use with moving rollers for 1 h to ensure proper
mixing of the dyes within the resin (according to the manufacturer’s instructions). In total,
141 incisor tooth models were printed, with 47 models for each resin type (Figure 1). The
specimens were designed using 3D Builder (10.1.9.0, Microsoft Corporation, Redmont, WA,
USA). An STL file of the digital model was uploaded to the software and printed using
Liquid Crystal Precision (Photocentric Ltd., Peterborough, UK) with Daylight Polymer
Printing technology. The upper central incisors were manufactured layer by layer, with
irradiation time for the printing of a single layer of 25 µm thickness being 2 s, and the
wavelength being 372 nm. The printing orientation (in a horizontal position) was chosen
to maximize accuracy and speed. The position of the samples during printing is very
important when it comes to their precision.

Table 1. Composition of testing resins.

Material Composition

Denture 3D+ Ethoxylated bisphenol A dimethacrylate => 75%,
Crowntec A3 and A2 7,7,9(or 7,9,9)-trimethyl-4,13-dioxo-3,14-dioxa-5,12-

diazahexadecane-1,16-diyl bismethacrylate 10–20%
2-hydroxyethyl methacrylate 5–10%
Silicon dioxide 5–10%
diphenyl(2,4,6- trimethylbenzoyl)phosphine oxide 1–5%
Titanium dioxide < 0.1%
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When the 3D printer finished its program, objects were removed from the printer
building platform with the help of a spatula, and excess resin was cleaned off with a paper
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towel. After this stage, the samples were coated with glycerin (Sigma Aldrich, Prague,
Czech Republic) to protect from the unpolymerized layer, and irradiated in an Evicrobox
(SpofaDental, Jicin, Czech Republic) light oven for 10 min, with a power of 1000 watts,
and a wavelength of 370 nm. They were then then subjected to an isopropanol bath to
remove non-polymerized layers, for 10 min in 98% isopropanol (Sigma Aldrich, Prague,
Czech Republic) using a 50 Watt GUC 06A 6L lab ultrasonic washer (Geti, Birmingham,
UK). Isopropyl alcohol is effective in cleaning the build plate of the 3D printer and does
not leave marks or deposits on the printed elements. The details were discussed in our
previous work, Raszewski et al. [23].

2.2. Sample Groups

The materials were then divided into four groups:

1. The first group (45 samples) was polished using a 100-micron pumice (EcoPolish
Pumice, Goslar, Sliadent, Germany) mixed with water (2:1 ratio) on a WP-EX 2000 II
(Wassermann Polishing Units, Ontario Canada) with a felt polishing wheel for 5 min
at 800 rpm.

2. The second group (45 incisors) was coated twice with Optiglaze (GC, Tokyo, Japan)
varnish and polymerized in the Evicorbox light chamber for 20 min.

3. The third group (45 samples) served as a control and was not processed in any way.
4. The fourth group (6 teeth) was stored in darkness at 23 ◦C as a reference. Only the

6th sample was selected as a reference sample, because the material is not exposed to
factors that can change the color when stored in the dark and at room temperature.

2.3. Color Stability Testing

An X Rite spectrophotometer (X Rite, Grand Rapids, MI, USA) measured the initial
color of each sample, providing L, a, b values. The color differences were recalculated as
Delta E using the device’s built-in software (according to Formula (1)). Materials stored
under laboratory conditions (group 4) were measured as a reference at the initial step of
each measurement in the middle part of the tooth. The resin stored in the dye solutions
was measured after the reference tooth from group 4. Each measurement was made 3 times
in the middle part of the tooth. Then, the device automatically calculated the average value
of the 3 measurements and total color change as Delta E:

∆E =

√
(L1 − L0)2 + (a1 − a0)2 + (b1 − b0)2 (1)

where L1 − L0—the difference between the brightness of the samples before and after
placement in the staining solutions.

a1 − a0—color change on the red-green axis
b1 − b0—color change on the yellow-blue axis

Red wine and coffee solutions are standard testing solutions for color changes in
prosthetic restorations [11]. A Tschibo Family (Tschibo, Hamburg, Germany) soluble coffee
solution and Aguia Moura red wine (Portugal, Douro were prepared. Soluble coffee was
prepared by dissolving 2 teaspoons in 200 mL of hot water. For one experiment, 2 L of
coffee was prepared. After reaching the temperature of 40 ◦C, the coffee was divided into
3 PE pots—20 mL. In each solution, 1 sample was placed.

The second test solution was Aguia Moura red wine (Portugal, Douro). After opening
the bottle, the contents were poured into PE containers, 20 mL each, in which one sample
from the 3 tested resins was placed.

Distilled water was used as the reference solution, into which the rest of the samples
were placed.

All the samples were stored at 37 ◦C in a laboratory drier. Once a week, the solutions
were exchanged for new ones. The samples were examined after 14, 30, and 60 days of
storage in staining solutions. Before testing, the samples were washed with running water
and wiped with a paper towel.
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2.4. Surface Analysis

During the testing period, material surfaces were analyzed under an optical micro-
scope at 5× magnification (Karl Zeiss, Jena, Germany).

2.5. Statistical Analysis

The data were presented as mean and standard deviation (SD). One-way ANOVA
was used for statistical analysis. Samples stored in staining solutions were compared with
reference samples at 23 ◦C under laboratory conditions. Statistical analysis was performed
with IBM SPSS Statistics for Windows, Version 26.0. IBM Corp. (Armonk, NY, USA). A
significance level of p < 0.05 was assumed, with time as a variable.

3. Results

Tables 2–4 present the results of color changes in individual solutions over time for
the three tested resins: Crowntec A2, Crowntec A3, and Denture 3D+.

Table 2. Color change of Crowntec A2 color over time in different media.

∆E 14 Days ∆E 30 Days ∆E 60 Days p Value

LW 0.42 ± 0.03 0.54 ± 0.10 0.93 ± 0.22 p < 0.5 *
LC 0.50 ± 0.14 1.10 ± 0.23 1.37 ± 0.41
LR 0.70 ± 0.02 1.05 ± 0.08 1.59 ± 0.11 p < 0.01 *

NpW 2.94 ± 0.51 3.36 ± 0.49 3.65 ± 0.30
NpC 3.25 ± 0.23 9.70 ± 0.34 11.54 ± 0.62 p < 0.01 *
NpR 3.34 ± 0.26 16.27 ± 0.21 18.19 ± 0.16 p < 0.01 *

PW 0.36 ± 0.02 1.44 ± 0.06 3.59 ± 0.42 p < 0.01 *
PC 2.02 ± 0.28 3.32 ± 0.30 5.00 ± 0.49 p < 0.01 *
PR 2.18 ± 0.21 12.59 ± 0.82 13.61 ± 0.42 p < 0.01 *

* Statistically significant p values are given. LW—sample covered with lacquer and stored in distilled water,
LC—sample covered with lacquer and stored in coffee solution, LR—sample covered with lacquer and stored
in red wine, NpW—sample non-polished after polymerization and stored in distilled water, NpC—sample
non-polished and stored in coffee solution, NpR—sample non-polished and stored in red wine. PW—sample
polished and stored in distilled water, PC—sample polished and stored in coffee solution, PR—sample polished
and stored in red wine.

Table 3. Color change of Crowntec A3 color over time in different media.

∆E 14 Days ∆E 30 Days ∆E 60 Days p Value

LW 0.65 ± 0.06 0.69 ± 0.25 0.75 ± 0.16
LC 0.54 ± 0.08 1.67 ± 0.36 1.97 ± 0.23
LR 1.33 ± 0.26 2.55 ± 0.53 3.45 ± 0.30 p < 0.01 *

NpW 0.45 ± 0.06 0.73 ± 0.09 0.94 ± 0.51
NpC 2.72 ± 0.21 5.45 ± 0.43 6.50 ± 0.28 p < 0.01 *
NpR 4.77 ± 0.29 5.85 ± 0.20 6.64 ± 0.33

PW 0.50 ± 0.10 1.01 ± 0.10 1.11 ± 0.36
PC 2.64 ± 0.31 3.34 ± 0.36 3.61 ± 0.42
PR 3.33 ± 0.33 8.02 ± 0.44 10.94 ± 0.23 p < 0.01 *

* Statistically significant p values are given. LW—sample covered with lacquer and stored in distilled water,
LC—sample covered with lacquer and stored in coffee solution, LR—sample covered with lacquer and stored
in red wine, NpW—sample non-polished after polymerization and stored in distilled water, NpC—sample
non-polished and stored in coffee solution, NpR—sample non-polished and stored in red wine. PW—sample
polished and stored in distilled water, PC—sample polished and stored in coffee solution, PR—sample polished
and stored in red wine.
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Table 4. Color change of Denture 3D+ color over time in different media.

∆E 14 Days ∆E 30 Days ∆E 60 Days p Value

LW 0.63 ± 0.19 1.33 ± 0.42 1.36 ± 0.27
LC 0.76 ± 0.13 2.30 ± 0.26 2.51 ± 0.40
LR 0.83 ± 0.18 2.50 ± 0.32 3.48 ± 0.13 p < 0.01 *

NpW 0.35 ± 0.18 1.51 ± 0.68 1.80 ± 0.14
NpC 2.10 ± 0.27 4.76 ± 0.26 5.59 ± 0.49 p < 0.01 *
NpR 4.88 ± 0.33 9.04 ± 0.56 11.00 ± 0.28 p < 0.01 *

PW 0.73 ± 0.11 1.36 ± 0.39 1.53 ± 0.27
PC 1.05 ± 0.12 2.46 ± 0.24 2.78 ± 0.25
PR 2.45 ± 0.34 2.45 ± 0.34 4.21 ± 0.31

* Statistically significant p values are given. LW—sample covered with lacquer and stored in distilled water,
LC—sample covered with lacquer and stored in coffee solution, LR—sample covered with lacquer and stored
in red wine, NpW—sample non-polished after polymerization and stored in distilled water, NpC—sample
non-polished and stored in coffee solution, NpR—sample non-polished and stored in red wine. PW—sample
polished and stored in distilled water, PC—sample polished and stored in coffee solution, PR—sample polished
and stored in red wine.

Table 2 shows the color changes of Crowntec A2 resin over time in different media. It
is evident that the color change was more significant in red wine and coffee compared to
distilled water. Samples without polishing and with lacquer coating showed the most color
change in these staining solutions, with p-values less than 0.01, indicating a statistically
significant difference.

Table 3 displays the color changes of Crowntec A3 resin in various media. Similar to
Crowntec A2, the color change was more pronounced in red wine and coffee compared to
distilled water. Samples without polishing and with lacquer coating exhibited the most
significant color change in these staining solutions, with p-values less than 0.01, indicating
a statistically significant difference.

Table 4 presents the color changes of Denture 3D+ resin over time in different media.
As observed in the previous tables, the color change was greater in red wine and coffee
compared to distilled water. Samples without polishing and with lacquer coating demon-
strated the most substantial color change in these staining solutions, with p-values less than
0.01, indicating a statistically significant difference.

The results indicate that the color changes in the tested resins are more significant when
exposed to red wine and coffee than when exposed to distilled water. The samples without
polishing and with lacquer coating experienced the most considerable color changes in
these staining solutions, with statistically significant differences observed.

The results from Tables 2–4 show that staining solutions like red wine and coffee
have a greater impact on the color stability of tested resins (Crowntec A2, Crowntec A3,
and Denture 3D+) than distilled water. This finding is important for evaluating the color
stability of dental prosthetic materials.

The varnish on the surface of the sample peeled off during storage (Figure 2).
Tooth color changes in all media; distilled water, coffee, and red wine are shown in

Figure 3 for the varnished samples.
Samples polished by the traditional method with a pumice stone show the least change

in color during storage in staining solutions. (Figure 4a).
If the varnish did not separate from the surface of the materials, then the surface of

the artificial teeth is smooth and did not change color (Figure 4b). However, if the surface
of the material became contaminated, the varnish began to crack and scratches formed on
the surface, which absorb the dyes (Figure 4c).

When comparing the three surface treatments, samples without polishing displayed
the most significant color change in red wine and coffee solutions (Figure 4d,e). This
indicates that not polishing the surface of prosthetic restorations can lead to higher suscepti-
bility to discoloration when exposed to staining agents. On the other hand, lacquer coating
provided better color stability than unpolished samples, but in some cases, it showed more
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color change than mechanically polished samples. This suggests that whereas lacquer coat-
ing offers some protection against staining, mechanical polishing might be more effective
in maintaining the color stability of dental prosthetic materials.
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Figure 3. Color changes after storage in different media. The greatest color changes were observed in
a test tube stored in red wine.

Mechanical polishing demonstrated better color stability compared to the other two
surface treatments in most cases, making it an effective method for preserving color stability
when exposed to common staining agents like red wine and coffee. The polishing procedure
must be carried out very carefully, because even the smallest surface irregularities absorb
dyes (Figure 4f—red wine).

During the experiments, cracks and peeling of varnish pieces were observed on the
test surfaces, as shown in Figures 2 and 4c. Tooth color changes were documented and
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are displayed in Figure 3, with the most significant color changes observed in the samples
stored in red wine.
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(c) Teeth covered with varnish, after storage in distilled water. Lacquer cracks (arrows), and the 
remnants of dyes begin to accumulate in the gaps (Crowntech A2). (d) Teeth’s unpolished surface 
after storage in red wine, and (e) after contact with coffee. Between the individual layers of the 
material as it was printed are visible dyes (Crowntech A2). (f) Sample of A2 color storage in red 
wine for 60 days, with a polished surface but not enough; a clearly visible region with greater 
roughness, where the absorption of dyes took place (Magnification 25×). 

If the varnish did not separate from the surface of the materials, then the surface of 
the artificial teeth is smooth and did not change color (Figure 4b). However, if the surface 
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Figure 4. (a) Photograph of the tooth surface under a microscope. It is visible that polishing the tooth
surface provides less retention for dyes (Crowntech A3); (b). Teeth covered with varnish are protected
against discoloration, but after a long time, the protecting layer can crack (Crowntech A2); (c) Teeth
covered with varnish, after storage in distilled water. Lacquer cracks (arrows), and the remnants of
dyes begin to accumulate in the gaps (Crowntech A2). (d) Teeth’s unpolished surface after storage
in red wine, and (e) after contact with coffee. Between the individual layers of the material as it
was printed are visible dyes (Crowntech A2). (f) Sample of A2 color storage in red wine for 60 days,
with a polished surface but not enough; a clearly visible region with greater roughness, where the
absorption of dyes took place (Magnification 25×).

Microscopic observations of polished tooth surfaces indicated that they were less
susceptible to staining than non-polished samples, as illustrated in Figure 4. Very significant
changes were observed in Figure 4d,e when the presence of red wine or coffee dye between
the individual layers of the unpolished material could be seen.
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The results of the tests show that unpolished materials undergo the most significant
color change in red wine after 60 days. The second-highest color change occurred in rough
samples exposed to coffee. Samples with varnish-protected surfaces exhibited the smallest
color changes. However, over time, some surfaces began to experience varnish peeling.
The least color change was observed in samples stored in distilled water.

The surface treatment of dental prosthetic materials plays a crucial role in their color
stability. Unpolished surfaces are more susceptible to staining, whereas varnish protection
can help maintain color but may experience peeling over time. Polished surfaces demon-
strate better color stability, but it is essential to ensure adequate polishing to avoid areas
with greater roughness that may absorb dyes.

4. Discussion

The thesis put forward at the beginning of this study has not been confirmed. The
method of preparation of the material affects color stability. Many factors can affect color
changes in temporary dental materials, such as polymerization, diet, dyes, oral hygiene,
and surface smoothness. The selection of the staining solution and its concentration, as
well as the time during which the materials are exposed to the dyeing solution, may also
influence the degree of color change and surface topography [23–26].

Coffee and red wine solutions have long been used as unofficial standards for testing
and changing the color of materials in prosthetics [27]. Discoloration of materials can occur
externally (deposits on the surface) or internally (when the dye penetrates the inside of the
material, monomer composition, and degree of polymerization) [21,24,25].

The NextDent 3D system was tested by Dimirtova et al. in a solution of wine, coffee,
Coca Cola and artificial saliva. The authors, as in these studies, observed the greatest color
change for the samples stored in red wine for a period of 21 days. The Delta E value was
2.05, which was lower than in these studies, but the storage period of the sample was also
much shorter [23].

Materials intended for 3D printing also change their color as a result of sorption and
solubility in water, which reduces their translucency is [24,25].

Contact time plays a very important role in the color stability of dental materials [26].
Korean authors have demonstrated in their research that 3D materials exhibit lower color
stability compared to materials milled using CAD/CAM technology, in which PMMA
discs are polymerized for an extended period under high pressure and at a temperature of
approximately 130 ◦C [27–29].

Color stability is also affected by the orientation of the sample when printing. The most
accurate restorations are obtained when the sample orientation is 45 degrees (Hada et al.) [28].
In this case, however, the printed crown had rows of layers that came together on the
surface, and thus it was easily discolored (Figure 4).

Another potential explanation for the low color stability of 3D printing resins is the
degree of double bond conversion of acrylic resins in these materials, which is at a level of
50–80% [18,19,30]. Post-curing processes after printing contribute to higher polymerization
rates [31]. The use of red wine to test the color change of dental materials is a common
practice in dentistry. Red wine, with its strong pigmentation, can be an effective indicator
of how well a dental material is able to resist staining over time. It is often used as a second
solution for testing the color stability of dental restorative materials, after coffee. Red wine
is also a convenient choice for testing dental materials because it is readily available and
easy to use [32–34]. However, it is important to note that the staining potential of red wine
can vary depending on the type and quality of the wine, as well as other factors such as pH
and tannin content [35].

The immersion period and the frequency of exposure to staining solutions are other
factors that can influence color stability [36]. Studies have shown that longer exposure to
staining solutions, such as red wine, coffee, or tea, can lead to a more pronounced color
change in dental materials [11].
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The role of the staining solution’s pH on the color stability of dental materials should
also be considered. The pH of the staining solution can affect the color stability of dental
materials, as it may cause erosion, surface roughness changes, or even dissolution of the
materials [37]. It is crucial to understand the interaction between the acidity of common
beverages and dental materials, as this knowledge can lead to the development of more
resistant and durable dental restorations [38].

In our study, we observed that the surface treatment of dental prosthetic materials
plays a crucial role in their color stability. Unpolished surfaces are more susceptible to
staining, whereas varnish protection can help maintain color but may experience peeling
over time. Polished surfaces demonstrate better color stability, but it is essential to ensure
adequate polishing to avoid areas with greater roughness that may absorb dyes.

The development of dental materials with enhanced color stability that can mimic the
natural appearance of teeth is of utmost importance in modern dentistry. With the esthetic
expectations of patients continuously increasing, there is a growing demand for dental
restorations with better color stability, biocompatibility, and mechanical properties [39].

Color stability is an important factor when it comes to the durability and longevity
of dental restorations. Dental materials with poor color stability can become discolored
over time, resulting in unsightly restorations that do not match the natural appearance
of the patient’s teeth. Dental materials with enhanced color stability can help ensure that
restorations maintain their original color and appearance, leading to greater patient sat-
isfaction [39]. Biocompatibility is another critical consideration when developing dental
materials. Biocompatible materials are essential in ensuring that dental restorations do
not cause adverse reactions in patients. Dental professionals must consider the biocom-
patibility of dental materials to reduce the risk of allergic reactions or infections, leading
to better patient outcomes. Mechanical properties such as strength, durability, and resis-
tance to wear are also important when it comes to dental restorations. Dental materials
with superior mechanical properties can help ensure the longevity and effectiveness of
restorations. Such materials can withstand the forces of biting and chewing, reducing
the risk of breakage or cracking, and provide patients with a functional and long-lasting
restoration [39]. Researchers are continuously working on improving the properties of
dental materials, including the development of new resin-based composites, ceramics, and
CAD/CAM materials with better color stability [40–42].

Patient education and preventive measures should be underlined in order to minimize
the risk of staining in dental restorations. Dental professionals play a crucial role in
educating their patients on the proper care and maintenance of their dental restorations.
Patients should be informed about the potential effects of staining beverages, such as red
wine, coffee, and tea, on the color stability of their restorations, and advised on proper oral
hygiene practices and maintenance of their dental work.

Staining beverages can have a significant impact on the color stability of dental restora-
tions, particularly those made from materials such as composite resin or ceramic. These
materials can become discolored over time when exposed to pigmented substances, leading
to unsightly restorations that do not match the natural appearance of the patient’s teeth.
Dental professionals should inform patients about the potential risks of consuming staining
beverages and provide recommendations for reducing their consumption or minimizing
their impact on dental work [40,43–46].

Performing research has its limitations. Three-dimensional printing materials from
one manufacturer, NextDent, were tested using one printer and one type of light oven.
As is well known, the degree of curing of light-curing materials may vary depending on
the devices used, both the 3D printer and the light oven, which may affect the results
obtained [28,29]. Therefore, further research into other materials and curing equipment
is needed.

The effect of the type of resin used in 3D printing on the color stability of dental
restorations is an area that requires further research. Different resins have different charac-
teristics, including composition, degree of polymerization, and physical properties, which
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can affect their susceptibility to discoloration and staining [47]. A better understanding
of the relationship between resin type and color stability can help dentists choose the
most appropriate materials for their patients, leading to more esthetically pleasing and
longer-lasting restorations.

In the context of color stability, it is also important to consider the role of saliva and
its interaction with dental materials. Saliva is essential in the oral environment, providing
natural protection against discoloration and maintaining the integrity of dental restorations.
The complex composition of saliva, including its buffering capacity, enzymes, and proteins,
can affect the surface properties and color stability of dental materials over time [48,49].
Further research into the interaction between saliva and dental materials may provide
valuable information to develop more effective strategies to improve the color stability of
dental restorations in clinical settings.

The development of advanced dental materials with improved color stability and
stain resistance is an ongoing area of research. Innovations in materials science, such as
the use of nanoparticles, antimicrobial agents, or advanced surface treatments, may offer
potential solutions for improving the color stability of dental restorations [50,51]. In the
future, research into new methods to improve the esthetic properties and durability of
dental materials should be continued, providing patients with the highest quality of care
and satisfaction with dental treatment [52,53].

In this work, a more comprehensive study of factors affecting the color stability of
restorations was performed, building on previous research in this area. For example,
Dimitrov et al. [24] focused on the color stability of restorations fabricated using the
NextDent 3D system, but our study goes beyond the scope of their work by examining a
wider range of restorations and considering different surface preparation methods.

While Dimitrov et al. [24] primarily investigated the susceptibility of the NextDent
3D system to discoloration, our work delves into the effect of resin type on color stability.
By evaluating different resins and their susceptibility to staining and discoloration, we
aim to offer dentists a better understanding of the most appropriate materials to use,
which will ultimately contribute to the development of more esthetically pleasing and
durable restorations.

Our study also investigates the role of saliva and its interaction with dental materials,
an aspect that has been largely overlooked in previous studies, including Dimitrov et al. [24].
By analyzing the complex relationship between saliva and dental materials, we hope to
provide valuable information for the development of more effective strategies to improve
the color stability of dental restorations in clinical settings.

In the study conducted by Almejrad et al., the color stability of 3D-printed interim
restorations with different surface treatments was evaluated after being immersed in
various staining solutions, such as artificial saliva, tea, coffee, and wine for six months.
Using a laboratory scanner, CAD/CAM software, and 3D-printing technology, 80 abutment
teeth and interim restorations were produced from tooth-colored photopolymerizing resin
and randomly assigned to either a Polish or Optiglaze treatment group. The samples were
then divided into four subgroups based on their immersion liquid. Color measurements
were taken pre- and post-immersion, and two-way ANOVA was conducted to assess the
impact of surface treatment, immersion liquid, and their interaction on color change (∆E)
after six months. Results showed significant effects of surface treatment, immersion liquid,
and their interaction on ∆E, with red wine causing the most discoloration. The application
of a nanofilled, light-polymerizing protective coating was found to significantly reduce
discoloration from chromogenic beverages, particularly coffee, suggesting its usefulness
for extended intraoral service of 3D-printed interim restorations [54].

Other studies have investigated the color stability of dental restorations made from
3D-printing resins and conventional CAD/CAM blocks, focusing on the impact of various
colorants and storage durations. It has been found that 3D-printing resins exhibited signifi-
cantly higher discoloration than CAD/CAM blocks when exposed to grape juice, coffee,
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curry, and distilled water over 2, 7, and 30 days. The findings highlight the importance of
considering discoloration when using 3D-printing resins for dental restorations [32].

In research performed by Scotti et al., the physical and surface properties of a 3D-
printed resin were compared with those of materials traditionally used for interim dental
restorations. Three different materials were tested for color change, flexural strength,
Knoop hardness, and surface roughness: a 3D-printed resin, an autopolymerizing interim
material, and a composite resin. The results revealed that the composite resin exhibited
the highest values for flexural strength and hardness, followed by the 3D-printed resin,
whereas the autopolymerizing interim material demonstrated the lowest values for both
tests. In terms of surface roughness, the 3D-printed resin showed similar values to the
autopolymerizing material, but higher values than the composite resin. However, the
3D-printed resin displayed the most significant color variation over time, raising concerns
about its color stability for long-term use. Despite this, the 3D-printed composite resin
showcased adequate mechanical and surface properties, suggesting its potential as a cost-
effective alternative for interim restorative materials in dentistry [55].

5. Conclusions

1. This study highlights the importance of proper curing, surface polishing, and the
potential limitations of using varnish for 3D-printed dental restorations.

2. The results indicate that materials intended for 3D printing must undergo complete
curing to minimize color change and ensure long-lasting esthetic results. Moreover,
the surface of the material after curing should be meticulously polished using tradi-
tional techniques to eliminate any surface imperfections that may lead to localized
discoloration over time.

3. Whereas varnish application might be useful for temporary restorations, its long-term
use may not be ideal for 3D-printed restorations. This is due to the potential for
the varnish to crack and create fissures on the surface, allowing dyes to penetrate
and negatively impact the esthetic appearance of the restoration. The disparity in
flexibility between the varnish resin and the 3D printing material may contribute to
this issue.
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Abstract: Currently, 3D print is becoming more common in all branches of medicine, including
dentistry. Some novel resins, such as BioMed Amber (Formlabs), are used and incorporated to more
advanced techniques. The aims of the study were to check whether or not polishing and/or artificial
aging influences the properties of the 3D-printed resin. A total of 240 specimens of BioMed Resin
were printed. Two shapes (rectangular and dumbbell) were prepared. Of each shape, 120 specimens
were divided into four groups each (with no influence, after polishing only, after artificial aging only,
and after both polishing and artificial aging). Artificial aging took place in water at the temperature
of 37 ◦C for 90 days. For testing, the universal testing machine (Z10-X700, AML Instruments, Lincoln,
UK) was used. The axial compression was performed with the speed of 1mm/min. The tensile
modulus was measured with the constant speed of 5 mm/min. The highest resistance to compression
and tensile test were observed in the specimens that were neither polished nor aged (0.88 ± 0.03 and
2.88 ± 0.26, respectively). The lowest resistance to compression was observed in the specimens that
were not polished, but aged (0.70 ± 0.02). The lowest results of the tensile test were observed when
specimens were both polished and aged (2.05 ± 0.28). Both polishing and artificial aging weakened
the mechanical properties of the BioMed Amber resin. The compressive modulus changed much
with or without polishing. The tensile modulus differed in specimens that were either polished or
aged. The application of both did not change the properties when compared to the polished or aged
probes only.

Keywords: dental resins; compression test; tensile modulus; 3D print; dentistry

1. Introduction

The future use of 3D print technology is becoming the truth of today’s life. This
technology led to the high development of today’s medicine. This phenomenon also
extends to dentistry. Although first introduced to restorative dentistry (including simple,
conservative restorations, as well as prosthetic appliances) and surgery, the use of this
type of material broadened over time. Today, they are preferably used to produce both
surgical guides for implantology and craniofacial surgery, but also the basic models [1].
Recently, 3D print was introduced to orthodontics, endodontics, and periodontology as
well. It is preferably used for the fabrication of precise appliances, especially when the
skeletal anchorage is planned [2,3]. Although the properties of the 3D-printed materials
and traditional ones tend to be nearly the same, the printed ones, due to the process of
preparation, characterize higher accuracy in shape and time needed for production decrease.
Unfortunately, this solution is far more expensive than the traditional one, and therefore,
might be unprofitable [4]. Lately, more advanced, 4D technologies were introduced and
presented as more precise as well as preferably used, and the difference between the 3D
and 4D printing lies in the layer-by-layer print of the specimen. Although the 4D print was
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not introduced into the treatment yet, as it is still in the phase of experimentation, it gives
potential chances for further development of the discipline of biomaterial preparation [5].

The 3D materials are preferably tested by the researchers [6–9]. For this reason, the
different material properties are measured. Although the search for perfect materials is the
main focus of the materials science, not many researchers compare the properties of the
materials after subjection to the different external factors. Those factors may influence the
properties of the materials, including their stability, resistance, and accuracy. Therefore,
we decided to compare the properties of the chosen 3D-printed resin to polishing and
artificial aging.

BioMed Amber is, according to the producer, a biocompatible material for short-term
use. The material is strong and rigid. It is transparent, but has a yellowish glow, so it is not
truly esthetic. The material is also durable with the frequent use of common disinfection
agents and sterilization [6,7].

The use of materials in the oral cavity exposes them to unfavorable conditions. The
factors influencing the materials depend on applications of the prepared item. One of the
tests that is performed is artificial aging, which should mimic the oral cavity conditions [10].
Two main methods of artificial aging are possible: thermocycling and the use of water or
artificial saliva immersion in time [11,12]. For this reason, we decided to subject the chosen
material to unfavorable conditions. We chose the prolonged storage in water at 37 ◦C and
compared the resin blocks in compression and tensile modulus tests. We also decided to
check whether the mechanical features changed due to the polishing of the materials, as
this process is necessary in each material preparation to reduce its roughness and improve
aesthetics. To the best of the authors’ knowledge, this is the first time this kind of research
with this specific resin was conducted. Moreover, the tests are often prepared on the blocks
of resins that find their uses in the preparation of dental restorations. The presented study
could help us find another potential use of the presented resin.

The aim of this study was to check if the mechanical purposes of the selected resin
differed after its polishing. Another goal was to check whether artificial aging influences
the mentioned properties. The third aim was to find the correlation between artificial aging
and polishing when it comes to the resistance to compression and tensile tests.

When planning the research, the hypotheses were formed:

1. There was no influence of polishing on the properties of the examined resin;
2. There was no influence of artificial aging on the properties of the examined resin;
3. There was no influence when both polishing and artificial aging were applied on the

properties of the examined resins;
4. No differences were observed between the polished and aged samples.

2. Materials and Methodology
2.1. Materials

A 3D-printed resin, BioMed Amber (Amber UFI number E300-P0FU, Formlabs Ohio,
Millbury, OH, USA), was evaluated in this study. The material is biocompatible and
characterizes with various properties and potential uses. Recommendations regarding its
selected applications, provided by the manufacturer, are summarized in Table 1.

Table 1. A brief description of the BioMed Amber applications recommended by the producer.

Resin Application

BioMed Amber Resin

Biocompatible applications requiring short-term skin or
mucosal membrane contact suitable for:

• strong, rigid parts such as functioning threads;
• end-use medical devices;
• cut + drill guides (surgical);
• implant sizing models;
• specimen collection kits.
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2.2. Specimens’ Preparation and Artificial Aging

Two types of specimens were used for the evaluation of the selected properties: rect-
angular ones (for a compression test in accordance with the ISO 604:2003 standard) and
dumbbell-shaped specimens (type 1BA) (for a tensile test in accordance with the ISO 527-
1:2019(E) standard) [13,14]. The number of specimens printed for each test was n = 120
of rectangular specimens and n = 120 of dumbbell-shaped specimens. According to ISO
standard, the appropriate number of samples for this kind of research is 5, but the authors
considered this number too small and expanded the sample size to 30 for each test. After
that, the prepared samples were divided into four groups (30 specimens each), to be tested.

The specimens were printed using a Form 2 printer (Formlabs), following the men-
tioned ISO standards and the producers’ instructions. The printer is self-adjusting, and the
printing properties are set once the cartridge is in the printer. The Form 2 printer (Formlabs)
has a violet light (405 nm) and the power of 250 mW. After printing, the specimens were
rinsed 2 × 10 min in 99% isopropanol alcohol (Stanlab, Lublin, Poland). Then, the speci-
mens were dried at room temperature for 30 min and post-cured in Form Cure (Formlabs).
The following settings of post-curing were applied: 30 min in 60 ◦C. Finally, the supports
were removed, and the specimens were grinded with sandpaper. One half of the specimens
(n = 60 of rectangular specimens and n = 60 of dumbbell-shaped specimens) were polished
with a 0.2 pumice (Everall7, Warsaw, Poland) and polishing paste (Everall7) on one side of
the specimen.

Afterwards, the specimens were stored at room temperature and 50% humidity for
24 h (before a tensile test) or for 4 days (before a compression test) and one half of the
specimens were subjected to the tests. The other half of the specimens were artificially aged
for 90 days in distilled water at 37 ◦C before testing (the water was changed every week).

2.3. Compression Test

The dimensions of the specimens ((10.0 ± 0.2) mm × (10.0 ± 0.2) mm × (4 ± 0.2))
in mm were selected to meet the requirements specified in the ISO 604:2003 standard.
Before the test, the specimens were conditioned in the air at 23 ◦C/50% RH for 4 days.
Afterwards, the width and the height of the specimens were measured in five points, using
a Magnusson digital caliper (150 mm) (Limit, Wroclaw, Poland), and then, the mean values
were calculated. The axial compression test was performed using the universal testing
machine (Z10-X700, AML Instruments, Lincoln, UK) at the constant speed of 1 mm/min.
The tested sample in the testing machine is presented in Figure 1. The measurements
performed allowed for the determination of the compressive modulus (E [MPa]) of each
specimen, as a slope of a uniaxial stress–strain curve recorded, based on the calculation of:

(a) compression stress (σ = F:A [MPa]),

where: F—force [N], A—initial cross-sectional area measurement [mm2],

(b) nominal strain (ε = ∆L:L),

where: L—the initial distance between the compression plates [mm], ∆L—the decrease in
the distance between the plates after the test [mm]).

Additionally, the dimensions of each specimen were measured both before and after
the compression in order to enable evaluation of the changes in width and height due to
compression.
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Figure 1. BioMed Amber resin at the compression test.

2.4. Tensile Test

The dumbbell-shaped specimens (type 1BA) with the length of 75 mm, width of 10 mm,
and thickness of 2 mm were printed, following the ISO 527-2:2019 norm. Before the test, the
specimens were conditioned in the air at 23 ◦C/50% RH for 24 h. The width and the height
of the specimens at the test length were measured in five points, using a Magnusson digital
caliper (150 mm) (Limit, Wroclaw, Poland), and then the mean values were calculated.
The tensile test was performed using the Universal Testing Machine (Z10-X700, AML
Instruments, Lincoln, UK) at the constant test speed of 5 mm/min (Figure 2).
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The specimens that broke outside of the test length were disclosed. Based on the
measurements performed, the stress and strain for each specimen were determined as:

(a) tensile stress (σ = F:A [MPa]),

where F—force [N], A—initial cross-sectional area measurement [mm2],

(b) nominal strain (ε = ∆L:L),

where L—the initial distance between the grips [mm], ∆L—the increase in the distance
between the grips after the test [mm]).

These calculations allowed for the determination of the tensile modulus (Et) of each
specimen, as:

E1 = σ2 − σ1ε2 − ε1 [MPa],

where σ1 is the stress, expressed in megapascals [MPa], measured at the strain value
ε1 = 0.0005; σ2 is the stress, expressed in megapascals [MPa], measured at the strain value
ε2 = 0.0025.

2.5. Statistical Analysis

All statistical data were prepared using the program Statistica v. 13 (TIBCO Software
Inc., Palo Alto, CA, USA).

Mean values with standard deviation of the compressive and tensile modulus of the
examined probes were determined. Afterwards, the Kruskal–Wallis test by ranks was
stated to check the potential statistical differences between the four examined probes. The
p value was set for p < 0.001 for this test. Afterwards, multivariate analysis of the variance
(MANOVA) test was performed to compare the obtained results.

3. Results

After the tests were performed, the authors of this study obtained the following results.
In Table 2, we present the compressive and tensile modulus of the prepared probes. The
number lower than n = 30 samples means that the specimens broke outside the tested area.
For this reason, the authors excluded defective elements and they were not presented in
the study. As one could observe, only two polished probes without artificial aging did
not manage the tensile test. The compression and tensile tests were performed in four
groups for each test (group 1—no polishing and artificial aging, group 2—no polishing,
after artificial aging, group 3—after polishing, no artificial aging, and group 4—after both
polishing and artificial aging).

Table 2. Compressive and tensile modulus of BioMed Amber resin at the compression (Ec) and tensile
(Et) tests.

E (GPa) Polishing Aging N M ± SD Me [Q1–Q3] Min–Max

Compression
Ec

No No 30 0.88 ± 0.03 0.88 [0.85–0.90] 0.83–0.92

No Yes 30 0.70 ± 0.02 0.70 [0.68–0.71] 0.66–0.74

Yes No 31 0.84 ± 0.04 0.85 [0.81–0.87] 0.73–0.89

Yes Yes 30 0.72 ± 0.03 0.71 [0.70–0.74] 0.66–0.78

Tensile
Et

No No 30 2.88 ± 0.26 2.83 [2.74–3.11] 2.30–3.33

No Yes 30 2.07 ± 0.30 2.07 [0.88–2.45] 2.30–3.33

Yes No 28 2.67 ± 0.36 2.72 [2.39–2.98] 1.78–3.17

Yes Yes 30 2.05 ± 0.28 2.11 [2.01–2.19] 0.74–2.30
M—mean, SD—standard deviation, Me—median (50th percentile), Q1—lower quartile (25th percentile),
Q3—upper quartile (75th percentile), Min—smallest value, and Max—greatest value.
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In Figures 3 and 4, we present the elasticity module when compression (Figure 3) and
tensile modulus (Figure 4) were tested. The materials were divided into four groups and
assigned as: A0P0—without being subjected to polishing or artificial aging, A0P1—after
polishing, but without artificial aging, A1P0—after artificial aging, but without polishing,
and A1P1—after both artificial aging and polishing.
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A0P1—without artificial aging, but after polishing, A1P0—after artificial aging, without polishing,
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159



J. Funct. Biomater. 2023, 14, 254

The results indicate that artificial aging strongly weakens the specimens at the compres-
sion test, no matter if they were polished or not. The polishing itself does not statistically
influence the resistance to compression.

Some similar results are observed in the tensile test (Figure 4). Artificial aging weakens
the specimens and the tensile tension measurements are lower. The polishing itself does
not statistically influence the resistance to the tensile test. In the aged group, polishing did
not change the resistance to the tensile test significantly.

The MANOVA test was applied to find the correlation between the artificial aging and
polishing of the specimens. In Tables 3 and 4, as well as in Figure 5, the MANOVA test for
elasticity modules were presented to establish the influence of artificial aging and polishing
after the compression (Ec) and tensile (Et) tests. The mean value of the elasticity module at
compression was significantly influenced by artificial aging alone and the interaction of
artificial aging and polishing. Polishing alone did not influence the properties of the resin.
The mean value of the tensile modulus was strongly influenced by separated procedures
of polishing or artificial aging. When both of the technological treatments were applied,
no statistically significant difference was observed in comparison to the artificial aging
without polishing.

Table 3. MANOVA results for elasticity module for compression of BioMed Amber resin.

Effect SS df MS F p

Constant 73.26 1 73.26 71835 <0.000
Artificial aging 0.674 1 0.674 660.6 <0.000
Polishing 0.002 1 0.002 2.28 0.134
Artificial aging × polishing 0.026 1 0.026 25.3 <0.000

Error 0.118 116

Table 4. MANOVA results for elasticity module for tensile modulus for BioMed Amber resin.

Effect SS df MS F p

Constant 702.2 1 702.2 7870 <0.000
Artificial aging 15.46 1 15.46 173.3 <0.000
Polishing 0.420 1 0.420 4.711 <0.032
Artificial aging × polishing 0.237 1 0.237 2.656 0.106

Error 10.35 116
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As observed in Figure 5, in the comparison of the elasticity modulus to compression
(Ec), statistically significant interaction between artificial aging and polishing was observed.
Among the specimens that were not treated with artificial aging, polishing alone lowered
elasticity modulus significantly. Among the specimens that were aged, polishing increased
the compressive modulus. No interactions were presented when the tensile modulus (Et)
was compared.

4. Discussion

The 3D-printable materials are the main focus of attention for today’s medicine,
including dentistry. In this field, the use is not limited to prosthetics and surgery anymore,
but expanded to orthodontics, endodontics, and periodontology; therefore, new materials
are investigated. They are tested in different conditions to find their most proper use.
BioMed Amber is a quite new resin that was not yet thoroughly investigated. Due to
potential use in preparation of surgical guides (especially for implants and orthodontic
miniimplants), the precision of their preparation is crucial [6,7]. Without this type of
resin, the preparation of guides for implant insertion would not be possible. Preparation
of surgical guides increases the cost of implantation, but they help to obtain the exact
point of implantation, especially that the surgical procedure is planned based on the
CBCT image [4,15].

The research presented by us was designed based on the ISO standards, which assumes
that the number of samples needed for the examination of the presented mechanical
features is 5 [13,14]. The comparative studies that checked the properties of mechanical
features of the BioMed Amber were conducted on the 10 samples [6,7]. The authors of
the presented research focused on bringing up the novel properties of the presented resin,
possibly broadening its future use. Therefore, we decided for artificial aging, simulating
the intraoral condition. Thermocycling is another method of aging for the specimens,
which is mainly used when restorative materials and cements are taken into account [16].
Thermocycling, in addition, predicts the fact that the material is used in the patient’s mouth
when the changes in the temperature are applied (e.g., while eating and drinking). The resin
we tested is transparent and yellowish, which means it would not be used for restorative
dentistry; therefore, we did not consider thermocycling as the method of testing. When
the research was planned, we decided to expand the specimens to thirty pieces for each
test. Therefore, the authors think it is a good comparison result to present the points that
were inspected.

Most of the resins that are tested before and after the artificial aging are compared
in terms of the color stability [17–20], which should not be the only factor taken into
consideration when material is examined. An interesting study, which should be mentioned
in the discussion, was published by Mazzitelli et al. [21]—the researchers presented the
results that the chemical composition of the material influences the color stability. During
the materials preparation, different processes are performed; one of them is polishing.
This could influence the material’s surface. Moreover, the use of beverages and food as
well as bleaching, damages the surface of the materials applied in dentistry [22,23]. The
color change is also observed when cigarette smoke is an influencing factor [24]. When
considering artificial aging, besides the esthetic agonizing, other properties, such as tensile
modulus and compressive modulus, are rarely taken into account. Therefore, the results
presented in our paper might be one of the few available papers on that topic. We showed
that artificial aging negatively influences the examined resins, which is also consistent
with other material properties. Some new, more resistant materials are being searched for;
however, most of the attention of the producers focuses on the composite blocks used for
teeth restoration [25]. Another interesting study [26] showed the shear bond strength of
materials used for the fabrication of occlusal splints, which shows that not only 3D-printed
materials are influenced by the artificial aging procedures.

The wear of the material depends on the properties of the material itself [27]. In
addition to the resins, other materials (metals, composites, ceramics, and other polymers)
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are incorporated into use [28]. In our study, we focused on the 3D resin that is used for short-
term mucosal and tissue contact in medicine. The studies performed on composites [29]
reveal that polishing lowers the protective properties of the materials, but we know that it is
impossible to use the dental filling without the softening of the material’s surface; therefore,
polishing is an inseparable process in material preparation for its use. In the presented
study we used a transparent, rigid material that is widely used in dentistry. The presented
paper is one in the series of papers regarding BioMed Amber resin; the authors focused on
searching for novel properties of the presented material, which could expand its future use.
By storing the samples in water, the authors showed that possible long-term use in the oral
cavity would be influenced by the wet environment. We showed that in the case of BioMed
Amber resin, polishing reduces the resistance of the material to compression and tension,
which is also consistent with the results of other studies on dental fillers [29–31]. This is
consistent with a theorem that material gets weakened after polishing. These results may
correspond also to reported changes in fractal dimension (FD) and texture analyses (TA)
presented in previous studies. The study showed that Amber resin shows a high number
of changes in the fractal and texture analyses [32]. The presented study referred to the
compression test only, with no influence of external conditions.

The weakest point of this research is the fact that only a selected resin was taken
into account. However, due to the lack of content on that type of research, the authors
had to plan the whole paper from the beginning, basing the research on referring to the
composites. In addition, most of the published papers, which concentrate on the topic of
dental materials (such as the one planned by us), do not refer to compression and tensile
modulus. They also place more attention on the restorative materials. These limitations
make the discussion regarding that topic more difficult. These limitations, though, make us
want to expand our research to other potential resins.

5. Conclusions

The presented study allowed us to form several conclusions. Both polishing and
artificial aging change the properties of BioMed Amber resin. Artificial aging changes the
compressive modulus of the selected resin, no matter if the specimen was polished or not.
The tensile modulus differs when either polishing or artificial aging were conducted. The
application of both artificial aging and polishing does not change the properties much when
compared to artificial aging without polishing. In general, the polishing of the samples may
protect them from the influence of artificial aging, although the properties of the samples
weaken. Further investigations should concentrate on that type of testing, and they should
not be limited to the transparency and esthetics of the potential materials, because both
artificial aging and polishing change the properties of the materials.
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Abstract: Opuntia Ficus-indica, or nopal, is traditionally used for its medicinal properties in Mexico.
This study aims to decellularize and characterize nopal (Opuntia Ficus-indica) scaffolds, assess their
degradation and the proliferation of hDPSC, and determine potential pro-inflammatory effects by
assessing the expression of cyclooxygenase 1 and 2 (COX-1 and 2). The scaffolds were decellularized
using a 0.5% sodium dodecyl sulfate (SDS) solution and confirmed by color, optical microscopy, and
SEM. The degradation rates and mechanical properties of the scaffolds were determined by weight
and solution absorbances using trypsin and PBS and tensile strength testing. Human dental pulp
stem cells (hDPSCs) primary cells were used for scaffold–cell interaction and proliferation assays, as
well as an MTT assay to determine proliferation. Proinflammatory protein expression of COX-I and
-II was discovered by Western blot assay, and the cultures were induced into a pro-inflammatory state
with interleukin 1-β. The nopal scaffolds exhibited a porous structure with an average pore size of
252 ± 77 µm. The decellularized scaffolds showed a 57% reduction in weight loss during hydrolytic
degradation and a 70% reduction during enzymatic degradation. There was no difference in tensile
strengths between native and decellularized scaffolds (12.5 ± 1 and 11.8 ± 0.5 MPa). Furthermore,
hDPSCs showed a significant increase in cell viability of 95% and 106% at 168 h for native and
decellularized scaffolds, respectively. The combination of the scaffold and hDPSCs did not cause
an increase in the expression of COX-1 and COX-2 proteins. However, when the combination was
exposed to IL-1β, there was an increase in the expression of COX-2. This study demonstrates the
potential application of nopal scaffolds in tissue engineering and regenerative medicine or dentistry,
owing to their structural characteristics, degradation properties, mechanical properties, ability to
induce cell proliferation, and lack of enhancement of pro-inflammatory cytokines.
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1. Introduction

The nopal (Opuntia Ficus-indica) is a cactus native to Mexico used since pre-Hispanic
times as both food and medicine. Currently, there are 3 million hectares of native nopal
and approximately 233,000 hectares cultivated in Mexico [1], making Mexico the world’s
leading producer and consumer [2]. It is a shrubby plant with a woody trunk and branches
that are formed by cladodes. The nopal tissue has two layers, one consisting of green
cells called chlorenchyma, and the second layer is internal and formed by a cylinder of
white cells known as parenchyma, in which mucilaginous cells exist, so named for their
main function of mucilage storage. The nopal chemical composition on a wet basis is 91%
water, 6% carbohydrates, 1.5% cellulose, 1% proteins, and 0.5% fats [1]. Nopal possesses
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various therapeutic benefits, including lowering postprandial glucose levels in diabetic
people due to its high fiber content and enhancing pectin mechanisms that absorb intestinal
glucose. It also has antioxidant, analgesic, anti-inflammatory, anti-carcinogenic, anti-viral,
and regenerative properties, suggesting that its rich content of carotenoids, flavonoids,
phenols, vitamin A, and vitamin E contribute to these effects [1,2].

Natural plant-based scaffold polymers are preferred over synthetic and animal-based
alternatives due to their biological property advantages. The role of the scaffold in regen-
erative engineering is to mimic the complexity required for cell migration, proliferation,
and differentiation in tissue regeneration. This is achieved by designing porous scaffolds
with specific surface areas, appropriate thickness, good permeability, and mechanical prop-
erties [3,4]. The nopal cactus could potentially be utilized in tissue engineering, which
commonly involves immersion in decellularizing agents such as sodium dodecyl sulfate
(SDS) [5,6] with agitation to create 3D scaffold structures that emulate the functions of
original organs or tissues [7]. Natural-cellulose scaffolds, made from sources such as plants,
algae, and bacteria, possess unique properties, including biocompatibility, biodegradability,
and mechanical properties, that render them suitable for applications in tissue engineering
and regenerative medicine [7,8].

In this context, Modulevsky et al. [8] developed 3D scaffolds made of cellulose derived
from apples for culturing mammalian cells, demonstrating advantages such as simplifica-
tion in production and reduced cost compared to other methods. On the other hand, Lee
et. al. [9] used decellularized fruits and vegetables such as apples, broccoli, carrots, and
peppers to obtain cellulose scaffolds for culturing pluripotent stem cells, demonstrating the
ability of the scaffolds to support the in vitro culture of mammalian cells Similarly, Adamski
et al. [10] decellularized leaves of Ficus hispida using two methods, both of which produced
scaffolds with suitable mechanical properties and minimal impact to cellular metabolism.

Moreover, Contessi et al. [11] employed three plant tissues (apple, carrot, and celery)
for decellularization, which showed mechanical properties and interconnected pores with
a size of 100 to 500 µm, making them favorable for adipose tissue, bone tissue, and tendon
regeneration. Recently, Chisci and Fredianelli [12] reported that the enzyme bromelain de-
rived from the stem of the pineapple plant (Ananas comosus) was reported to have potential
clinical therapeutic applications for preserving alveolar ridge structure. This suggests that
bromelain could be a promising candidate for tissue engineering and regenerative dentistry.
There are no prior reports in the literature on decellularized nopal cellulose (Opuntia Ficus-
indica) scaffolds for use in biomedical engineering applications in dentistry or medicine,
which presents an opportunity for potential bio-innovation in tissue engineering. Nopal
cellulose has shown favorable biocompatibility and biodegradability properties, making it
a promising candidate for use in scaffolds for tissue regeneration [13].

The objective of this study was to decellularize and characterize nopal (Opuntia Ficus-
indica) scaffolds; assess degradation, tensile strength, and the proliferation of human
dental pulp stem cells (hDPSCs); and determine the potential pro-inflammatory effects
by assessing the expression of cyclooxygenase-1 and -2 (COX-1 and 2). This 3D scaffold
system could lead to a potential application in bioengineering.

2. Materials and Methods
2.1. Nopal Scaffold Synthesis and Decellularization

Scaffolds were obtained from nopal plant tissue (Opuntia Ficus-indica) by using the
parenchyma (pulp) portion while discarding the chlorenchyma. The nopal was grown
in a greenhouse located at the National School of Higher Studies (ENES) Leon Unit with
coordinates of 12.42385 latitude and −86.881317 longitude. Initially, parenchyma slices
were cut using a mandolin slicer to obtain 0.5 cm × 2.0 cm × 0.5 mm blocks, which
were subjected to a decellularization process using a 0.5% SDS solution (sodium dodecyl
sulfate, ReagentPlus, Sigma-Aldrich, St. Louis, MO, USA). The SDS solution with the nopal
scaffolds was subjected to agitation for 48 h at 180 rpm. After 24 h, agitation was suspended
to subject the scaffolds to an ultrasonic bath for 5 min at 40 ◦C before continuing agitation to
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complete the 48 h cycle. The resulting structures were then washed three times with dH2O
and incubated in a CaCl2 solution (calcium chloride, Karal, Leon, Guanajuato, Mexico)
at a concentration of 100 mM for 24 h at room temperature. The scaffolds were washed
three more times with dH2O. At this point, both the decellularized scaffolds and native
tissue scaffolds corresponding to the study group and control group, respectively, were
obtained. Both scaffolds were incubated with penicillin/streptomycin (Sigma-Aldrich) +
1% fluconazole (Laboratorios Senosiain Laboratories, La Piedad, Michoacan, Mexico) for
3 h at 180 rpm. Finally, the samples were disinfected in a 70% ethanol solution for 1 h,
washed three times in sterile dH2O, and stored at −20 ◦C until use (Figure 1).
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Figure 1. Schematic decellularization of nopal Opuntia Ficus-indica scaffold. (A) The scaffolds
were obtained from nopal grown in a greenhouse located at ENES Leon Unit with coordinates of
12.42385 latitude and −86.881317 longitude. The scaffolds were derived by using the parenchyma
(pulp) portion with a mandolin slicer to a uniform thickness of 0.5 cm × 2.0 cm × 0.5 mm. (B) Nopal
scaffolds were decellularized using 0.5% SDS solution during the 48 h agitation cycle. The resulting
structures were washed three times with dH2O and incubated in a CaCl2 solution. (C) Stored at
−20 ◦C, disinfected with a 70% ethanol solution, incubated with PenStrep + 1% fluconazole for 3 h,
and washed with sterile dH2O (C). Abbreviations: SDS = sodium dodecyl sulfate, CaCl2 = calcium
chloride, PenStrep = penicillin/streptomycin (Sigma-Aldrich).

2.2. Nopal Scaffold Characterization

The characterization of the scaffolds was carried out by optical microscopy to un-
derstand the microstructure and compare the changes that decellularization caused in it.
Decellularized scaffolds and native nopal parenchyma tissue were fixed in a 2% glutaralde-
hyde solution (Karal) and PBS in a 1:1 ratio for 24 h, dehydrated with ethanol gradients at
25, 50, 75, and 100% for 5 min every 2 h in a continuous flow, and stored in a silica mold for
48 h. Subsequently, they were placed on slides to be stained with safranin or coated with a
thin carbon layer. The samples were analyzed under an inverted optical microscope (Leica
DMIL LED, Deerfield, IL, USA) at 40× and scanning electron microscopy (SEM, JEOL
JSM-IT500, Tokyo, Japan) at a magnification of 250× using primary electrons accelerated to
50 kV.

2.3. Nopal Scaffolds Degradation

To conduct degradation assays, we used an analytical balance (Denver Instrument,
Arvada, CO, USA) to measure the weight of all scaffolds before they underwent the
degradation process. This weight was then identified as the initial weight. Afterward,
the nopal decellularized and native tissue scaffolds in separate tubes containing a trypsin
0.025% EDTA-2Na in PBS(–) (Sigma-Aldrich) and 1X phosphate buffered saline (PBS)
for enzymatic and hydrolytic degradation, respectively. The scaffolds and solutions were
placed in Falcon tubes and agitated at 360 rpm at 37 ◦C for 240 h. Every 24 h, we stopped the

167



J. Funct. Biomater. 2023, 14, 252

agitation to remove the scaffolds from the solutions, record their weight, and measure their
absorbance at 350 nm using a UV-Vis spectrophotometer (Multiskan Go, Thermo-Scientific,
Helsinki, Finland) to observe proteins in solution.

2.4. Nopal Scaffolds tensile Strength

The mechanical properties of native and decellularized nopal scaffolds were assessed
using a tensile test, following the ASTM D 882-02: standard test method for tensile proper-
ties of thin plastic sheeting. A universal testing machine (Mecmesin, advanced force/torque
indicator (AFTI), London, UK) was employed to conduct the tests, with an initial scaffold
area of 20 mm × 10 mm positioned between clamps and a cross speed of 1 mm/min applied
until failure occurred. Tensile strength was then determined by dividing the force applied
to the sample (measured in Newtons) by the sample’s cross-sectional area (in mm) and
expressed in megapascals (MPa). The sample size used for this experiment was n = 10
per group.

2.5. Cell Culture

The hDPSCs were obtained from the cell bank of the Interdisciplinary Research Labo-
ratory, Nanostructures and Biomaterials Area of the ENES Leon, UNAM. The cells were
established and characterized as previously reported [14]. Initially, the cells in cryopreser-
vation vials were thawed by placing each vial in the cell incubator for 5 to 10 min. After
thawing, the cells were then placed in 10 cm culture plates (Corning Costar®, Nagog park
acton, MA, USA) with supplemented MEM cell culture medium consisting of 10% fetal
bovine serum (FBS), 1% glutamine (Sigma-Aldrich), and 1% antibiotics (PenStrep, Sigma-
Aldrich). The cells were then incubated at 37 ◦C with 5% CO2. The culture medium was
changed every two days until the cells reached a cellular confluence of over 80%.

2.6. Scaffold-Cell Interaction and Proliferation

The hDPSCs cultures (PDL 6) that exhibited confluence higher than 80% were in-
oculated in 24-well plates (Corning Costar®) on scaffolds. The cells were washed with
PBS and detached by 0.25% trypsin-0.025% EDTA-2Na in PBS (Sigma-Aldrich) for each
experiment. The number of inoculated cells was determined by excluding trypan blue with
a hemocytometer under light microscopy. A total of 1 × 106 cells/mL were subcultured
on the nopal and native scaffolds. Native nopal tissue was used as the control group. The
interaction consisted of 24 h, and the proliferation was incubated from 72 to 168 h at 37 ◦C
with 5% CO2 and 95% humidity. The interaction between hDPSCs and nopal scaffolds was
examined by looking at the morphological characteristics using both a stereomicroscope
(Leica DMIL LED) at 40× and SEM (JEOL JSM-IT500). After the medium was removed,
the samples were washed three times with PBS, fixed, stained, dehydrated, and stored, as
above mentioned.

The proliferation assay was determined with the MTT method used to determine cell
viability. Briefly, the cells were incubated for 7 h in fresh MEM with 10% FBS containing
0.2 mg/mL of Thiazolyl Blue Tetrazolium Bromide (Sigma-Aldrich). After incubation,
the formazan produced was dissolved with dimethyl sulfoxide (DMSO, Karal), and the
absorbance of the lysate at 570 nm was measured using a microplate spectrophotometer
reader (Multiskan go, Thermo-Scientific). Cytotoxicity was assessed according to the ISO
10993-5:2009 standard for in vitro cytotoxicity testing of medical devices.

2.7. COX-1 and COX-2 Cell Expression-Scaffold

To determine the protein expression of COX-1 and COX-2, a Western blot assay was
performed. A subculture of hDPSCs (1 × 106 cells/mL, 8 PDL) was inoculated with
the decellularized nopal scaffolds for 168 h. Subsequently, the cultures were induced
into a pro-inflammatory state with 3.12 ng/mL of human interleukin 1-β (IL-1β human
recombinant, R&D Systems, Minneapolis, MN, USA) for 24 h. The protein lysis and
extraction process were performed with ice-cold 1X RIPA lysis buffer (Biotechnology WVR
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AMRESCO, Fountain Parkway, Solon, OH, USA) in each scaffold for 15 min at 4 ◦C. The
lysed culture was subjected to sonication for 10 s and centrifugation at 12,000 rpm for
10 min at 4 ◦C. Protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN, USA)
was used. The protein concentrations in the lysates were determined, and equal amounts
of protein for each sample were subjected to 8% SDS-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene membrane (PVDF, immobilon®-P Transfer Membranes,
Sigma-Aldrich). The membrane was blocked with a 3% skim milk solution for 2 h while
stirring at 25 ◦C. The membrane was incubated with monoclonal antibody anti-COX-1 or
anti-COX-2 (Santa Cruz Biotechnology, Dalla, TX, USA) or β-actin (Sigma-Aldrich), diluted
1:1000 in 3% blocking solution for 1–2 h, followed by horseradish peroxidase-coupled
anti-mouse IgG polyclonal antibody (Sigma-Aldrich) diluted 1:1000 in 3% blocking solution
for 1 h. The visualization of the complexes formed was performed by chemiluminescence
using Clarity max Western ECL substrate (Bio-Rad, Hercules, CA, USA), and the results
were imaged using the C-Digit Blot scanner (Li-Cor, Lincoln, NE, USA) and analyzed in
Image Studio Version 4.0 software.

2.8. Statistical Analysis

The data represent mean ± standard deviation and were analyzed with the Shapiro–
Wilks normality test, t-student, and ANOVA post-hoc Tukey test. The significance was
considered at p < 0.05 with a confidence interval of 95%.

3. Results
3.1. Nopal Scaffold Characterization

The decellularization method using a 0.5% SDS solution proved to be effective in
isolating the extracellular matrix of the nopal after 48 h, ensuring complete removal of
the cells. This was immediately confirmed as the obtained samples appeared colorless
and translucent. Decellularization was also verified through optical microscopy and SEM,
where micrographs of decellularized samples were compared with those of native tissue
without decellularization. Optical microscopy and SEM showed images that corresponded
to a porous structure of 252 ± 77 µm (n = 9, 150 to 400 µm) with interconnected circular
shapes, positive for cellulose (Figure 2A–C). The micrograph of the native tissue showed
spherical, clustered structures where the plant tissue cells were suggested to be located.
In the decellularized tissue sample, this bulging of circular structures was not observed.
Instead, a porous structure was seen, indicating the absence of plant cells, thus, achieving
decellularization and the isolation of the cellulose nopal extracellular matrix.

3.2. Nopal Scaffolds Degradation

The degradation of the decellularized scaffolds or native tissue was evaluated by
comparing the initial and final weights and measuring the absorbance of the solutions. The
initial weight was identified as the first measurement at 0 h of the degradation process,
and the final weight was the measurement taken after 240 h of agitation in trypsin and
PBS solutions. During the process, it was evident that the scaffold structure’s dimensions
decreased, and the weight measurement demonstrated a gradual decrease over time,
registering a 57% weight loss for the decellularized scaffolds in hydrolytic degradation
and a 70% weight loss in enzymatic degradation, with a statistically significant difference
(p < 0.01) compared to the degradation of native tissue scaffolds (n = 9). The degradation
was evaluated up to 240 h because it was impossible to manipulate the scaffolds after
this time due to their fragmentation and degradation (Figure 3A,B). In the measurement
of absorbance using UV-Vis spectrophotometry at 350 nm, an absorbance increase was
observed after 96 h in native and decellularized scaffolds (p < 0.01, n = 9). The native tissue
exhibits more solution absorbances correlated to the degradation process in both hydrolytic
and enzymatic solution (Figure 3C,D).
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nopal scaffold decellularization process was achieved using a 0.5% SDS. Native nopal parenchyma
tissue (A) and decellularized scaffolds (B,C) were fixed in a 2% glutaraldehyde solution for 2 h and
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Figure 3. Nopal decellularized scaffold or native tissue enzymatic and hydrolytic degradation.
The scaffold’s initial and final weights were recorded from 0 to 240 h after being incubated under
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3.3. Scaffold Tensile Strength

The assessment of mechanical properties of tensile strength indicated that both native
and decellularized nopal scaffolds exhibited values of 12.5 ± 1 MPa and 11.8 ± 0.5 MPa,
respectively. Notably, statistical analysis revealed no significant difference between the two
groups (n = 10, p > 0.05), suggesting that both types of scaffolds possess comparable tensile
strength (Table 1).

Table 1. Comparison of tensile strength of native and decellularized nopal (Opuntia Ficus-indica)
scaffolds (n = 10 per group).

Scaffold Tensile Strength (MPa) t-Student Test

Native nopal scaffold 12.5 ± 1
p = 0.0748

Decellularized nopal scaffold 11.8 ± 0.5

MPa = Megapascals

3.4. Cell-Scaffold Interaction and Proliferation

Images of 2D cultures on culture plates alone as a control showed cells exhibiting a
fusiform elongated and flattened morphology (Figure 4A). On the other hand, the hDPSCs–
nopal decellularized scaffold interaction showed cells with a spherical shape on the scaffold
(Figure 4B). Similarly, samples were prepared for characterization by SEM, which confirmed
the results obtained with optical microscopy, showing cells with a circular and spherical
morphology on the scaffolds (Figure 4C). The decellularized nopal tissue scaffolds present
an optimal microstructure for hDPSCs to adhere and proliferate. hDPSCs exhibited signifi-
cantly exponential cell viability (n = 9, p < 0.01) at 168 h compared to native tissue (Figure 5)
with 95% and 106% viable cell number for native and decellularized scaffolds.
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3.5. COX-1 and COX-2 Cell Expression-Scaffold

The interaction of decellularized nopal scaffold and hDPSCs did not cause any no-
ticeable increase in COX-1 and COX-2 protein expression (Figure 6A). However, when
combined with IL-1β, a known pro-inflammatory stimulator, the expression of COX-2
was increased, as shown in Figure 6; β-actin was used as an internal control. Based on
these findings, it can be concluded that the scaffold by itself does not induce the pro-
inflammatory expression of COX-1 or COX-2 but permits physiologic cell function under
IL-1β stimulation.
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(B, IL-1β = 3.12 ng/mL) or not (A) for 24 h. The protein lysis and extraction process were performed
with RIPA lysis buffer and the Western blot protocol was performed. The nopal scaffold did not
cause any noticeable increase in COX-1 and COX-2 protein expression (A). However, when combined
with IL-1β, the pro-inflammatory state enhanced the expression of COX-2 (B), and β-actin was used
as an internal positive control. Abbreviations: MW = molecular weight marker, COX = cyclooxyge-
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4. Discussion
4.1. Scaffold Decellularization

The method of decellularizing plant tissue described in this study, using a 0.5% SDS
solution and agitation, represents a safe, simple, and economical procedure that requires
minimal resources. As a result, it is environmentally friendly and helps preserve the
extracellular matrix of plant tissue [5,15]. This makes it a favorable method as it allows for
cellular adhesion and proliferation on scaffolds and nutrient transfer through the nopal
tissue and can, therefore, be used in tissue engineering. Contessi et al. [11] conducted
the previous research demonstrating the potential of decellularized apple, carrot, and
celery tissues for regenerating adipose, bone, and tendon tissue. This was attributed to
their mechanical properties and interconnected pores, ranging from 100–500 µm, which
were found to be optimal for cellular migration, proliferation, and differentiation. Our
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present study similarly found that decellularized nopal tissue scaffolds exhibited a porous
structure with interconnected circular shapes with a diameter of 252 ± 77 µm, suggesting
that decellularized nopal tissue could also have potential for tissue regeneration.

4.2. Nopal Scaffolds Degradation

Cellulose possesses the ability to persist at the implantation site for extended periods
due to its resistance to enzymatic degradation by mammalian cells [16]. However, this
can be altered by adjusting the degradation rate through hydrolysis pretreatment and by
administering cellulases or collagenase along with the scaffolds. Regarding the degradation
process, a weight loss of 70% was observed in the decellularized scaffolds, which coincides
with the report by Modulesvky et al. [17] for subcutaneous implantation of decellularized
plant tissue scaffolds, which can demonstrate their possible degradability. In this study,
the scaffolds showed significant degradation under hydrolytic and enzymatic conditions
with PBS and trypsin over a period of 240 h, as evidenced by changes in weight loss and
solution absorbance, in contrast to native tissue. These findings suggest that decellularized
plant cellulose-based scaffolds hold promise as an alternative to traditional animal-derived
scaffolds for tissue engineering purposes. However, further research is required to fully
evaluate their long-term biocompatibility and degradation.

4.3. Nopal Scaffold Tensile Strength

Previous studies have evaluated the mechanical properties of natural scaffolds based
on aloe vera and cellulose alone or in combination with other polymers for bone tissue
engineering. Khoshgozaran-Abras et al. [18] and Saibuatongbased and Phisalaphong [19]
have reported these scaffolds can effectively improve the mechanical properties, based
on standard ASTM D 882-02. For instance, aloe vera combined with hydroxyapatite was
shown to increase the reported tensile strength from 4.80 MPa to 10.89 MPa. Additionally,
Bahaaraty et al. [20] evaluated the elastic modulus in nanofiber scaffolds based on copoly-
mer poly(l-lactic acid)-co-poly (ε-caprolactone) (PLACL), silk fibroin (SF), and aloe vera.
The results showed elastic modulus values of 14.1 ± 0.7, 9.96 ± 2.5, and 7.0 ± 0.9 MPa,
respectively. In comparison, the nopal decellularized scaffolds in the tensile strength test
exhibited higher values than the previously reported results, indicating that nopal tissue
enhances the mechanical properties and may be comparable with synthetic scaffolds. How-
ever, when Bielli et al. [21] evaluated the tensile strength of collagen fiber scaffolds from
bovine pericardium (biomeshes), the values ranged from 21.44 to 50.91 MPa, suggesting
that the biomeshes possess higher tensile strength compared to our results.

4.4. Cell-Scaffold Interaction and Proliferation

Proliferation assays of hDPSCs carried out in this study demonstrated an exponential-
constant increase in viability with a statistically significant difference in proliferation
between hDPSCs on decellularized scaffolds and native tissue. This was also observed in
previous reports where decellularized plant tissue scaffolds were used for the culture of
different mammalian cells [6,7,11,17,22]. With these results, it can be said that there was
in vitro biocompatibility of the cells with the decellularized nopal scaffold, as it was shown
that they were able to adhere, invade, and proliferate within the cellulose scaffolds, indicat-
ing that this tissue had high viability even after 168 h. The morphological characteristics of
hDPSCs on decellularized nopal scaffolds observed in the micrographs show oval, circular,
and spherical-shaped cells, unlike 2D cultures that are flattened and elongated. This is
the trait that makes them different from 2D cultures, and these results have similarities
with what other authors have reported [23,24]. The importance of morphology in 3D
cultures is that it allows conditions to be imitated and behaviors to be replicated in vivo.
Three-dimensional culture systems aim to replicate the microstructures of organs, using
the extracellular matrix (ECM) as scaffolding. This approach was used in organoids of
various organs [25]. Future experiments should prioritize the incorporation of extracellular
matrix components to promote the development of bone, adipose, and cartilage tissue
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initially before moving on to creating multipotential scaffolds for other tissues in the field
of regenerative engineering.

4.5. COX-1 and COX-2 Cell Expression-Scaffold

Finally, in evaluating the potential inflammatory effect of decellularized nopal scaf-
folds, the results obtained were that the interaction of hDPSCs with decellularized nopal
scaffolds did not provoke an inflammatory state in the cultures. These were favorable
results as it has potential clinical application as there is no foreign body rejection. This
can be compared to what Yi et al. 2020 reported, where they conducted a Western blot to
determine the anti-inflammatory effect by identifying the expression of cytokines such as
tumor necrosis factor α in mesenchymal cell culture models [26]. Biocompatibility is an
essential aspect to consider when using biomaterials, as it refers to their ability to interact
with living tissues without causing adverse effects such as inflammation or toxicity. Previ-
ous studies have evaluated the biocompatibility of various biomaterials [27] for different
biomedical applications, including hip prostheses, mechanical properties [28], and clinical
or simulated interventions [29]. In this study, we demonstrate that nopal decellularized
scaffolds exhibit neither cytotoxicity nor inflammation in vitro, suggesting their potential
use in biomedical applications. Therefore, it is crucial to carefully consider the nature,
mechanical properties, and biocompatibility of biomaterials when selecting suitable candi-
dates for specific biomedical applications and to evaluate their safety and efficacy through
clinical or simulated assessments.

4.6. Limitations of the Study

One limitation of this study could be related to the geographical location and cul-
tural variations of nopal (Opuntia Ficus-indica), which may impact the reproducibility and
scalability of scaffold production for industrial applications in tissue engineering. Stan-
dardizing conditions could help mitigate this limitation. Another limitation is that despite
the incorporation of antifungal agents in the culture medium, slight fungal infections
were observed after 15 days of culture. This highlights the need for further research to
optimize the antifungal properties of the scaffolds to ensure their long-term stability in
tissue engineering applications.

5. Conclusions

These findings indicate that the nopal (Opuntia Ficus-indica) scaffolds were effectively
decellularized using 0.5% dodecyl sodium sulfate, while retaining the extracellular matrix
of cellulose. The scaffolds were able to degrade by 50–70% at 240 h, and when human
dental pulp stem cells (hDPSCs) were cultured on the scaffolds, they exhibited significant
proliferation without affecting cell interactions or the expression of the pro-inflammatory
proteins COX-1 and -2. In summary, the use of decellularized nopal scaffolds holds
great promise for regenerative dentistry and medicine. Further experiments will focus
on evaluating the interaction between the cell–scaffold interaction by investigating focal
adhesion kinase signaling, integrins, and other extracellular matrix proteins to better
understand cell adhesion, migration, and differentiation with different types of cells. Other
cell types, such as bone marrow stem cells, should also be explored. In addition, efforts
will be made to increase the mechanical properties of the scaffold, and micro-CT evaluation
will be conducted to understand the ultrastructural topography and predict the biological
mechanisms involved. Potential further studies can utilize computational simulation [30],
in silico approaches [31], or a contact pressure 3D model [32] to study the performance
of nopal scaffolds effectively and accessibly and predict their results, as compared to
traditional experimental testing, in vitro and in vivo or clinical study.
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* Correspondence: orhancicek@beun.edu.tr; Tel.: +90-372-261-3557; Fax: +90-372-261-3603

Abstract: (i) Objective: The present study aimed to compare the electrochemical corrosion resistance
of six different types of fixed lingual retainer wires used as fixed retention appliances in an in vitro
study. (ii) Methods: In the study, two different Ringer solutions, with pH 7 and pH 3.5, were used.
Six groups were formed with five retainer wires in each group. In addition, 3-braided stainless steel,
6-braided stainless steel, Titanium Grade 1, Titanium Grade 5, Gold, and Dead Soft retainer wires
were used. The corrosion current density (icorr), corrosion rate (CR), and polarization resistance (Rp)
were determined from the Tafel polarization curves. (iii) Results: The corrosion current density of
the Gold retainer group was statistically higher than the other retainer groups in both solutions
(p < 0.05). The corrosion rate of the Dead Soft retainer group was statistically higher than the other
retainer groups in both solutions (p < 0.05). The polarization resistance of the Titanium Grade 5
retainer group was statistically higher than the other retainer groups in both solutions (p < 0.05). As
a result of Scanning Electron Microscope (SEM) images, pitting corrosion was not observed in the
Titanium Grade 1, Titanium Grade 5 and Gold retainer groups, while pitting corrosion was observed
in the other groups. (iv) Conclusion: From a corrosion perspective, although the study needs to be
evaluated in vivo, the Titanium Grade 5 retainer group included is in this in vitro study may be more
suitable for clinical use due to its high electrochemical corrosion resistance and the lack of pitting
corrosion observed in the SEM images.

Keywords: orthodontics; lingual retainer; electrochemical corrosion; pitting corrosion; current
density; corrosion rate; polarization curve

1. Introduction

In orthodontic treatment, relapse is defined as the return of the teeth to their initial
positions or their positions failure result of the treatment [1]. Riedel defined retention
as: “Retaining the teeth in an ideal aesthetic and functional position” [2]. Retention, in
orthodontics, is defined as the treatment that allows teeth to stay in their proper positions
after the treatment is finished and creates the last stage of orthodontic treatment [3]. The
appliances used in retention are divided into two groups: removable and fixed. Fixed re-
tention appliances are often preferred because they do not require the patient’s cooperation.
In addition, they are aesthetic due to their adhesion to the lingual surfaces of the tooth
and provide better retention than removable retention appliances [4]. Although there are
different approaches applied to retention after orthodontic treatment, most orthodontists
recommend lifetime retention [5,6].

Stainless steel, nickel-titanium, cobalt-chromium, beta-titanium, and multi-stranded
wire metal alloys are frequently used in orthodontic treatment [7].
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Corrosion is an electrochemical process that leads to the breakdown of metal [8]. The
corrosion rate is defined as the amount of metal dissolved per unit of time and provides a
numerical assessment of the corrosion resistance of materials [9].

Whilst the corrosion rate is determined by the mass reduction method in chemical
events, it is evaluated by the linear polarization method, Tafel polarization method, har-
monic analysis, dynamic electrochemical impedance, and electrochemical impedance in
electrochemical events [9]. Corrosion can be assessed by obtaining the polarization curves
in solution with the electrochemical measurements [9]. While the electrode potential is
changed within a determined range in the potentiodynamic method, the current density cor-
responding to this potential is measured. It not only gives information about the corrosion
rate, but also about the corrosion mechanism [9].

Electrochemical corrosion is possible in the oral environment because saliva is a weak
electrolyte [10,11]. The electrochemical properties of saliva depend on the concentrations
of its ingredients, pH, surface tension, and buffering capacity. Hence, the corrosion process
can be controlled by these variables [12].

The corrosion resistance of orthodontic alloys is affected by the oral environment,
with various variables, such as temperature, amount and quality of saliva, plaque, pH,
proteins, and physical-chemical properties of food [13,14]. As the wires used in orthodontic
treatment stay in the mouth for a long time, they should be corrosion resistant, prevent
ion release, and not cause allergic reactions. In other words, orthodontic wires should
be biologically compatible with oral tissues. The corrosion of orthodontic wires not only
reduces the mechanical properties of the wire, but also increases the metal ion release in
the wire [15,16]. It is stated that nickel, chromium, and iron, which can be released by the
corrosion of orthodontic wires, are considerably harmful elements [17–19].

It has been reported that systemic disease may occur due to titanium [20]. Titanium
may be the cause of ‘yellow nail syndrome’. In 30 patients with yellow nail syndrome,
energy dispersive X-ray fluorescence (EDXRF) was used to measure the titanium content. In
the patients’ nails, the titanium content was found to be high, and the cause of yellow nail
syndrome was determined to be titanium. Yellow nail syndrome is characterized by nail
changes, bronchial obstruction and lymphedema. Sinusitis, associated with postnasal drip
and cough, were the most common symptoms in patients with yellow nail syndrome [21].
Due to corrosion and wear, the particles and ions of titanium and titanium alloy components
can accumulate in the surrounding tissues and inflammatory reactions can occur [20].

In the literature, there are many studies on the electrochemical corrosion of archwires
used in orthodontic treatment [22–24]. However, there are not enough studies on the
electrochemical corrosion of the retainer wires used as fixed appliances in retentions that
are intended to remain in the mouth longer than the applied orthodontic treatment period,
or even for a lifetime.

The present study is aimed to compare and evaluate the electrochemical corrosion
resistance of six different types of fixed lingual retainer wires used as fixed retention
appliances, in vitro, in pH 7 and pH 3.5 Ringer solutions, by considering the current
densities, corrosion rates, and polarization resistances.

2. Materials and Methods

The ethics committee approval was obtained from the Non-Interventional Clinical
Research Ethics Committee of Zonguldak Bulent Ecevit University (Decision no: 2022/06-
23/03/2022).

The sample size calculation was performed in the G*Power 3.1.9.7 program. The
effect size was calculated by using the means and standard deviations of the groups. The
a error probability was set to 0.05. The power of the study (1-α error prob) was set to
0.95. According to these data, the actual power of the study was calculated to be 95% and
the total sample size should have been 12. In the study, 60 retainer wires sample, 5 in
each group, were used. The groups in this study were formed by selecting six different
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types of retainer wires from two different brands. Each group consisted of five samples,
given below:

Group 1: 0.50 mm diameter 3-braided stainless-steel retainer (Dentaurum,
Ispringen, Germany)
Group 2: 0.45 mm diameter 6-braided stainless-steel retainer (Dentaurum,
Ispringen, Germany)
Group 3: 0.50 mm diameter three braided Titanium Grade 1 retainer (Dentaurum,
Ispringen, Germany)
Group 4: 0.50 mm diameter three braided Titanium Grade 5 retainer (Dentaurum,
Ispringen, Germany)
Group 5: 0.50 mm diameter three braided Gold retainer (Dentaurum, Ispringen, Germany)
Group 6: 0.50 mm diameter Dead Soft Respond Wire retainer (Ormco, CA, USA)

The equivalent weights and densities according to the ratios of the elements in the
wires are given in Table 1 [25–28]. The Dentarum shared information about the chemical
contents of the samples used in the study and the Ormco did not indicate it due to trade
secrets. Hence, the chemical content of the Dead Soft retainer wire was determined using
Energy Dispersive X-ray Analysis (EDX) [29] (Figure 1). The carbon content on the EDX
analysis of Group 6 was ignored in the calculations; as no stainless steel includes the EDX
method, one cannot truly analyze the amount of light elements it contains [30].

Table 1. Percentage of elements in assessed retainers for calculating equivalent weight (EW) and
theoretical density (TD).

Fe (%) Cr (%) Ti (%) Ni (%) Ag (%) Cu (%) Pt (%) Al (%) V (%) Au (%) EW(g) TD
(g/cm3)

Group 1 74 18 0 8 0 0 0 0 0 0 27.688 7.81

Group 2 73 18 0 9 0 0 0 0 0 0 27.702 7.82

Group 3 0 0 100 0 0 0 0 0 0 0 11.97 4.5

Group 4 0 0 90 0 0 0 0 6 4 0 11.720 4.43

Group 5 0 0 0 0 16 9 13 0 0 62 10.363 17.23

Group 6 74 18 0 8 0 0 0 0 0 0 27.688 7.81

EW: Equivalent weight, TD: Theoretical density, Fe: Iron, Cr: Crom, Ti: Titanium, Ni: Nickel, Ag: Siver, Cu:
Copper, Pt: Platinum, Al: Aluminum V: Vanadium, Au: Gold.
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The surface area of the tested materials was adjusted to 0.239 cm2. The wires were
coated with nail polish (Flormar, Italy), with the exception of the corroding portion, to
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prepare the samples for analysis. Each wire was ultrasonically cleaned with ethanol for
5 min before testing.

The Ringer’s solution consisted of 9 g/L Sodium Chloride (NaCl), 0.42 g/L Potassium
Chloride (KCl), and 0.25 g/L Calcium Chloride (CaCl2). [31–33]. In order to adjust the
pH of the solutions, 0.1 M Hydrogen Chloride (HCl) [34] and 0.1 M Sodium Hydroxide
(NaOH) [35] were used to obtain pH 3.5 and pH 7 electrolytes. The corrosion cell was
designed using the Solidworks 2014 computer aided design (CAD) program and was 3D
printed from a 1.75 mm diameter thermoplastic polyurethane (TPU) filament. To prevent
the formation of noise during the electrochemical testing, and to acquire reliable findings
for every test, all of the experimental units were compactly aligned. As it can be seen
in Figure 2, the potentiodynamic polarization tests were conducted at 37 ± 1 ◦C in the
Ringer’s solution using a 3-electrode corrosion cell. Ag/AgCl was used as the reference
electrode, platinum wire was conducted as the counter electrode and the retainer wire was
applied for the working electrode.
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Figure 2. Three electrode system used for potentiodynamic polarization tests in Ringer’s solution at
37 ± 1 ◦C.

After the test mechanism was set up, the temperature gradually increased until it
reached 37 ± 1 ◦C. When the temperature became 37 ± 1 ◦C, the lingual retainer (working
electrode) was kept in the solution for 1 h to provide an open circuit potential. The
potentiodynamic polarization tests were conducted with a scan rate of 1 mV/s, from
−1000 mV to +1000 mV, using the electrochemical workstation (Gamry Interface 1000E
Potentiostat; Gamry Instruments Inc. 72 Warminster, PA, USA).

The corrosion rate was determined using Tafel curves. The first thing to analyze using
the Tafel curves is to determine the corrosion rate, which involves finding the corrosion
current density; this can be calculated by drawing tangents to the anodic and cathodic tafel
curves, then intersecting them, as shown in Figure 3 [36].

After finding the corrosion current density, The formula in the ASTM G 59 97 stan-
dard [36], given in (1), was applied to determine the corrosion rate of the retainer wires.

CR =
K1 × icorr × EW

ρ
(1)

Here, in Formula (1), icorr indicates the corrosion current density (µA/cm2), EW is
the equivalent weight of the material, K1 stands for the constant coefficient of 3.27 × 10−3

(mm·g/A·cm·year), ρ denotes the density (g/cm3), and CR defines the corrosion rate in
(mm/year).
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The polarization resistance (Rp) (Ωcm2) was obtained using the Stern-Geary equation,
shown in (2) [9,16,37].

icorr =
1

2303Rp
(

ba × bc

ba + bc
) (2)

Here, for the above formula, icorr, Rp indicates the corrosion current density (A/cm2)
and polarization resistance (ohms.cm2), while ba, bc denotes the anodic, cathodic Tafel
slopes (volts/decade).

The samples’ surface morphology was evaluated through Scanning Electron Micro-
scope (SEM) analysis.

The average, standard deviation, median, lowest, highest, frequency and ratio values
were used in the descriptive statistics of the data. Kolmogorov-Smirnov tests were per-
formed to determine whether the intra-group data were distributed. The Kruskal-Wallis
test was used to see if there is a difference between the groups. The Mann-Whitney U
test was used to find out which groups were different. In addition, the Mann-Whitney
U test was used in the group comparison between the solutions. Statistical analysis was
performed using the SPSS (version 28.0; SPSS, Chicago, IL, USA).

3. Results

The corrosion current density (icorr (µA/cm2)) is shown in Table 2; the corrosion
rate (mm/year) and the polarization resistance (Rp (Ωcm2)) test results are indicated in
Tables 3 and 4, respectively. The potentiodynamic polarization curves for all of the retainers
and electrolytes are displayed in Figure 4.

3.1. Polarization Test Results

The corrosion of metallic wires is an electrochemical phenomenon in which two reac-
tions occur simultaneously in a conductive solution. The oral cavity is exposed to different
pH by drinking and eating. The corrosion rate and type are affected by the kind of elec-
trolyte, metal, production technique, test settings, and varying pH [8]. Tables 2–4 show that
when the corrosion behavior of stainless steel (group 1, 2 and 6) retainer wires is evaluated,
the corrosion rate increases as the pH drops. Among the stainless steel groups, the change
in pH had the least effect on the 3-braided retainers. The corrosion current density for
these wires, at 3.5 and 7 pH, had average values of 1.04 and 1.05 µA/cm2, respectively,
as shown in Table 2. However, in the 6-braided Dentaurum and Deadsoft Respond wire
retainers, the low pH increased the corrosion current density by approximately 144% and
79%. Diverse researchers have also investigated how pH impacts the electrochemical

181



J. Funct. Biomater. 2023, 14, 81

corrosion behavior of stainless steel orthodontic wires. Močnik et al. studied how the pH
value of the solution effects the corrosion of NiTi and 304 stainless steel dental archwires.
While the initial artificial saliva had a pH of 6.5, lactic acid was added to achieve 2.5 and
3.9 pH, and the corrosion current density values of NiTi and 304 steel were also compared.
As the pH ratio decreased for the NiTi wires, the corrosion current density increased from
0.17 µA/cm2 to 0.83 µA/cm2. Similarly, the corrosion current density in stainless steel in-
creased from 0.15 A/cm2 to 0.35 A/cm2 as the pH dropped [38]. In our study, the 6-braided
Dentaurum SS had the highest corrosion resistance among the stainless steel retainers. The
manufacturing differences between Deadsoft and Dentaurum, or the variation and inhomo-
geneities of the normalization annealing after production, may be responsible for the high
corrosion resistance of the 6-braided wires, whose corrosion current densities are 0.27 and
0.66 µA/cm2 in 7 and 3.5 pH, respectively. Makiewicz et al. conducted the potentiodynamic
polarization test on 304 stainless steel orthodontic archwires made by the 3M (USA) and
Rocky Mountain Orthodontic [RMO] (USA) companies under the same test conditions and
solutions. The corrosion current density for the RMO was 0.27 µA/cm2, whereas it was
0.49 µA/cm2 for the 3M [39]. The differences in the corrosion current density, corrosion
rate, and polarization resistance between the two Dentaurum wires can be explained by
the stresses caused by twisting while manufacturing, or by the localized corrosion, which
affects the continuity of the passive Cr2O3 film formed on the surface of stainless steels.
Furthermore, the difference in the heat treatments during and after wire production could
have contributed to this. According to Zhang et al. different stress effects influence the
corrosion rate and mechanism of stainless steel archwires [40]. Pitting corrosion may occur
as a result of irregularities caused by production, the presence of salt containing chlorine
ions, such as NaCl, KCl, or localized corrosion [41]. As can be seen in Figure 5, the pitting
corrosion impacted all of the stainless steel groups. However, severe corrosion caused
direct material loss in the 3.5 pH solution in the 3-braided Dentaurum wire. The main
reason for the pitting corrosion being so effective is the aggressive ions in the Ringer’s
solution. Titanium has excellent corrosion resistance due to the passive protective TiO2
film formed on the surface of titanium and its alloys [42]. The presence of corrosive ions,
such as Cl− in the electrolyte, may cause the corrosion of titanium and its alloys, as in
stainless steel. As with stainless steel, the corrosion of titanium grade 1 and 5 accelerated
as the pH decreased. The corrosion current density of the Ti-6Al-4V alloy was found to
be 0.12 and 0.13 µA/cm2, while titanium grade 1 had 0.22 and 0.25 µA/cm2. Similarly,
Calderón et al. reported the corrosion current density of Ti-6Al-4V to be 0.044 µA/cm2

and 0.07 µA/cm2 for pure Ti. For the phosphate buffered solution, the Ti-6Al-4V alloy
showed higher corrosion resistance than the pure titanium [43]. The gold retainer had the
highest corrosion current density in our experiments. Although pure gold exhibits very
noble behavior and does not corrode, the high corrosion current density may be due to a
microgalvanic effect that may occur between Cu, Ag, Pt elements and gold. In addition,
the continuity of the gold layer may be absent. In addition, irregularities that may occur
while bending the wires, depending on the production method, may cause local corrosion.
High stresses that may occur in the wires may also have caused the galvanic effect [44,45].

3.2. Statistical Analysis Results

In the pH 7 Ringer’s solution, the current density of the Gold retainer group was
found to be significantly higher than the other groups (p < 0.05). The current density of
the 3-braided SS and Dead Soft retainer groups were found to be statistically higher than
the 6-braided SS, Titanium Grade 1, and Titanium Grade 5 retainer groups (p < 0.05). The
corrosion rate of the Dead Soft and the 3-braided SS retainer groups were found to be
significantly higher than the 6-braided SS, Titanium Grade 1, Titanium Grade 5, and Gold
retainer groups (p < 0.05). The corrosion rate of the Gold retainer group was found to
be statistically higher than the 6-braided SS, Titanium Grade 1, and Titanium Grade 5
retainer groups (p < 0.05). The polarization resistance of the Titanium Grade 5 retainer
group was found to be significantly higher than the other retainer groups (p < 0.05). The
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polarization resistance of the Titanium Grade 1 retainer group was found to be statistically
higher than the 3-braided SS, 6-braided SS, Gold, and Dead Soft retainer groups (p < 0.05).
The polarization resistance of the 6-braided SS retainer was found to be significantly higher
than the 3-braided SS, Gold, and Dead Soft retainer groups (p < 0.05). The polarization
resistance of the 3-braided SS and Dead Soft retainer groups were found to be statistically
higher than that of the Gold retainer group (p < 0.05).

Table 2. Current density (icor(µA/cm2)) values.

Icor (µA/cm2)

Groups (n = 5) pH 7 Ringer’s Solution
(Mean ± sd)

pH 3.5 Ringer’s Solution
(Mean ± sd) p-Value

Group 1 1.04 ± 0.68 1.05 ± 0.59 0.917 m

Group 2 0.27 ± 0.19 0.66 ± 0.24 * 0.047 m

Group 3 0.22 ± 0.09 0.25 ± 0.09 0.917 m

Group 4 0.12 ± 0.02 0.13 ± 0.04 0.251 m

Group 5 2.43 ± 0.86 4.34 ± 2.89 0.117 m

Group 6 1.01 ± 0.13 1.78 ± 0.63 * 0.047 m

p-value 0.000 K 0.000 K

K: Kruskal-Wallis test, m: Mann-Whitney U test, n: Number of samples, *: p < 0.05, p: Significance value, sd:
Standard deviation, Icor (µA/cm2): Current density.

Table 3. Corrosion rate (mm/year) values.

Corrosion Rate (mm/year)

Groups (n = 5) pH 7 Ringer’s Solution
(Mean ± sd)

pH 3.5 Ringer’s Solution
(Mean ± sd) p-Value

Group 1 0.012 ± 0.008 0.012 ± 0.007 0.917 m

Group 2 0.003 ± 0.002 0.008 ± 0.003 * 0.047 m

Group 3 0.002 ± 0.001 0.002 ± 0.001 0.917 m

Group 4 0.001 ± 0.000 0.001 ± 0.000 0.251 m

Group 5 0.005 ± 0.002 0.009 ± 0.006 0.117 m

Group 6 0.012 ± 0.002 0.021 ± 0.007 * 0.047 m

p-value 0.001 K 0.000 K

K: Kruskal-Wallis test, m: Mann-Whitney U test, n: Number of samples, *: p < 0.05, p: Significance value, sd:
Standard deviation.

Table 4. Polarization resistance (Rp (Ωcm2)) values.

Rp (Ωcm2) × 104

Groups (n = 5) pH 7 Ringer’s Solution
(Mean ± sd)

pH 3.5 Ringer’s Solution
(Mean ± sd) p-Value

Group 1 7.28 ± 6.45 3.48 ± 1.91 0.175 m

Group 2 21.06 ± 12.61 11.29 ± 6.07 0.076 m

Group 3 34.66 ± 25.90 18.62 ± 4.05 0.175 m

Group 4 47.32 ± 7.45 34.12 ± 10.07 * 0.047 m

Group 5 2.40 ± 0.75 1.82 ± 1.22 0.117 m

Group 6 5.00 ± 0.50 5.77 ± 3.81 0.602 m

p-value 0.000 K 0.000 K

K: Kruskal-Wallis test, m: Mann-Whitney U test, n: Number of samples, *: p < 0.05, p: Significance value, sd:
Standard deviation.
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In the pH 3.5 Ringer’s solution, the current density of the Gold retainer group was
found to be significantly higher than the other retainer groups (p < 0.05). The current
density of the Dead Soft retainer group was found to be statistically higher than the 6-
braided SS, Titanium Grade 1, and Titanium Grade 5 retainer groups (p < 0.05). The current
density of the 3-braided SS and 6-braided SS retainer groups were found to be significantly
higher than the Titanium Grade 1 and Titanium Grade 5 retainer groups (p < 0.05). The
current density of the Titanium Grade 1 retainer group was found to be statistically higher
than the Titanium Grade 5 retainer group (p < 0.05). The corrosion rate of the Dead Soft
retainer was found to be significantly higher than the other retainer groups (p < 0.05).
The corrosion rate of the 3-braided SS retainer, Gold and 6-braided SS retainer groups
were found to be statistically higher than Titanium Grade 1 and Titanium Grade 5 retainer
groups (p < 0.05). The polarization resistance of the Titanium Grade 5 retainer group was
found to be significantly higher than the other retainer groups (p < 0.05). The polarization
resistance of the Titanium Grade 1 and the 6-braided SS retainer groups were found to be
statistically higher than the 3-braided SS, Gold, and Dead Soft retainer groups (p < 0.05).
The polarization resistance of the Dead Soft retainer group was found to be significantly
higher than the 3-braided SS and Gold retainer groups (p < 0.05).

In the results of the comparison between the Ringer’s solutions, there was no statistical
difference between the pH 7 Ringer solution and pH 3.5 Ringer solution in terms of the
current density, corrosion rate, and polarization resistance of the 3-braided SS, Titanium
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Grade 1, and Gold retainer groups (p > 0.05). The current density and corrosion rate of the
6-braided SS and Dead Soft retainer groups were found to be significantly higher in the
pH 3.5 Ringer solution than in the pH 7 Ringer solution (p < 0.05). There was no statistical
difference between the pH 7 and pH 3.5 Ringer’s solutions in terms of their polarization
resistance (p > 0.05). While there was no statistical difference between the pH 7 Ringer
solution and the pH 3.5 Ringer solution in terms of current density and corrosion rate
in the Titanium Grade 5 group, the polarization resistance was found to be statistically
significantly higher in the pH 7 Ringer solution than in the pH 3.5 Ringer solution (p < 0.05).

3.3. Results of Scanning Electron Microscopy (SEM) Studies on Samples

After the electrochemical corrosion tests were performed, a sample was taken from
each group, and images were obtained in a scanning electron microscope at 200× magnifi-
cation (Figure 5, Figure 6). Pitting corrosion was observed on the 3-braided SS, 6-braided SS,
and Dead Soft retainer groups in both solutions (Figure 5). No physical corrosion damage
was observed on the Titanium Grade 1, Titanium Grade 5, and Gold retainer groups in both
solutions (Figure 6).
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4. Discussion

In previous studies, a favorable environment for the deterioration of dental material
has been reported in the oral cavity because of temperature changes, changing pH, tooth
brushing, chewing, dental plaque, ingested foods, moisture, and the presence of microor-
ganisms [44,46–49]. In addition, Castro et al. reported that corrosion is an electrochemical
process that leads to metal degradation [8]. Huang and Lin et al. have stated that the
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stainless steel used in orthodontic treatment increased its resistance to corrosion by forming
a Cr2O3/Fe2O3 layer, and nickel-titanium by forming a TiO2 layer. This layer is defined as
the passive oxide layer [14,50].

Pakshir et al. stated that the current density of stainless steel archwires (G&H Wire
Company, Greenwood, India) was higher than nickel-titanium archwires (Orthotechnology
Co. Ltd., Tampa, Florida). It was stated that the current density is directly proportional to
the corrosion rate; a great current density shows lower resistance against corrosion, and the
corrosion rate of nickel-titanium archwire was found to be lower than stainless steel [32].
Barcelos et al. stated that the current density and corrosion rate of stainless steel (Morelli
Orthodontiaa, Rio de Janeiro, Brazil) archwires were lower than nickel-titanium (Morelli
Orthodontiaa, Rio de Janeiro, Brazil) archwires. It has also been stated that stainless steel
wire is less susceptible to corrosion, and that the current density and corrosion rate increase
as the pH decreases [34]. Malkiewicz et al. stated that the lowest current density was
in nickel-titanium archwires (RMO, USA: 3M, USA), while the highest current density
was in stainless steel archwires (RMO, USA: 3M, USA). The current density of stainless
steel archwires was found to be statistically higher than titanium-molybdenum and nickel-
titanium archwires. The current density of titanium-molybdenum archwires was found to
be statistically higher than nickel-titanium archwires [39].

In the present study, it was found that the 3-braided SS and Dead Soft retainer groups
in the pH 7 Ringer solution had a statistically higher current density and higher corrosion
rate than the Titanium Grade 1, Titanium Grade 5, and 6-braided SS retainer groups. It was
found that the 3-braided SS, 6-braided SS and Dead Soft retainer groups in the Ringer’s
solution with pH 3.5 had a significantly higher current density and higher corrosion rate
than the Titanium Grade 1 and Titanium Grade 5 groups. The current density of the
Titanium Grade 1 retainer group was found to be statistically higher than the Titanium
Grade 5 retainer group in the Ringer’s solution with a pH of 3.5. This can be explained by
the fact that the Titanium Grade 5 group consists of Ti-6Al-4V. Due to the aluminum and
vanadium in Ti-6Al-4V, it is more resistant to corrosion than other types of titanium [51].
The current density of the Gold retainer group was significantly higher than the other
retainer groups in both solutions. However, the corrosion rate of the Gold retainer group
was significantly higher than the Titanium Grade 1 and Titanium Grade 5 retainer groups
in both solutions. The equivalent weight and density of the gold affected the corrosion rate.
The deterioration rate may change with the change in the material content. Noble metals,
such as gold and platinum, are normally stable [52]. However, in the present study, it was
observed that the Gold retainer group was corroded, and it is thought that the elements
in the Gold retainer group may cause this situation by forming galvanic couples [53]. The
present study’s demonstration of the higher corrosion resistance of titanium-containing
wires was promoted by the study of Pakshir et al. [32] and Malkiewicz et al. [39]. It could
not be promoted by the study of Barcelos et al. [34]. The data obtained from the present
study and the studies in the literature show that orthodontic wires are corroded. Due to
the methodological differences, it is not possible to directly compare the studies; however,
this condition was stated in the study of Malkiewicz et al. [39].

In the study conducted by Huang with artificial saliva with pH 2.5, 3.5, 5.0, and 6.25,
it was stated that the current density increased as the pH decreased [54]. Wajahat et al.
stated in the study on nickel titanium wires (Ortho Organizer, USA) that the corrosion rate
increased as the pH decreased; hence, the corrosive effect of acidic solutions is higher [29].

In the present study, the current density and corrosion rate of the 3-braided SS, Tita-
nium Grade 1, Titanium Grade 5, and Gold retainer groups did not show any significant
difference in the Ringer solution with pH 3.5 and pH 7. The current density and corrosion
rate of the 6-braided SS and Dead Soft retainer groups were found to be statistically signifi-
cantly higher in the Ringer solution with pH 3.5 than in the Ringer solution with pH 7. The
present study was promoted by the studies of Huang [54] and Wajahat et al. [29].

Ziebowicz et al. stated that the polarization resistance of the NiTi archwire (American
Orthodontics, Sheboygan, WI, USA) was higher than that of the CuNiTi archwire (Ormco
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Corporation, Brea, CA, USA) [16]. Lin et al. stated, in their study of acidic artificial saliva
using linear polarization curve, that the Rp values were between 103–104 Ω.cm2, and there
was a statistical difference between the polarization resistance of the different stainless
steel bracket brands (3M Unitek, Puchheim, Germany: Dentaurum, Pforzheim, Germany:
Ormco, Scafati, Italy: RMO, Denver, Col.: Tomy, Tokyo, Japan). However, there was no
statistical difference between the bracket types (Roth type and Standard type) [50].

In the present study, the Rp values of the stainless-steel retainer groups were between
104 and 105 Ω.cm2 for the different pH levels. In both solutions, the polarization resistance
of the Titanium Grade 1 and Titanium Grade 5 retainer groups was found to be statistically
higher than the other groups. This can be explained by the high corrosion resistance of
titanium-containing materials [51]. The polarization resistance of the Titanium Grade 5
group was found to be statistically higher than the Titanium Grade 1 group. This can be
explained by the Ti-6Al-4V content of the Titanium Grade 5 group. Due to the aluminum
and vanadium in Ti-6Al-4V, it is more resistant to corrosion than other types of titanium [51].
The polarization resistance of the 6-braided SS retainer was found to be significantly higher
than the 3-braided SS, Dead Soft, and Gold retainer groups. The least polarization resistance
was obtained in the Gold retainer group.

Lee et al. stated, in their study in artificial saliva solution with 0.01%, 0.1%, 0.25%, and
0.5% NaF concentrations using linear polarization curves, that the polarization resistance
of nickel-titanium archwires decreased with the increase in the fluorine content, and the
resistance against corrosion decreased [55].

In the present study, the polarization resistance of the 3-braided SS, 6-braided SS,
Titanium Grade 1, Gold, and Dead Soft retainer groups showed no statistically significant
difference between the pH 3.5 and pH 7 Ringer’s solution. The polarization resistance of
the Titanium Grade 5 retainer group was found to be statistically higher in the pH 7 Ringer
solution than in the pH 3.5. Ringer solution.

Li et al. stated that pitting corrosion occurs in nickel-titanium archwires (Shenzhen
Superline Technology Co. Ltd., Guangdong, China) [56]. Kao and Huang stated, in the
study in pH 4 artificial saliva solution, that stainless steel and nickel-titanium archwires’
(3M, Unitek, Monrovia, CA, USA) pitting corrosion was noted. They stated that acidic
environments cause the wire to become fragile, and nickel-titanium wires can break under
stress [57]. Suarez et al. stated that manufacturing errors are frequent in SS archwires
(Ormco Corp., Glendora, CA, USA) and the surface structure is quite distorted after
polarization tests. They stated that NiTi, CuNiTi, and TMA (Ormco Corp., Glendora, CA,
USA) archwires have high resistance to corrosion with minimal structural damage [58].
Wajahat et al. stated that pitting corrosion occurred on nickel-titanium archwires [29].

In the present study, pitting corrosion occurred on the 3-braided SS, 6-braided SS, and
Dead Soft retainer groups, while pitting corrosion did not occur on the Titanium Grade 1,
Titanium Grade 5, and Gold retainer groups. While the corrosion resistance of the Gold
retainer group was lower than Titanium Grade 1 and Titanium Grade 5, pitting corrosion
was not observed on the Gold retainer group in the SEM images.

5. Conclusions

The current density of the Gold retainer group was found to be statistically higher
than the other retainer groups in both solutions, indicating that its resistance to corrosion is
less than the other groups. The corrosion rate of the Dead Soft retainer group was found to
be statistically higher than the other retainer groups in both solutions, indicating that its
corrosion resistance was lower than the other groups. The polarization resistance of the
Titanium Grade 5 retainer group was found to be statistically higher than the other retainer
groups in both solutions, indicating that its corrosion resistance was higher than the other
groups. While pitting corrosion was not observed in the SEM images of the Titanium
Grade 1, Titanium Grade 5, and Gold retainer groups, pitting corrosion was observed in the
3-braided SS, 6-braided SS, and Dead Soft retainer groups. Due to the retainer wires staying
in the mouth for a long time, and as a result of electrochemical corrosion tests and SEM
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images, the use of titanium-containing retainer wires can be recommended in retention due
to their high resistance to corrosion. Considering that the study was performed in vitro
using a Ringer’s solution, further studies should be conducted in in vitro and in vivo
environments that simulate the oral conditions.
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49. Tamam, E. Ağartma Işleminin Temel Metal Alaşımı Üzerindeki Etkisinin in Vitro Değerlendirilmesi. PhD Thesis, Ankara

University, Health Sciences Institute, Ankara, Turkey, 2008.
50. Lin, M.C.; Lin, S.C.; Lee, T.H.; Huang, H.H. Surface analysis and corrosion resistance of different stainless steel orthodontic

brackets in artificial saliva. Angle Orthod. 2006, 76, 322–329.
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Abstract: Introduction: The UVC-irradiation (“UV-photofunctionalization”) of titanium dental im-
plants has proved to be capable of removing carbon contamination and restoring the ability of
titanium surfaces to attract cells involved in the process of osteointegration, thus significantly en-
hancing the biocompatibility of implants and favoring the post-operative healing process. To what
extent the effect of UVC irradiation is dependent on the type or the topography of titanium used, is
still not sufficiently established. Objective: The present study was aimed at analyzing the effects of
UV-photofunctionalization on the TiO2 topography, as well as on the gene expression patterns and
the biological activity of osteogenic cells, i.e., osteogenic precursors cultured in vitro in the presence
of different titanium specimens. Methodology: The analysis of the surface roughness was performed
by atomic force microscopy (AFM) on machined surface grade 2, and sand-blasted/acid-etched
surface grades 2 and 4 titanium specimens. The expression of the genes related with the process
of healing and osteogenesis was studied in the MC3T3-E1 pre-osteoblastic murine cells, as well as
in MSC murine stem cells, before and after exposure to differently treated TiO2 surfaces. Results:
The AFM determinations showed that the surface topographies of titanium after the sand-blasting
and acid-etching procedures, look very similar, independently of the grade of titanium. The UVC-
irradiation of the TiO2 surface was found to induce an increase in the cell survival, attachment and
proliferation, which was positively correlated with an increased expression of the osteogenesis-related
genes Runx2 and alkaline phosphatase (ALP). Conclusion: Overall, our findings expand and further
support the current view that UV-photofunctionalization can indeed restore biocompatibility and
osteointegration of TiO2 implants, and suggest that this at least in part occurs through a stimulation
of the osteogenic differentiation of the precursor cells.

Keywords: titanium oxide; UV-photofunctionalization; implant osteointegration; AFM; Runx2; ALP

1. Introduction

Dental implantology, a field of dentistry, has become a standard in dental treatments
to restore the lost function and aesthetics in edentulous or partially edentulous patients [1].
Dental implants aim to simulate the root-crown apparatus in the most physiological manner,
as it is inserted into the root-bearing parts of the mandible or maxilla with a prosthetic
restoration on top, either screw retained or cemented. However, current outcomes show
that there is a need to improve treatments, based on dental implants with respect to healing
time, ageing and anatomical limitations. According to Lee et al. [2] the survival rate for an
implant today is around 92% over a period of 5 years, while Norowski et al. [3] reported it to
be around 89% over a period of 10–15 years, though the dental infection risk may be as high
as 14%. A lot of effort has been made to improve the chemical and topographical aspects
of titanium, in order to enhance the biological principles underlying osteointegration [4].

J. Funct. Biomater. 2022, 13, 265. https://doi.org/10.3390/jfb13040265 https://www.mdpi.com/journal/jfb192



J. Funct. Biomater. 2022, 13, 265

Different chemical and physical approaches (abrasion, anodization, acid-etching, plasma
spraying) have been used, in an effort to improve the surface properties of the implant
materials. To guarantee the stability and long life of an implant, good bone anchorage
needs to be achieved, or in other words, its stability is dependent on the so-called bone-
implant-contact (BIC). Nevertheless, the BIC range value is generally between 45 ± 16%,
far below the ideal 100% mark. To increase the long term success rate, it is imperative to
enhance the integration between the biocompatible materials and soft and hard tissues.
Ideally, an increased activity should be obtained of cells capable of accelerating the process
of healing and osteointegration.

It has been documented that titanium surfaces constantly attract organic impuri-
ties, such as polycarbonyls and hydrocarbons from the atmosphere, water, and clean-
ing solutions used during the final decontamination of implants before packaging [5–8].
Such contamination with hydrocarbons, known as biological aging, can be regarded as
a physiological phenomenon, resulting in an increase of carbon levels at the implant
surface from 20% (on freshly produced titanium) up to approx. 60–75% (4 weeks after
production) [1,6,9–13]. The adsorption of hydrocarbons makes the titanium surface hy-
drophobic, and can actually create a coat around the surface causing an insufficient attrac-
tion of stem/progenitor cells involved in the healing process, thus hindering the complete
osteointegration of implants. A machined surface grade 2, a sand-blasted/acid-etched
surface grade 2, and a sand-blasted/acid-etched surface grade 4 titanium were studied.

A recently introduced procedure, termed UV-photofunctionalization, has attracted
considerable attention and interest, as it is reported as a method for modifying titanium
surfaces and restoring their biological compatibility, thus reversing the effects of biological
ageing. Studies performed on murine pre-osteoblasts (MC3T3 cell line) demonstrated an
increased protein adsorption, an improved cell attachment and proliferation, as well as an
enhanced osteoblastic differentiation after the UVC irradiation of titanium surfaces [14].
However, the differences between the treated and non-treated surfaces was evaluated at
short time intervals, usually no longer than 48 h. The enhancement in the osteoblastic
adhesion and growth in such a small time window is anyway postulated to improve the
implant’s outcome. Protein adsorption has been reported to be 80 to 300% increased after
UV-photofunctionalization, as compared to non-irradiated surfaces, and the activity of
osteoblasts (evaluated through specific markers, such as the ALP expression) was also
significantly increased [5,7,15–17]. Similarly, other studies reported an overall accelerated
and stronger cell adhesion to the UVC-irradiated surfaces [14,18].

The question remains however still open, whether the UVC irradiation is able to
produce a carbon free surface independent of the type or topography of titanium. In
order to achieve a better understanding of the osteointegration processes following the
photofunctionalization, the present study was aimed at analyzing the effects of UVC
irradiation on the topography of TiO2 used for the production of implants, as well as on
the biological activity and gene expression patterns of specific osteogenic cell types, using
in vitro cultures of osteogenic progenitors. The results obtained further substantiate the
potential role of UV-photofunctionalization as an effective tool, in order to enhance the
osteointegration and stability of titanium implants, thus prolonging their functional life.

2. Materials and Methods
2.1. Titanium Specimens

The cells were cultured on disk-shaped, commercially pure titanium specimens
(10 mm × 2 mm). The specimens were divided into three groups depending on three differ-
ent surface treatments: (a) a machined surface titanium grade 2, (b) a sand-blasted/acid-
etched surface grade 2, and (c) a sand-blasted/acid-etched surface grade 4. Surfaces
(b) and (c) were obtained with a blasting procedure using aluminum oxide particles, fol-
lowed by an acid-etching procedure with hydrofluoric acid at room temperature [19],
followed by a further etching step with sulfuric acid. Then all disks were rinsed with
distilled water and cleaned in an ultra-sound machine.
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2.2. UVC Apparatus for Photofunctionalization

The UVC light was delivered to specimens using a Therabeam Superosseo apparatus
(Ushio Inc., Tokyo, Japan), with cycles of 12 min. The implants and discs were placed on a
dedicated tray, in order to obtain the optimal and uniform irradiation.

2.3. Atomic Force Microscopy (AFM) Analysis

Topography of the titanium discs was analysed by AFM. The study was performed
with a Solver P47 NT-MDT instrument worked in a non-contact mode. Areas of analysis
on specimens was set to 50 µm × 50 µm, as well as to about 20 µm × 20 µm, in order to
verify whether and to what extent the measured parameters were possibly affected when
the surfaces of the different areas were analyzed on the same specimen. For comparison, a
commercial TiO2 implant was also processed (Rapid, Osteoplant Co., Poznan, Poland), on
which a smaller 15 µm× 15 µm area was measured, considering the convex implant surface.
Prior to the analysis, the specimens were cleaned with isopropanol in an ultrasound washer.

2.4. Osteoblastic Differentiation Studies

The differentiation studies were performed using both murine osteoblast-like
MC3T3-E1 cells, and murine mesenchymal stem cells.

2.4.1. Studies with the Pre-Osteoblastic MC3T3-E1 Cells

Stock MC3T3-E1 cells were cultured in an undifferentiated state in DMEM supplemented
with 10% fetal bovine serum (FBS, EuroClone, Pero, Italy), 100 U/mL penicillin and 100 U/mL
streptomycin. At a 70–80% confluence, the cells were trypsinized and plated for expan-
sion. The osteogenic differentiation was induced by supplementing DMEM with 2% FBS,
50 µg/mL ascorbate-2-phosphate, 10−7 M dexamethasone and 10 mM β-glycerophosphate
(Sigma-Aldrich, St. Louis, MI, USA). The cells were maintained at 37 ◦C in a humidified
5% CO2 environment, and the culture media were replaced every three days.

2.4.2. Studies with Murine Primary Mesenchymal Stem Cells (MSCs)

The mice were sacrificed by cervical dislocation. The bone marrow was obtained from
the tibias and femurs and the cells were seeded using MesenCult basal medium, supple-
mented with 20% Mesenchymal Mouse Stimulatory Supplement and 1% Pen-Strept com-
plete medium (Life Technologies, Monza, Italy). The cells were grown at 37 ◦C in a humidi-
fied atmosphere at 5% CO2, trypsinized at confluence and reseeded at 2 × 104 cells/cm2

(passage 1, p1). All experiments were performed at passage 2 (p2). The cellular density
seeded onto the disks was 105/cm2. The cell count was performed at the undifferentiated
state and after differentiation at 12, 24, 48 h and 8 days. The RT-PCR was performed at
0, 3 and 8 days. The viable and dead cells were evaluated with Trypan blue exclusion.
All experimental protocols on mice were conducted in compliance with the Italian DL
26/2014 act, the implementation of the European Directive 2010/63 on the protection of
animals used for scientific purposes. All experimental protocols were approved by the
Institutional Ethics Committee for Animal Use of the University of Pisa.

2.4.3. RNA Processing

The reverse transcription to cDNA was performed directly from cultured cell lysate
using the TaqMAN Gene Expression Cells-to-Ct Kit (Ambion), following the manufacturer’s
instructions. Briefly, the cultured cells were lysed with lysis buffer and cell lysates were
reverse transcribed using the RT Enzyme Mix and appropriate RT buffer. Finally, the cDNA
was amplified by real-time PCR using the Taq-Man Gene Expression Master Mix and the
corresponding gene-specific assays. The gene expression levels were normalized to the
expression of the housekeeping gene RPL13A and expressed as fold changes relative to the
untreated mMSCs. The delta/delta calculation method [20] was used for quantification.
Forward and reverse primers and probes for the selected genes were designed using primer
express software (Applied Biosystems, Monza, Italy) and are listed in Table 1.
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Table 1. Primers and probes used in the real time PCR.

Gene Symbol Gene Name Primer Sequence (5′ > 3′) Probe Sequence (5′ > 3′)

RUNX2 Runt-related transcription
factor 2

F-TCTACCACCCCGCTGTCTTC
R-TGGCAGTGTCATCATCTGAAATG ACTGGGCTTCCTGCCATCACCGA

ALP Alkaline Phosphatase F-CCGTGGCAACTCTATCTTTGG
R-CAGGCCCATTGCCATACAG

CCATGCTGAGTGACACAGACAA-
GAAGCC

All PCR reactions were performed in a 20 µL volume using the ABI PRISM 7500. The
reactions contained 10 µL 29 Taq-Man universal PCR master mix (Applied Biosystems),
400 nM of each primer and 200 nM of the probe, and cDNA. The amplification profile
was initiated by 10-min incubation at 95 ◦C, followed by the two-step amplification of
15 s at 95 ◦C and 60 s at 60 ◦C for 40 cycles. The non-template controls were included in
all experiments to exclude the reagent’s contamination. The PCRs were performed with
two biological replicates.

2.4.4. Statistics

All results are expressed as mean. The differences between the experimental groups
(UV-photofunctionalized discs and non-treated discs) were evaluated by Student’s t-test. A
value of p < 0.05 was considered statistically significant.

3. Results
3.1. AFM Analysis for the Determination of Roughness

Atomic force microscopy is an invaluable technique to measure small samples with a
great degree of accuracy. It is imperative to use this kind of analysis to verify that the UVC
treatment is not changing the topography of the surface after the company manufacturing.

The surface roughness plays a significant role in the cell behaviour during the process
of osteointegration. Using XPS and AES analyses we previously demonstrated that the
surface composition of the discs is the same as the one of the dental implants [21], however
no information was obtained regarding the surface roughness. Therefore, the AFM analysis
was performed in order to verify if the discs used for the biological studies have the same
surface roughness as the dental implants.

The analysis was performed in a non-contact mode, in which the cantilever vibrates
under the surface with a fixed frequency. The topographic images result from the mea-
surements of the offset from the resonance frequency of the cantilever during the ef-
fect with the surface. Figure 1 shows the topographic images of the machined titanium
discs, for the sand-blasted/acid-etched grade 2 and grade 4 titanium, respectively. Prior
to the analysis, the samples were cleaned in an isopropanol medium in an ultrasonic
washer. The analysis was performed in areas with two different sizes, 50 µm × 50 µm and
20 µm × 20 µm, in order to evaluate how much this parameter (extent of measures surface)
can affect the results of the determinations. In Figure 1A, the machined specimen presents
the grooves and small particles characteristic of the machining process. The smaller area
(20 µm × 20 µm) shows the valleys and numerous depressions. The calculated rough mean
square (RMS) coefficient was 0.30 µm and 0.12 µm, respectively (Table 2).

The surface topographies after the sand-blasting and acid-etching look very similar,
independently of the grade of titanium. Both samples exhibit a granular structure with similar
maximum heights of about 2 µm for the 50× 50 area and about 1.5 µm for the 20 µm× 20 µm
area. Both samples present numerous holes. The RMS coefficient was 0.46 µm and 0.38 µm for
the 50 µm× 50 µm area, and 0.30 µm and 0.25 µm for the 20 µm× 20 µm area, as obtained for
the sand-blasted/acid-etched grade 2 and the sand-blasted/acid-etched grade 4 surfaces, re-
spectively (Table 2). The RMS coefficient was higher for the sand-blasted/acid-etched grade 2
than the machined and sand-blasted/acid-etched grade 4 surface. Hence, we concluded that
the sand-blasted/acid-etched grade 2 modification had the highest roughness coefficient, and
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overall, the specimens had similar characteristics as the implants used in the first part of
the study.
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Figure 1. False color images resulting from the AFM analysis of the machined titanium discs for
two different areas: (A) magnification 50 µm × 50 µm, (B) magnification 20 µm × 20 µm. Color
intensities correspond to the distances in the z-direction, as shown in the respective scale bars.
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Figure 2. False color images resulting from the AFM analysis of the sand-blasted/acid-etched
titanium specimens, performed on two different areas each: (A) Sand-blasted/acid-etched grade 2,
(B) sand-blasted/acid-etched grade 4. Color intensities correspond to the distances in the z-direction,
as shown in the respective scale bars.

The AFM scanning results (Figure 2) showed higher roughness values for the sand-
blasted/acid-etched surfaces, as compared with the machined ones.
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Table 2. RMS coefficients for the different specimens in the different surface areas. For comparison,
the values are also shown measured on a commercial sand-blasted acid-etched grade 4 TiO2 implant
(Rapid™, Osteoplant Co., Poznan, Poland).

Area Machined Surface (µm) Sand-Blasted Acid-Etched
Grade 2 (µm)

Sand-Blasted Acid-Etched
Grade 4 (µm)

Dental Implant
(µm)

50 × 50 µm 0.30 0.38 0.46 -

20 × 20 µm 0.12 0.25 0.30 -

15 × 15 µm - - - 0.4

3.2. Biological Studies

As the primary MSCs represent a rather heterogeneous cell population, the initial
biological studies were carried out using pre-osteoblastic MC3T3-E1 cells, frequently
used as an vitro model of osteogenesis. The MC3T3-E1 cells, derived from mouse cal-
varia, have provided a useful model for the analysis of the gene expression, as they are
a non-transformed and relatively homogeneous cell line at a specific stage of differen-
tiation, containing mostly pre-osteoblastic cells which can be induced to differentiate
into mature osteoblasts. The cells were grown and maintained in vitro or induced to the
osteogenic differentiation by treatment with specific osteogenic agents. As a first step,
we evaluated the cell survival/proliferation of the pre-osteoblastic cell line seeded onto
three different TiO2 surfaces, before and after the UVC irradiation. We compared the
grade 2 titanium discs exposed to the machined or sand-blasted/acid-etched treatment
with the grade 4 sand-blasted/acid-etched discs. The latter ones are more similar to the
surface of the dental implants used clinically.

The cells were counted 24 h after seeding, as the initial attachment and prolifera-
tion of the cells is considered crucial, to achieve a successful osteointegration. The re-
sults, illustrated in Figure 3, show that in all discs the number of living cells after UV-
photofunctionalization is highly significantly (p < 0.001) increased, as compared to the
untreated discs. As an example, Figure 4 shows two distinct fluorescent images of MC3T3
cells adhering to grade 4 sand-blasted/acid-etched titanium surface. The data, shown as a
ratio between the living cells measured in the treated vs. non-treated disks, indicate a 2.5,
1.8 and 2.8 fold increase of the living cells in UVC-irradiated grade 2 machined discs, grade
2 sand-blasted/acid-etched discs and grade 4 sand-blasted/acid-etched discs, respectively.
By the trypan blue exclusion, we also evaluated the percentage of the dead cells, which,
following the UV-photofunctionalization, were virtually absent in the grade 2 machined
disks, but equally present as viable cells in the irradiated grade 2 sand-blasted/acid-etched
discs (Figure 3A). Figure 3B shows an example of the results obtained in grade 2 sand-
blasted/acid-etched titanium discs, where an increased number of live cells was observed
in the UV-photofunctionalized discs.

UV-photofunctionalization of the grade 4 sand-blasted/acid-etched discs resulted
in a 2/3 reduction of dead cells, as compared to their frequency in the untreated discs
(Figure 3C). The cells were also analyzed through fluorescence microscopy, after staining
the cell nuclei with Hoechst dye.

As a second step, we moved to study the effects of the UVC treatment on the behavior
of the primary MSCs, derived from the murine bone marrow, cultured either in expan-
sion conditions or at different time intervals after the osteogenic induction. The choice
of analyzing early times after the osteogenic treatment is based on previous studies by
Picchi et al., where the osteogenic process has been thoroughly monitored, highlighting
that the molecular events orchestrating the osteogenic commitment take place shortly after
the osteogenic induction [22].
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As in the experiments previously described on the pre-osteoblastic cell line, we first
compared the percentage of the viable cells in the sand-blasted/acid-etched grade 4 titanium
discs, before and after the UV-photofunctionalization. Figure 5 shows that, consistently
with the data obtained using the MC3T3 cells, 24 h after seeding, the number of viable
primary MSCs counted on the non-irradiated discs was half the number of cells grown
onto the UV-photofunctionalized disks. Moreover, following the osteogenic induction, we
observed a progressive and dramatic decrease of living cells in non-irradiated discs, as
compared to UVC-treated disks. At 8 days of osteogenic differentiation, the cells present on
the untreated disks were only a very small percentage (around 4%) of the cells grown on the
irradiated surfaces.
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Figure 5. Cell attachment and proliferation of the MSC cells on the untreated vs. UVC-irradiated
sand-blasted/acid-etched grade 4 titanium discs, at 12 h, 24 h and 8 days during their differentiation
to the osteoblastic phenotype. Results shown are the means of two separate determinations.

Sand-blasted/acid-etched grade 4 titanium discs were next analysed for their ability
to modulate in the MSC cells the expression of two osteogenic markers, Runx2 and ALP, at
3 and 8 days after the osteogenic induction. As previously pointed out, Runx2 is the master
gene of osteogenesis, and Figure 6 shows that at 3 days of differentiation, its transcriptional
activity is up-regulated (doubled) in the cells grown onto UV-photofunctionalized disks, as
compared to the undifferentiated cells. However, this increase was not detected in the cells
cultured onto non-irradiated disks. As a further control, the same analysis was carried out in
the MSCs grown and differentiated in classical culture conditions, namely in plastic culture
plates. Furthermore, control cells showed a 3-fold increase in the Runx2 expression after
3 days of the osteogenic differentiation. In addition, we observed that the transcriptional
activity of the enzyme ALP is augmented in the cells grown on all surfaces.
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Figure 6. RT-PCR of the transcription factor Runx2 and enzyme alkaline phosphatase (ALP)
in undifferentiated MSC cells and at 3 days after the proliferation/differentiation on the
untreated vs. UVC-irradiated sand-blasted/acid-etched grade 4 titanium discs. Results shown
are means of two separate determinations. For the statistical analysis, the RT-PCR results obtained for
the photofunctionalized discs was compared to the non-treated and with no disc used as the control.
* p < 0.05; ** p < 0.01.

Similar, and more clear-cut findings were observed after 8 days of the osteogenic
induction, when the mRNA levels of both Runx2 and ALP were significantly increased
only in cells seeded onto the UV-photofunctionalized discs (p < 0.001, Figure 7). In contrast,
virtually no variation was detected in the expression of both markers in MSCs grown onto
non irradiated discs.
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Figure 7. RT-PCR of the transcription factor Runx2 and alkaline phosphatase (ALP) in the un-
differentiated MSC cells and after 8 days of the proliferation/differentiation on the untreated vs.
UVC-irradiated sand-blasted/acid-etched grade 4 titanium discs. Results shown are the means of
two separate determinations. RT-PCR results obtained with the UVC-treated discs were compared to
the non-treated ones, used as the control. *** p < 0.001.

4. Discussion

A number of reports, focused on the biological effects of various surface modifications,
have highlighted an inverse correlation between the proliferation and differentiation rates
of the osteoblasts [23,24]. There is evidence showing that micro-roughened titanium sur-
faces have advantages over machined smooth surfaces in increasing both tissue-titanium
mechanical interlocking and the osteoblastic differentiation [25], thus resulting in faster
bone formation [26]. However, other studies have shown that the bone mass formed around
rough surfaces is smaller than the one formed around machined ones [25], suggesting that
rougher surfaces of material substrates may reduce the cell proliferation [20,27–29]. There-
fore, it appeared that a surface modification sustaining both the osteoblast proliferation
and differentiation was not available yet, and that only a compromise could be achieved.
Here comes into play the importance of UV-photofunctionalization, as results have demon-
strated that UVC-irradiation of both rough and smooth surfaces enhance the rate of both
the osteoblast proliferation and differentiation.

In most studies, the cell attachment/proliferation on photofunctionalized surfaces
was assessed at 3–24 h, using cell lines cultured on grade 2 TiO2. In all reports, a greater
number of cells (on average a two-fold increase) was reported to adhere/grow onto the
UVC-irradiated surfaces, as compared to the untreated surfaces. In our experiments, we
have used a different strategy to assess the effect of UV-photofunctionalization. First, we
have used not only the pre-osteoblastic cell line MC3T3, but also primary stem/precursor
cells derived from murine bone marrow. In addition, we have compared the titanium
surfaces pre-treated in different ways, before and after the UVC treatment. Second, we
have compared the TiO2 disks of a different grade of purity. In our study we have analysed
titanium grade 2, because it was previously utilized by other groups, and titanium grade 4,
as in clinical practice, only grade 4 is used because of its mechanical properties. Further-
more, to make the study more reliable and standardized, the surfaces were not treated in
the laboratory as in previous reports, but directly by the implantology company to simulate
the clinical practice. Third, we monitored the cell survival/proliferation and differentiation
not only at short times (24 h), but also up to 8 days of culture onto different surfaces.
Our data, obtained the seeding of the pre-osteoblastic cell line onto grade 2 machined or
sand-blasted/acid-etched, and grade 4 sand-blasted/acid-etched discs, demonstrate in all
cases the positive effect of UV-photofunctionalization, resulting in a 2–3 fold increased cell
attachment/proliferation after 24 h. Such an effect is in line with the previously reported
observations [5,17]. Moreover, on the same discs, we also evaluated the percentage of the
dead cells and observed different outcomes with the different types of discs. Following the
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UVC irradiation, there were virtually no dead cells on the grade 2 machined discs, while
on grade 2 sand-blasted/acid-etched discs, the percentage of dead cells was similar as in
non-irradiated discs, and on grade 4 sand-blasted/acid-etched discs, a 2/3 reduction was
detected. Overall, the UV-photofunctionalization of the grade 4 sand-blasted/acid-etched
surfaces, which are currently employed in dental implants, showed an encouraging effect
for its clinical application. This conclusion is also supported by the fluorescence microscopy
analysis (Figure 4) which showed a higher number of cells on the irradiated surfaces, as
compared to the non-irradiated ones.

Furthermore, we chose to use in our study, primary MSC cells, which better mimic the
situation in vivo, and these confirmed the beneficial effect of UV-photofunctionalization on
the cell adhesion/growth after 24 h of culture, and provided evidence that such an effect is
even stronger at later times (Figure 5). During 8 days of culture, the ratio between the viable
cells present on the UVC-irradiated vs. non-irradiated surfaces, increased progressively,
and, remarkably, at the end point of our analysis (8 days) a minority of cells (4%) were
present on non-UV-photofunctionalized discs, as compared to the high percentage (96%)
still detectable on the UVC treated discs. These results represent a significant extension
and improvement of a previous observation by Aita et al., which was the only group to
compare the growth of human MSC cells onto irradiated vs. non-irradiated surfaces. They
reported that after 7 days of culture, the amount of cells present on the UVC-irradiated
discs was 3–4 fold increased [30].

We also compared the osteogenic ability of MSC cells cultured on UVC-irradiated or
non-irradiated grade 4 sand-blasted/acid-etched discs. The osteogenic differentiation was
assessed by monitoring the gene expression of two key osteogenic markers, Runx2 and ALP,
using the quantitative RT-PCR. Runx2 is a master gene of osteogenesis, as it plays a pivotal
role in the commitment of multipotent mesenchymal cells to the osteoblastic lineage, and is
required at early stages of the osteoblast differentiation. Moreover, it is able to up-regulate
the expression of many bone matrix protein genes, including type 1 collagen, osteopontin,
bone sialoprotein and osteocalcin. Thus, the analysis of the Runx2 expression is crucial
to determine the onset of the molecular cascade of events that orchestrate the osteogenic
differentiation. Previous studies have shown that days 3 and 8 after the osteogenic induction
are optimal time points at which to prove that the osteogenic process is taking place [22].
Therefore, we compared the expression of both Runx2 and ALP in the MSCs seeded onto
the UVC irradiated or non-irradiated discs, at day 3 and 8 after the osteogenic induction.
ALP has been one of the first key players in the process of osteogenesis to be recognized.
For this reason, it is a marker currently used to evaluate the osteogenic differentiation
when assessing the phenotype or developmental maturity of the mineralized tissue cells.
In the literature, a constant increase of the ALP expression has been reported after the
UVC-irradiation of the titanium surfaces after 3, 7 and 10 days. Our results have confirmed
the up-regulation of the ALP expression at both day 3 (cells grown on all surfaces, including
the plastic culture plates, used as the internal controls) and day 8, particularly in the MSC
cells seeded onto UV-photofunctionalized discs. Interestingly, the Runx2 expression has
not been previously reported in the literature and our data provide the first evidence
that its transcriptional activity is greatly enhanced in cells induced to differentiate onto
UVC-irradiated surfaces. An increased expression (2 fold) at both time points is rather
relevant, as it is known that changes in the gene expression of the transcription factors are
rather limited, as compared to the variations occurring in the transcription of enzymes,
such as ALP. Our results also suggest that Runx2 is a more reliable marker than ALP, which
is known to be variable, mainly at early times of osteogenesis.

The improved survival/proliferation and differentiation of cells cultured onto UV-
photofunctionalized discs may be accounted for by the observations reported by
Iwasa et al. [31]. In this study, confocal microscopy images of osteoblasts after stain-
ing with rhodamine phalloidin showed that after 3 h of incubation, the cells seeded onto
UV-treated titanium surfaces appeared definitely flatter and larger than the ones seeded
on untreated surfaces. Moreover, the cells on UV treated titanium surfaces showed a clear
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stretch of lamellipodia-like actin projections, as well as cytoskeletons within their cyto-
plasm, whereas the majority of cells on the untreated surfaces were round shaped and did
not exhibit the initiation of the elongating cell processes and developing cytoskeletons [31].

From a chemico-physical point of view, it could be speculated that the carboxyl groups
present on protein structures become attracted by the titanium surface, thus resulting in a larger
surface covered by cells, increasing the BIC and in turn creating a stronger osteointegration.

Our results suggest that the surfaces used in dental implantology can still be improved
and that the UVC-irradiation of titanium enables an increase in osteoblastic proliferation
without sacrificing the differentiation. Such a biological advantage was well shown by
the higher cell numbers of the MSC cells detected after 8 days of culture on the UV-
photofunctionalized disks, along with their increased expression of osteogenic markers. It
can be speculated that such improved cell functions may be due to an improved interaction
between the titanium surface and the cell adhesion proteins, as suggested in a previous
study from our laboratories [21,32]. Elias et al. analyzed the relationship between the
implant surface wettability and the cytokine production by blood cells [33]. In particular,
on the hydrophobic surfaces, the presence was detected of antibodies that could reduce
the cell adhesion. In contrast, both thrombins and prothrombins were predominant on
the hydrophilic surfaces, and it is well known that these proteins play an important role
in stimulating the cell adhesion to the biomaterial surface. In particular, it has been
shown that thrombin may become conformationally altered in the post clotting wound
environment, thus exposing the amino acid sequence (RGD) capable of interacting with
the cell surface integrins, which would result in an increased ability of the cells to adhere
to the photofunctionalized surface [34]. In turn, it has been reported that the integrin
attachment has a direct role in modulating the expression of genes involved in both the cell
proliferation and differentiation gene expression (1). Therefore, there is scientific evidence
that after the carbon removal, the number of binding sites for proteins is increased, and
can in turn improve the expression of the genes that control the cell proliferation and
differentiation. Taken together, these findings might change the approach to the study of
the implant surfaces and their modifications, by focusing on the biophysical interactions
between the cell proteins and titanium surfaces.

Possible limitations of our present study lie in the fact that analysis of the TiO2 surfaces
was restricted to the atomic force microscopy determinations, while additional important
physical details would be obtained using scanning electron microscopy (SEM). This kind of
investigation was however performed in our previous studies on UV-photofunctionalization,
to which we are referring for further details [32,35]. Moreover, other genes besides
Runx2 and ALP, are known to participate in the osteogenic differentiation, such as fi-
bronectin 1, collagen 1A1, vinculin and matrix metalloproteases 2 and 9. The changes
of expression of these latter genes following the exposure of cells to UV-irradiated TiO2
surfaces have indeed been investigated by us in a previous study, although using a different
cellular model (human fibroblasts) [19].

5. Conclusions

UV-photofunctionalization is a new strategy in producing more reactive and bio-
compatible TiO2 surfaces, independently from the surface treatments performed during
manufacturing. Overall, titanium surfaces after the UVC-irradiation can induce an increase
in the cell attachment and proliferation and a decrease in the amount of dead cells, indicat-
ing that a virtually carbon-free surface is more biocompatible. Moreover, the increased cell
proliferation positively correlated with the expression of the osteointegration master gene
Runx2. As shown in previous studies from our and other laboratories, the UV-irradiation
induces an effective removal of carbon-containing contaminants, resulting in an increased
hydrophilicity, wettability and reactivity of TiO2 with O, N and S atoms present on pro-
teins [32]. Such changes in the TiO2 surface chemical properties can largely explain the
observed positive biological effects, and are liable to lead to the improved biocompatibility
and integration of implants.
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Altogether, our present study adds to and completes our previously reported obser-
vations, extending the investigation to the effects of UV-photofunctionalization on the
additional osteointegration-related cell types and genes. As life expectancy is increasing,
accompanied by systemic diseases which impair the cell metabolism, these studies should
form a valid base for the clinical use of implant UV-photofunctionalization. By increasing
the level and speed of osteointegration, UV-photofunctionalization can improve the quality
of life in many patients being presently rehabilitated with removable partial or complete
dentures when fixed solutions with implants are contraindicated.
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