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Chrószcz-Porebska, Karolina Kopacz, Jerzy Sokolowski and Kinga Bociong

Can Modification with Urethane Derivatives or the Addition of an Anti-Hydrolysis Agent
Influence the Hydrolytic Stability of Resin Dental Composite?
Reprinted from: Int. J. Mol. Sci. 2023, 24, 4336, doi:10.3390/ijms24054336 . . . . . . . . . . . . . . 101

Min-Kyung Ji, Seon-Ki Lee, Hee-Seon Kim, Gye-Jeong Oh, Hoonsung Cho and Hyun-Pil

Lim

Assessment of Inhibition of Biofilm Formation on Non-Thermal Plasma-Treated TiO2

Nanotubes
Reprinted from: Int. J. Mol. Sci. 2023, 24, 3335, doi:10.3390/ijms24043335 . . . . . . . . . . . . . . 119

v



Sanako Makishi, Taisuke Watanabe, Kotaro Saito and Hayato Ohshima

Effect of Hydroxyapatite/-Tricalcium Phosphate on Osseointegration after Implantation into
Mouse Maxilla
Reprinted from: Int. J. Mol. Sci. 2023, 24, 3124, doi:10.3390/ijms24043124 . . . . . . . . . . . . . . 133

Anastasia Beketova, Emmanouil-Georgios C. Tzanakakis, Evangelia Vouvoudi,

Konstantinos Anastasiadis, Athanasios E. Rigos and Panagiotis Pandoleon et al.

Zirconia Nanoparticles as Reinforcing Agents for Contemporary Dental Luting Cements:
Physicochemical Properties and Shear Bond Strength to Monolithic Zirconia
Reprinted from: Int. J. Mol. Sci. 2023, 24, 2067, doi:10.3390/ijms24032067 . . . . . . . . . . . . . . 147

Toshikatsu Suzumura, Takanori Matsuura, Keiji Komatsu and Takahiro Ogawa

A Novel High-Energy Vacuum Ultraviolet Light Photofunctionalization Approach for
Decomposing Organic Molecules around Titanium
Reprinted from: Int. J. Mol. Sci. 2023, 24, 1978, doi:10.3390/ijms24031978 . . . . . . . . . . . . . . 167

Andreas Wiessner, Torsten Wassmann, Johanna Maria Wiessner, Andrea Schubert, Bernhard

Wiechens and Tristan Hampe et al.

In Vivo Biofilm Formation on Novel PEEK, Titanium, and Zirconia Implant Abutment Materials
Reprinted from: Int. J. Mol. Sci. 2023, 24, 1779, doi:10.3390/ijms24021779 . . . . . . . . . . . . . . 185
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Preface to ”Dental Biomaterials: From Fundamental

Principles to Clinical Applications”

Despite significant advancements in dental biomaterials, there are still unmet needs in the field of

dentistry. The oral environment is highly complex, requiring dental materials to perform effectively

under diverse physiological conditions. Therefore, it is crucial to establish methods for evaluating

the performance of these materials in physiologically intricate environments that simulate real-world

intraoral conditions.

Furthermore, the evolution of preventive and therapeutic strategies aimed at enhancing oral

health outcomes is an ongoing process. Innovative approaches are being developed to prevent and

treat common oral diseases, such as dental caries, periodontitis, and oral cancer. Researchers are also

exploring the potential applications of biomaterials in regenerative dentistry, including stimulating

bone growth and repairing damaged oral tissues.

Collectively, continuous research and development in dental materials and biomaterials offer

promising prospects for enhancing oral health outcomes. However, it is essential to sustain ongoing

research efforts to fully capitalize on their potential and effectively address the unmet needs within

the dental field.

In the Special Issue titled “Dental Biomaterials: From Fundamental Principles to Clinical

Applications,“ a range of valuable findings have emerged from diverse sources, including in vitro

experiments and clinical trials. These insights have deepened our understanding of the biology of

oral diseases, leading to the development of innovative treatment approaches such as targeted drug

delivery systems and gene therapy. Clinical trials have also provided evidence regarding the efficacy

and safety of these novel treatment options.

Overall, these technological and treatment advancements offer hope for improved management

of oral diseases. However, it is crucial to emphasize the necessity for ongoing research and

development to fully harness the potential of these innovations and make substantial progress in

enhancing oral health outcomes.

Mary Anne Melo

Editor
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Dental Material Selection for the Additive Manufacturing of
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Abstract: This research addresses the development of a formalized approach to dental material
selection (DMS) in manufacturing removable complete dentures (RDC). Three types of commercially
available polymethyl methacrylate (PMMA) grades, processed by an identical Digital Light Processing
(DLP) 3D printer, were compared. In this way, a combination of mechanical, tribological, technological,
microbiological, and economic factors was assessed. The material indices were calculated to compare
dental materials for a set of functional parameters related to feedstock cost. However, this did
not solve the problem of simultaneous consideration of all the material indices, including their
significance. The developed DMS procedure employs the extended VIKOR method, based on the
analysis of interval quantitative estimations, which allowed the carrying out of a fully fledged
analysis of alternatives. The proposed approach has the potential to enhance the efficiency of
prosthetic treatment by optimizing the DMS procedure, taking into consideration the prosthesis
design and its production route.

Keywords: PMMA; additive manufacturing (AM); material selection; analytic hierarchy process
(AHP); VIKOR; multicriteria decision-making (MCDM); material index; ranking

1. Introduction

Material selection is a relevant issue that is solved in various branches of science and
technology, inter alia dental treatment (for example, manufacturing RCD). In this case, com-
ponents are calculated according to the strength criterion (by the finite element method [1],
as an example) and assigned margin factors. Therefore, reference data (primarily, manufac-
turers’ data sheets) should be taken into account. Typically, the most appropriate materials
have to be selected for various functional applications. For this purpose, (i) the elastic
modulus is considered to ensure a required stiffness level, (ii) crack resistance is controlled
by fracture toughness, and (iii) corrosion resistance can be characterized either qualitatively
or quantitatively according to the parameters measured by strictly regulated industrial
standards, etc. In addition to physical and mechanical characteristics, designers consider
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(i) the material manufacturability (including the possibility of 3D printing, CAD milling,
etc.), (ii) the variation of properties under heat treatment (for example, annealing)/post-
build processing (additional polymerization, as an example), and (iii) machinability with
various types of tools (grinding), etc. [2].

DMS with such a formalized approach can be solved if several required (target)
characteristics are considered, among them: (a) physical and mechanical; (b) biological;
(c) functional (color, polishability, roughness, etc.); (d) technological (processing methods,
machinability, warpage); (e) cost, etc. Nevertheless, medical treatment tactics for the use
of (temporal) dental prosthetics are a multifactorial problem. Therefore, the mission of
DMS, including prosthesis manufacturing methods, becomes more complex. In practice,
it is greatly affected by the mostly subjective relationships in the group “dentist–dental
technician–patient” [3].

Despite the necessity of using temporary dentures, the attitude of maxillo-facial sur-
geons, dentists and patients to such structures is rather dismissive. To this end, breakdowns
and complications are frequent due to medical and technical errors. In practical dentistry,
there is a need for enduring polymer prostheses in the treatment of complex dental patholo-
gies that requires an accurate and long-term examination. In particular, this is relevant for
diagnosing gnathic problems, especially in cases of muscular–articular dysfunction. There-
fore, such therapeutic and prophylactic orthopedic constructions play an important role in
first-stage rehabilitation measures. These include periods of (i) temporary filling of a defect
in the dentition, (ii) programming a new occlusion, (iii) osseointegration of dental implants,
etc. [4–6]. Hence, the practice of using temporary dentures remains very important.

The State of the Art in the Additive Manufacturing of RDC

RCDs for edentulous patients are typically made of PMMA [7]. However, a high
concentration of free monomer (methyl methacrylate) and the possible development of
allergic stomatitis is a significant drawback of this material [8].

Up-to-date CAD/CAE/CAM systems are frequently implemented into dental practice.
They provide (i) great shape and dimensional accuracy, (ii) reproducibility,
(iii) minimization of medical and technical routine work, (iv) cost reduction, and therefore
(v) the availability of highly efficient dentures and facial epithesis [9,10]. However, additive
manufacturing (AM) demands novel classes of polymers. In addition, the CAM process
(as a subtractive method) possesses the following drawbacks: (i) material waste due to
grinding and milling, (ii) wear of cutting tools and expensive equipment, (iii) restrictions
on the sizes of the blanks (in the form of blocks) which does not allow the fabrication, for
example, of volumetric jaw prostheses-obturators [11].

In this way, 3D printing is an actual trend in dental practice. Studies of physical–
mechanical characteristics and aesthetics of such volumetric structures are highly contro-
versial when polymeric prostheses or medical devices must be designed for long-term
use (for example, in the case of parafunctional phenomena, or when an occlusion is to be
reprogrammed) [12]. The quality of the AM structures depends on 3D printing parameters,
building accuracy, shape, and dimensions of a virtual model, among many others [13].
Currently, a wide variety of 3D printers are available, including various physical principles
of layer-by-layer deposition. To this end, prosthesis accuracy is a tangible drawback [14,15].
However, the prospects of AM in dentistry are beyond dispute [16].

Laser stereolithography apparatus (SLA) employs liquid photopolymers that are
cured with a laser beam or an ultraviolet (UV) source of a certain wavelength. Product
quality is affected by the dimensions of a prototype, the angle of the 3D-printed object
related to the platform, the locations of supports, etc. Besides economic efficiency, such
procedures are convenient for planning surgical operations with parts of a complex shape
and structure [17].

The durability of (temporary) RDC depends on their design features, physical–chemical
nature of the structural materials, and production routes [18]. Karaokutan et al. studied
the influence of manufacturing techniques for provisional PMMA-based crowns on their
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strength characteristics [19]. The authors reported that computer-controlled milling im-
proves the strength of the temporary RDC, compared to those fabricated by a direct manu-
facturing method. Alt et al. presented a comparative study of the strength characteristics of
temporary polymer bridges made by conventional and digital technologies and concluded
that the manufacturing methods substantially affect their values [20].

Dikova showed that high dimensional accuracy and surface smoothness of fixed
dentures can be achieved when the vertical axis of teeth coincides with the Z axis of a
platform [21]. At the same time, the number of supports should be increased (at least four
per tooth) to reduce warpage in 3D printing and post-build polymerization. Thus, to ensure
a high-quality product in designing and planning the process, it is important to consider
the following: (i) printer characteristics, (ii) model placement, (iii) number of supports, and
(iv) dimensional variation during and after polymerization.

Li suggested that the high-quality manufacture of temporary polymer prostheses be
provided by the SLA method based on temperature-controlled layer-by-layer deposition
in 3D printing (TCMIP-SL) [22]. The TCMIP-SL process contributes to the deposition of
high-viscosity polymers with excellent accuracy at high speeds.

Based on the above, it can be stated that searching for dental AM materials with
improved quality has moved into the phase of developing optimal dental technologies
that use industrial polymers and help to minimize fabrication process disruptions that
deteriorate a product’s characteristics.

This paper addresses the development of a formalized approach for DMS and the
additive manufacturing of RCD. This issue was solved using a decision-making methodol-
ogy. Rational ranking was illustrated on examples of three types of commercially available
PMMA grades processed by the identical DLP method. The paper is structured as follows.
Section 2 describes the 3D printing method and techniques for evaluating the key properties
of the AM blanks. Section 3 contains the measurement results for various characteristics of
dental materials; the calculation of the material indices is also provided. Section 4 proposes
the approach to multicriteria optimization in DMS and examples of their ranking as well.
Section 5 discusses the obtained data. The authors proposed, based on examples of certain
industrially produced brands, an approach to (or the tool for) brand ranking; the variability
of the results was emphasized. Recommendations to use one or another brand of dental
materials remain for individual consideration.

2. Materials and Methods

2.1. Three-dimensional Printing (Materials and Equipment)

The test samples were fabricated in two stages: modeling and 3D printing. Virtual
master models were created using the ExoCad Gateway 3.0 software (Align Technology,
San Jose, CA, USA). The final files of the completed sample models (in the “*.STL” format)
were imported into the (slicer) software package for the 3D printing preparation. Then,
(i) the models were positioned relative to the plane of the 3D printer platform, (ii) the supports
were placed, (iii) the models were divided into layers, and (iv) the 3D printing parameters
were adjusted in line with recommendations of the feedstock manufacturers (Table 1).

Table 1. The data on the 3D printing materials and methods.

Material FreePrint, Temp 385, A2 Nolatech Dental Sand, A1–A2

Designation in the text FP NT DS

Manufacturer DETAX GmbH & Co. KG
(Germany) Nolatech (Russia) Harz Labs (Russia)

3D printer NextDent 5100; (3DSystem, USA)
Software for constructing

digital models 3DSprint (3DSystem, USA)

3D printing technology Digital Light Processing (DLP)
Thickness of a

single printed layer 50 μm

Post-build processing Anycubic Wash & Cure 2.0 (Cleaning with 70% isopropyl alcohol for 3 min, UV curing)

3
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2.2. Property Evaluation Methods

Comparative studies of the mechanical, tribological, technological, biological, and
economic characteristics of dental materials were performed. Mechanical tests were carried
out for tension, compression, and three-point bending. In this paper, only the three-point
bending data are reported, since they are more informative for the dental materials [23]. The
key parameters to be evaluated are flexural strength, flexural modulus, and flexural strain.

2.2.1. Three-Point Bending Tests

The samples took the form of rectangular plates with dimensions of 25 × 2 × 2 mm
following the Russian State Standard GOST 31574-2012. An “Instron 5982” electromechani-
cal testing machine (Illinois Tool Works Inc., Glenview, IL, USA) was used with a crosshead
speed of 0.75 mm/min. The force gauge had an upper measurement limit of ± 5000 N
(series 2580–108). The span was 20 mm. Before testing, the samples were conditioned in
distilled water at a temperature of 37 ± 1 ◦C for 24 h. The tests were carried out until the
sample failure.

2.2.2. Impact Strength Tests

The an Charpy impact strength of specimens without a notch was measured with a “KM-5”
pendulum impact tester (“ZIP” LLC, Ivanovo, Russia). Their sizes were 80 × 10 × 4 mm
according to the Russian State Standard GOST 4647-2015. There were four specimens of each
material. After the tests, the average an values were calculated.

2.2.3. Biological Tests

For biological tests, the samples were in the form of disks 5 mm in diameter and
1 mm thick. The attachment points for supports were finished with the polishes of various
abrasiveness in the following sequence: 9400.204.030, 9401.204.030, 9402.204.030 (Komet,
Gebr. Brasseler GmbH & Co. KG, Germany). The time lag from sample fabrication to the
biological tests did not exceed 72 h. Immediately before the start of the in vitro experiment,
the samples were cleaned in an ultrasonic bath for 15 min, after they were treated with
70% ethanol.

To carry out the process of the primary adhesion of microorganisms, the samples
were placed in test tubes with a suspension of the test strains of the corresponding species
at a standard concentration. We used the optical turbidity standard of 0.5 U McFarland,
which corresponded to 109 colony-forming units (CFU)/mL for bacterial cultures and
108 CFU/mL for yeast ones. After quantitative inoculation, bacteria were cultivated under
anaerobic conditions at a temperature of 37 ◦C for 7 days, and fungi—at room temperature
(25 ◦C) for 2 days. Adhesion indices were determined as a ratio of the decimal logarithm of
the number of CFU obtained after sonication of the test samples to the decimal logarithm
of the CFU of the initial microbial suspension. The authors described the experimental
technique in detail in their previous paper [7].

2.2.4. Tribological Tests

In the point tribological contact according to the “ball-on-disk” scheme, the dry sliding
friction tests were carried out at a load (P) of 5 N and a sliding speed (V) of 0.3 m/s. A
“CH 2000” tribometer (CSEM, Neuchâtel, Switzerland) was used following ASTM G99.
The tribological tests were conducted using a ceramic counterpart (a ball made of the
ZrO2) with a diameter of 6 mm and the Ra surface roughness of 0.02 μm. The latter was
assessed with the “New View 6200” optical interferential profilometer (Zygo Corporation,
Middlefield, CT, USA). The testing distance was 1 km and the tribological track radius was
10 mm.

In the linear tribological contact according to the “block-on-ring” scheme, dry sliding
friction tests were performed using a “2070 SMT-1” friction testing machine (Tochpribor
Production Association, Ivanovo, Russia). A load (P) was 60 N, while a sliding speed
(V) was 0.3 m/s. A ceramic counterpart was made of an Al2O3 ring with a diameter of
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35 mm and a width of 11 mm. The Ra surface roughness was 0.20 μm. The counterpart
temperatures were assessed with the “CEM DT-820” non-contact infrared (IR) thermometer
(Shenzhen Everbest Machinery Industry Co., Ltd., Shenzhen, China).

WR levels were determined by measuring the width and depth of wear tracks accord-
ing to a stylus profilometry (KLA-Tencor, Milpitas, CA, USA), followed by multiplication
by their length. They were calculated taking into account load and distance values:

Wear rate =
volume loss

(
mm3)

load (N)× sliding distance (m)
(1)

In the flat tribological contact, abrasion wear tests were conducted. The “MI-2” abra-
sion testing machine (Metroteks LLC, Moscow, Russia) was used to determine the weight
loss values at abrasion by fixed particles, according to the “polymer pin-on-abrasive disk”
scheme (Figure 1b), regulated by the Russian State Standard GOST 426-77. The dimensions
of the samples were 8 × 10 × 8 mm. The average grain size of an abrasive paper (P1000)
was ~17 μm. The angular sliding velocity was 40 rpm, and the load was 10 N. The test
scheme is shown in Figure 1a.

 

 

(a) (b) 

Figure 1. A scheme of the abrasive wear tests (a) and the “MI-2” abrasion testing machine (b).

Weight loss was determined every 5 min during the total test duration of 20 min. The
samples were weighed using the “Sartogosm LV 120-A” (Sartogosm LLC, Saint Petersburg,
Russia) with an accuracy of 0.1 mg.

2.2.5. Polishability (via Roughness)

The protocol for grinding and polishing in the sample preparation procedure is pre-
sented below.

1. Surface treatment with a carbide cutter for polymers until the required configuration
or shape.

2. Surface treatment with a carbide cutter for polymers to remove surface irregularities.
3. Sanding with 180–220 grit sandpaper for extra fine finishing.
4. Finishing with a felt and a moistened polishing powder.
5. Brushing with a grinder using a coarse bristle and a moistened polishing powder for

a smooth surface.
6. Processing with a grinder using a thread brush and a fine-grained polishing paste to a

mirror finish.

The Ra surface roughness was assessed with the “New View 6200” optical interferential
profilometer (Zygo Corporation, Middlefield, CT, USA).
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3. Results

3.1. Mechanical Properties

The mechanical properties of the SLA 3D-printed PMMA samples, registered in the
three-point bending tests, are presented in Table 2. For the Dental Sand (DS), the flexural
strength and strain values exceed by ~10 % and two times the corresponding characteristics
for Free Point (FP), as well as by 2.5 and 3.6 times for Nolatech (NT), respectively. For all
the studied PMMA grades, the flexural modulus values were at the same level of about
2.7 ± 0.1 GPa.

Table 2. The mechanical properties of the 3D printed PMMA of the studied grades.

No. Material Flexural Modulus, GPa Flexural Strength, MPa Flexural Strain, %

1 FP 2.7 ± 0.6 90.7 ± 5.9 2.7 ± 0.6
2 NT 2.8 ± 0.1 41.7 ± 4.5 1.5 ± 0.1
3 DS 2.6 ± 0.3 104.2 ± 2.7 5.4 ± 1.2

Since PMMA RCD could experience impact in use (for example, being accidentally
dropped on ceramic tiles), their impact strength could be an important performance char-
acteristic. The conducted Charpy impact tests showed that an values were 0 J/cm2 at the
minimum applied impact energies regardless of the PMMA grade. Thus, it was impossible
to differentiate the materials by this parameter. Please note that an increase in impact
strength could be achieved by loading PMMA with fibers or nanoparticles in various
concentrations, but this would change the manufacturability of the materials, including the
possibility of their AM processing [24–26].

3.2. Biological Properties

The adhesion indices (AIs) of the normal, periodontopathogenic, and fungal micro-
biota to the studied materials are presented in Table 3. In the normal microbiota case, no
differences were found between the FP (0.55 ± 0.06) and the NT (0.56 ± 0.06). For the DS, a
value of 0.43 ± 0.06 was noticeably lower than those for the other two materials. For the
periodontopathogenic microbiota, an AI value of 0.42 ± 0.05 for the NT was noticeably
higher than those for the DS and the FP, for which no significant differences were found
(AI = 0.34 ± 0.05). In the fungal microbiota case, some variations were observed for all the
materials. The maximum level was typical for the NT (AI = 0.49 ± 0.05), and the minimum
was detected for the DS (AI = 0.34 ± 0.05).

Table 3. The adhesion indices of the normal, periodontopathogenic, and fungal microbiota to the
materials under study.

No. Material Normal Periodontopathogenic Fungal

1 FP 0.55 ± 0.06 0.34 ± 0.05 0.43 ± 0.02
2 NT 0.56 ± 0.06 0.42 ± 0.05 0.49 ± 0.05
3 DS 0.43 ± 0.06 0.34 ± 0.05 0.34 ± 0.05

3.3. Tribological Properties
3.3.1. The Point Tribological Contact

The point tribological contact involved a local impact of the ceramic ball on the
polymer sample (in the form of a disk) under dry sliding friction conditions. Table 4
presents the values of the tribological properties of the materials under study. The FP
and DS had the lowest coefficient of friction (CoF) values (0.276 and 0.271, respectively),
while it was higher by 10 % (0.303) for the NT (Figure S1). The wear rate (WR) levels were
also evaluated. For the FP, it was half that for the NT and DS. Roughness on the wear
friction track surfaces was approximately at the same level of 0.19 μm regardless of the
PMMA grade.
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Table 4. The tribological properties of the PMMA dental materials in the point tribological contact.

No. Material Coefficient of Friction, CoF Wear Rate, WR, mm3/N·m, 10–5 Wear Track Roughness, Ra, μm

1 FP 0.276 ± 0.019 13.52 ± 1.01 0.191 ± 0.030
2 NT 0.303 ± 0.025 26.97 ± 0.91 0.204 ± 0.026
3 DS 0.271 ± 0.022 28.29 ± 0.98 0.179 ± 0.015

3.3.2. The Linear Tribological Contact

In the linear tribological contact, the ring-shaped ceramic counterpart slid relative
to the stationary polymer samples, along the “non-renewable” surface of the wear tracks.
Therefore, the specific pressure was noticeably lower compared to that in the point tribolog-
ical contact. As a result, the average CoF values were lower by ~3 times for all the studied
materials (0.131, 0.096, and 0.122, respectively, according to Table 5). The NT had the lowest
WR level of 0.078 × 10–6 mm3/N·m, which was 2.3 times lower compared to that for the DS
and 1.5 times than that for the FP (Figure S2). In contrast to the point tribological contact,
the WR values were an order of magnitude lower (10–5 and 10–6, respectively).

Table 5. The tribological properties of the PMMA dental materials in the linear tribological contact.

No. Material Coefficient of Friction CoF Wear Rate, WR, mm3/N·m, 10–6 Temperature, ◦C

1 FP 0.131 ± 0.018 0.120 ± 0.007 31.43 ± 1.50
2 NT 0.096 ± 0.016 0.078 ± 0.013 33.31 ± 0.21
3 DS 0.122 ± 0.018 0.176 ± 0.017 36.59 ± 0.99

3.3.3. The Flat Tribological Contact, Abrasive Wear

Since PMMA prostheses could be worn out by hard particles, abrasive wear tests were
conducted according to the “polymer pin-on-abrasive disk” scheme. It was shown that
the least wear (weight loss) was observed for the FP (0.12 mg) after 20 min of testing (with
abrasive particles fixed on the non-renewable surface of the abrasive counterpart), which
was 1.6 times less compared to that for the DS (0.19 mg) and 2.0 times less compared to the
NT (0.25 mg) (Figure S3).

Table 6 summarizes the data on the WR values in the point, linear, and flat tribological
contacts used to calculate the material indices.

Table 6. The summarized data on the WR values in the point, linear, and flat tribological contacts.

No. Material
WR, Point Contact,

mm3/N·m, 10–5
WR, Linear Contact,

mm3/N·m, 10–6
(Abrasive) Weight Loss,

Flat Contact, Δm, gr

1 FP 13.52 ± 1.01 0.120 ± 0.007 0.121 ± 0.01
2 NT 26.97 ± 0.91 0.078 ± 0.013 0.255 ± 0.01
3 DS 28.29 ± 0.98 0.176 ± 0.017 0.193 ± 0.01

3.4. Technological Properties

A significant number of the parameters could be qualified as “technological proper-
ties”. Since the study deals with DMS concept development, to simplify the process, the
authors limited themselves to only three ones (Table 7).

Table 7. The technological properties of 3D-printed PMMA materials.

No. Material
Average Duration of 3D Printing and
Post-Polymerization Processing, min

Roughness after Standard
Polishing, Ra, μm

Warpage after 3D
Printing (Quality)

1 FP 33 + 30 = 63 0.048 ± 0.005 –(0)
2 NT 33 + 50 = 88 0.049 ± 0.007 +(1)
3 DS 80 + 30 = 110 0.051 ± 0.003 –(0)
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The first parameter was determined by the average duration of 3D printing and post-
build polymerization processing. Its minimum value was typical for the FP (t = 63 min),
while the maximum for the DS was (t = 110 min).

The second parameter was polishability, which was related to the ability of the 3D-
printed PMMA products to achieve the required degree of gloss, determined by the surface
roughness. In general, all the studied materials could be considered to be similar in terms
of their values (Ra ~ 0.048–0.051 μm).

The third parameter was shape distortion (warpage) [27]. This was assessed qualita-
tively, being associated with the ability of a 3D-printed product to retain its shape after
cooling. From this point of view, the NT was the only material characterized by warpage
after 3D printing and post-build polymerization processing. To use these data as a quan-
titative criterion, this parameter was assigned at a level of 0 in the absence of the shape
distortion, and otherwise it was 1.

3.5. Economic Indicator (Cost)

The financial aspects of manufacturing PMMA prostheses via 3D printing could also be
assessed by numerous criteria, including costs of logistics, purchasing licenses, deployment
of a particular type of 3D printer and its maintenance, and many others. Nevertheless, the
authors implemented the only criterion, namely the feedstock cost, for simplification (since
the sample fabrication was carried out with the same 3D printer). Quantitative data are
given in Table 8 for all the materials under study.

Table 8. The price for the dental material feedstocks (February 2023).

No. Material Price for 1 kg, US Dollar

1 FP USD 381
2 NT USD 203
3 DS USD 404

3.6. Ranking Materials by Indices

The following parameters were introduced in the study according to the concept of
the material indices proposed by Ashby [2] (as a ratio of the data presented in Tables 2–7
to the feedstock costs in Table 8). The charts of the material indices are shown in Figure 2.
Their values were obtained by dividing the factors by the feedstock costs and multiplying
by 100, they are:

• M1 is the ratio of the mechanical properties to the feedstock cost (namely flexural
modulus, flexural strength, and flexural strain);

• M2 is the ratio of the biological properties to the feedstock cost (all three types of the
studied microbiota were considered);

• M3 is the ratio of the tribological properties to the feedstock cost (a wear resistance for
all three schemes of the tribological tests);

• M4 is the ratio of the technological properties to the feedstock cost (the average
duration of 3D printing and post-build polymerization processing, roughness after
standard polishing, and warpage after 3D printing).

To this end, the use of the concept of material indices (Tables S1–S4) offered a clear
tool for quantitative comparison of the dental materials in the case under study. Moreover,
it was possible to choose (from the point of view of a user or an expert) a more or less
significant one. However, the significance factor was very subjective, so the analysis had to
be carried out either by considering the data in a multilevel space or using multicriteria
optimization approaches [28].

In the first case, an efficient method could be implemented to reduce the dimension of
the analyzed data space, e.g., down to two [29–32]. The solution using the second approach
is introduced in the next section.
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(a) (b) 

 
(c) (d) 

Figure 2. The material indices of the studied dental materials: M1 is the ratio of the mechanical
properties to the feedstock cost (a), M2 is the ratio of the biological properties to the feedstock
cost (b), M3 is the ratio of the tribological properties to the feedstock cost (c), M4 is the ratio of the
technological properties to the feedstock cost (d).

4. Data Interpretation—The Combined AHP–Extended VIKOR Methods

In this section, some methods for DMS were compared, taking into account their
production routes, which provided a trade-off between requirements for a set of mechanical,
tribological, technological, biological, and economic criteria. The authors used informal
subjective assessments of experts in the field of dental prosthetics, 3D printing, and the
manufacture of CRD by subtractive and additive methods (primarily at A.I. Yevdokimov
Moscow State University of Medicine and Dentistry, Russia).

4.1. The Problem Statement and Methods

Within the decision-making theory framework, the studied dental materials were
qualified as decision alternatives with their designation as Ai. The factors characterizing
each alternative were quantitative assessments and qualitative indicators. Based on the
factors, if the criteria of (i) quality, (ii) usefulness, (iii) reliability, etc. were put forward,
then the alternatives could be compared. The problem of choosing an alternative arose
when there was a contradiction between the results of comparison or the absence of an
alternative with the best indicators of the factors (an ideal combination of the characteris-
tics) [33]. In this case, the problem of multicriteria optimization arose, namely the choice of
a rational alternative from the available finite set, i.e., an alternative that was closest to an
“ideal” option.

To date, a large number of methods for solving multicriteria optimization problems
are known [34,35], i.e., Multicriteria Decision-Making (MCDM) methods. They include the
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Analytic Hierarchy Process (AHP), Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS), VIKOR, ÉLimination Et Choix Traduisant la REalité (ELECTRE), Pref-
erence Ranking for Organization Method for Enrichment Evaluation (PROMETHEE), etc.
The key difference between these methods lies in the algorithms bringing different-scale,
often qualitative, data into a single normalized space and the subsequent choice of a metric
inside it. Examples of MCDM can be found both in tribology [36] and medicine [37–39], as
well as in other areas [40,41]. Recently, MCDM, based on interval estimates, has been de-
veloped. For example, extended both TOPSIS and VIKOR methods were described, [42,43]
while their advantages and drawbacks were reported in [44–46]. In this paper, the authors
consider the possibility to implement the AHP and VIKOR ones for solving the problem of
the DMS (PMMA-based) for manufacturing RCD (including the temporary ones).

4.2. Initial Data Analysis

All the data were divided into groups according to their physical meanings (Table 9).
The mechanical, tribological, technological, biological, and economic groups included the
experimental data in the form of interval quantitative estimations with different scales. The
remaining groups were described by point quantitative values (in contrast to the interval
ones). The exception was the “Warpage after 3D printing” technological factor. It was
qualitative (binary) in nature and could be coded as “0” (“no warpage”), and as “1” (“might
be distorted”) in this case. Since the “Roughness after polishing” technological factor turned
out to be identical for all the materials, it was not used in analysis and decision-making.

Table 9. The alternatives, their factors, and the criteria for the initial data analysis.

G
ro

u
p

Factor Criterion

Alternative

A1
FP

A2
NT

A3
DS

M
ec

ha
ni

ca
l Flexural modulus, GPa 1 2.7 ± 0.6 2.8 ± 0.1 2.6 ± 0.3

Flexural strength, MPa 1 90.7 ± 5.9 41.7 ± 4.5 104.2 ± 2.7

Flexural strain, % 1 2.7 ± 0.6 1.5 ± 0.1 5.4 ± 1.2

Tr
ib

ol
og

ic
al

Wear rate, point contact, WR,
mm3/N·m, 10–5 –1 13.52 ± 1.01 26.97 ± 0.91 28.29 ± 0.98

Wear rate, linear contact, WR,
mm3/N·m, 10–6 –1 0.120 ± 0.007 0.078 ± 0.013 0.176 ± 0.017

(Abrasive) weight loss,
flat contact, Dm, gr –1 0.121 ± 0.01 0.255 ± 0.01 0.193 ± 0.01

Te
ch

no
lo

gi
ca

l

Average duration of 3D printing
and post-build polymerization

processing, min.
–1 63 88 110

Roughness after standard
polishing, Ra, μm –1 0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00

Warpage after 3D printing
(quality) –1 0 1 0

Bi
ol

og
ic

al Normal, c.u. –1 0.55 ± 0.06 0.56 ± 0.06 0.43 ± 0.06

Periodontopathogenic, c.u. –1 0.34 ± 0.05 0.42 ± 0.05 0.34 ± 0.05

Fungal, c.u. –1 0.43 ± 0.02 0.49 ± 0.05 0.34 ± 0.05

Ec
on

om
ic

Price for 1 kg of feedstock, USD. –1 USD 381 USD 203 USD 404
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The material assessment criteria were selected separately for each factor and coded
according to two principles: (+1) was the “utility” principle (“the more, the better”) and
(–1) was the “cost” one (“the less, the better”).

4.3. Determination of Criteria Weights by the AHP Method

The AHP method was implemented to determine the weights (significance) of the
criteria [47]. It referred to ones for supporting selection from a small number of alternatives
based on pairwise comparisons. In this case, the formation of a matrix of the pairwise
significance of the criteria was performed by an expert, and the calculation of the weights of
the criteria was carried out by searching for the eigenvalues of this matrix. Due to the large
number of the criteria and their different nature, the analysis of their pairwise significance
was conducted within the groups, first, and between them, second. The following scale
was used to assess the pairwise significance:

1—the criteria were the same;
3—the first criterion was slightly more important than the second one;
5—the first criterion was much more important than the second one;
7—the first criterion was undeniably more important than the second one, it was

confirmed not only by experts but also in practice;
9—the first criterion was of absolutely greater importance than the second one.
Tables of the pairwise comparison within the groups were filled by experts from the

respective fields. Therefore, despite such an assessment being subjective, the spread of
opinions within the groups was low and not of interest to the research. The results of the
pairwise comparison and the calculation of the weights are presented in Tables 10–13.

Table 10. The data on the paired comparison and the weights. Mechanical factors.

Criterion Flexural Modulus Flexural Strength Flexural Strain Weight

Flexural modulus 1.00 1.50 1.50 0.43

Flexural strength 0.67 1.00 1.00 0.29

Flexural strain 0.67 1.00 1.00 0.29

Table 11. The data on the paired comparison and the weights. Tribological factors.

Criterion Wear Rate, Point Contact
Wear Rate, Linear

Contact
(Abrasive) Weight Loss,

Flat Contact
Weight

Wear rate, point contact 1 1 1 0.33

Wear rate, linear contact 1 1 1 0.33

(Abrasive) weight loss,
flat contact 1 1 1 0.33

Table 12. The data on the paired comparison and the weights. Technological factors.

Criterion
Average Duration of 3D Printing and

Post-Polymerization Processing
Warpage after 3D Printing

(Quality)
Weight

Average duration of 3D
printing and post-build

polymerization processing
1 0.33 0.25

Warpage
after 3D printing (quality) 3 1 0.75
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Table 13. The data on the paired comparison and the weights. Biological factors.

Criterion (Microbiota) Normal Periodontopathogenic Fungal Weight

Normal 1 0.11 0.20 0.06

Periodontopathogenic 9 1 5 0.72

Fungal 5 0.20 1 0.22

4.4. Determination of the Criteria Weights by the VIKOR Method

To rank alternatives, the authors used the extended VIKOR method for the interval
estimation [42]. The VIKOR method was based on the Lp metric for normalized func-
tions [42,46]:

Lpi =

{
∑n

j=1

[
wj

f ∗j − fij

f ∗j − f−j

]p} 1
p

(2)

where fij is a value of the j-th criterion for i-th alternative; f ∗j is the best value of j-th
criterion among all the alternatives; f−j is the worst value of j-th criterion among all the
alternatives; wj is the weight of the j-th criterion. In calculations, two special cases of this
metric (2) were applied:

at p = 1 Si = ∑n
j=1 wj

[
f ∗j − fij

f ∗j − f−j

]
(3)

was the weighted Manhattan distance to the ideal alternative consisting of the “best”
factor values,

at p = ∞ Ri = max
j

wj

[
f ∗j − fij

f ∗j − f−j

]
(4)

was the weighted Chebyshev distance.
Additionally, a weighted and normalized value was introduced as an intermediate

one of the above metrics:

Qi = v
Si − S∗

S− − S∗ + (1 − v)
Ri − R∗

R− − R∗ (5)

where S∗ = min
i

Si, S− = max
i

Si, R∗ = min
i

Ri, R− = max
i

Ri, v is the weight of the “the

majority of criteria” strategy.
The S, R, and Q values (3–5), could be referred to as the pessimistic, optimistic, and

rational assessments of the alternative position in the set, respectively. Their values were
in the range of 0 to 1. For the S, R, and Q values, their equality to zero was the ideal
combination, while the equality to 1 was the worst option.

Ranking of the alternatives was carried out by ordering Qi values and comparing their
difference with the 1

(m−1) level, where m was the number of alternatives.
For the interval values of the factors, distances were assessed according to their

boundaries [42]: Si = [Si1, Si2], Ri = [Ri1, Ri2], Qi = [Qi1, Qi2]. The calculation results are
presented in Table S5. Figures 3 and 4 show the values of Q1 and Q2 at v = 0.5. The analysis
of the lower boundary of the Q rational option reflected that the NT turned out to be the
worst alternative, since it had the best factors only in the “economic” group out of the five
ones. Both the FP and DS possessed the best factors in the two groups (Figure 3). However,
there was no obvious advantage of the DS over the NT considering the Q top boundary
(Figure 4).
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Figure 3. A radial diagram of Q1 calculation by the groups of the factors.

Figure 4. A radial diagram of Q2 calculation by the groups of the factors.

4.5. Ranking Analysis for All Criteria

The stage of the paired comparison of the groups was the most subjective phase of the
analysis. As a result, there can be achieved a coordinated decision of several experts from
different subject areas at once or a single decision maker. In the latter case, the preference
for the advantage of a characteristics group of a final product could be determined, for
example, by the price-to-quality ratio. If the first four groups of the factors and the criteria
corresponding to them characterized the product quality, then the quantitative expression
of the price-to-quality indicator in the table of the pairwise comparison of the groups is
proposed to express in the form of the following preference options (Table 14):

• Preference #1. The group equivalence assumption.
• Preference #2. The small advantage assumption for the “economic” group over all

the others.
• Preference #3. The “economic” group was considered less significant relative to all

the others.
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Table 14. The paired comparison of the groups. Preference #1/Preference #2/Preference #3.

Group

M
e
ch

a
n

ic
a
l

T
ri

b
o

lo
g

ic
a
l

T
e
ch

n
o

lo
g

ic
a
l

B
io

lo
g

ic
a
l

E
co

n
o

m
ic

Mechanical 1/1/1 1/1/1 1/1/1 1/1/1 1/0.33/3

Tribological 1/1/1 1/1/1 1/1/1 1/1/1 1/0.33/3

Technological 1/1/1 1/1/1 1/1/1 1/1/1 1/0.33/3

Biological 1/1/1 1/1/1 1/1/1 1/1/1 1/0.33/3

Economic 1/3/0.33 1/3/0.33 1/3/0.33 1/3/0.33 1/1/1

Table 15 summarizes the results of the calculation of the weights by the AHP method
of pairwise comparison for all the studied cases. As expected,

• the preference variability for the “economic” group affected the weight of the economic
factor from the first rank (of importance) to the last one;

• the criteria of those factors (excluding the “economic” ones) recognized as the most sig-
nificant within their groups had the highest weights. In this example, they were (i) the
“periodontopathogenic” parameter from the “biological” group, (ii) the “warpage after
3D printing” from the “technological” group, and (iii) the “flexural modulus” from
the “mechanical” group.

Table 15. Criteria weights.

Group Factor
Preference #1 Preference #2 Preference #3

Weight Order Weight Order Weight Order

Mechanical

Flexural modulus 0.085 4 0.090 4 0.074 5

Flexural strength 0.076 6 0.081 6 0.066 7

Flexural strain 0.076 6 0.081 6 0.066 7

Tribological

Wear rate, point contact 0.079 5 0.083 5 0.068 6

Wear rate, linear contact 0.079 5 0.083 5 0.068 6

(Abrasive) weight loss,
flat contact 0.079 5 0.083 5 0.068 6

Technological

Average duration of 3D printing
and post-build polymerization

processing
0.074 7 0.078 7 0.064 8

Warpage after 3D printing (quality) 0.091 2 0.096 2 0.078 3

Biological

Normal 0.067 8 0.071 8 0.058 9

Periodontopathogenic 0.129 1 0.135 1 0.113 2

Fungal 0.086 3 0.091 3 0.075 4

Economic Price for 1 kg of feedstock 0.079 5 0.028 9 0.203 1

For all three preferences, the S, R, and Q values were calculated using both the VIKOR
and the extended VIKOR methods [42,46]. The obtained results and the ranking data are
presented in Table 16. According to the preferences:
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• under the assumption of the equivalence of the groups, the extended VIKOR method
did not reveal any obvious advantage of the alternatives, while the VIKOR one recog-
nized the equal advantage of the FP and NT over the DS.

• under the assumption of the importance of the “economic” factors, the FP was rec-
ognized as a rational alternative according to the VIKOR method, but it was the NT
according to the extended VIKOR one.

• under the assumption of the significance of all groups over the “economic” factors,
both methods recognized the FP and DS as rational alternatives, but the NT was the
worst one.

Table 16. The ranks according to the criteria of all groups. Preference #1/Preference #2/Preference #3.

No. Alternative S R Q (v = 0.5)
Rank

VIKOR extVIKOR

A1 FP
[0.2294, 0.5132]

/[0.3211, 0.5479]
/[0.1966, 0.4728]

[0.0596, 0.1285]
/[0.1803, 0.1803]
/[0.0512, 0.0904]

[0.0000, 0.7666]
/[0.4074, 0.7323]
/[0.0000, 0.4566]

1/1/1 1/2/1

A2 NT
[0.5811, 0.7617]

/[0.4964, 0.6702]
/[0.6065, 0.8172]

[0.0829, 0.0907]
/[0.0782, 0.1129]
/[0.0958, 0.1348]

[0.4996, 0.7258]
/[0.2510, 0.6381]
/[0.5970, 1.0000]

1/2/2 1/1/2

A3 DS
[0.3591, 0.6200]

/[0.4331, 0.6607]
/[0.3097, 0.5864]

[0.0788, 0.1071]
/[0.2035, 0.2035]
/[0.0781, 0.0833]

[0.2613, 0.7115]
/[0.6604, 0.9863]
/[0.2519, 0.5060]

2/3/1 1/3/1

Comparing the ranks for all the preferences, it should be noted that the subjective
phase of determining the significance of the criteria made a significant contribution, but
the variability of the factors was no less important. As follows from Table 16, a large
spread of the measured interval factors (Table 9) caused a great dispersion of S, R, and Q
interval estimations and, accordingly, predetermined a lower “resolving capacity” of the
extended VIKOR method (Table 16) at a few alternatives. Under MCDM resolving capacity,
the authors meant the ability of the method to compare the alternatives and differentiate
them [48].

5. Discussion

The photopolymerization process is well studied and widely used in industry [49–57].
SLA is based on the photopolymerization phenomenon as well. In particular, when the
photoinitiator absorbs UV, the molecule splits into two radicals. The latter combines with
monomers to form new radicals that group with other monomers. This reaction forms
polymer chains to transform liquid photopolymerized resin into a solid state [58].

In dentistry, one of the challenges in the 3D printing of acrylate resins is residual
monomers. After material curing, dental acrylates release various amounts of potentially
toxic substances into saliva, where they dissolve and affect tissues of the mouth and the
human body as a whole. The substances include unpolymerized, unreacted components of
a chemical system, as well as secondary polymerization products. At high concentrations,
they are very toxic, but their amount dissolved in the saliva is negligible when using
dentures, depending on the possibility of their diffusion from the material. However, these
substances may significantly affect a patient’s well-being due to individual intolerance,
since acrylates are cytotoxic substances.

It is generally accepted that the residual monomers (MMA, BuMA, EMA, and UDMA)
and the crosslinkers (EGDMA, IBMA, etc.), which have not fully polymerized in the
material curing procedure, are responsible for the toxic and allergenic effects of the acrylates.
The amount of a monomer released into the patient’s oral cavity is proportional to its total
residual quantity in the matrix of the acrylates. The residual monomer diffuses rather
quickly from the polyacrylate surface layer (it is released into saliva during the first day
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of using a denture). However, its certain amount remains “locked” inside polyacrylate
for a long time, continuing to slowly diffuse outwards. The amount of the released MMA
becomes stable two weeks on from the denture installation.

According to ISO 1567:1999, the maximum allowable residual MMA contents are 2.2%
and 4.5% for thermal and cold-cured dental acrylates, respectively. The residual monomer
amount can be reduced by post-curing (additional thermal polymerization in boiling water
or a microwave oven) and extraction (immersion and holding of dentures in a water bath
or sonication in water). Using microwave post-curing procedures, the residual monomer
amount can be lowered by 25% (due to its polymerization and/or evaporation). According
to the authors, the most promising method for its decreasing is preliminary polymerization
under the action of ultraviolet or microwave radiation. In addition, new initiating systems
(polymerizable monomers) should be developed.

The authors assume that the above aspect is very relevant from the standpoint of
DMS and should be considered when developing such procedures. In the present research,
this aspect was neglected for objective reasons. Nevertheless, it will be analyzed in a
forthcoming paper by the authors, including the addition of appropriate quantitative
indicators to the matrix for comparing the functional properties.

Dental materials used for the manufacture of RCD (for temporary use) must have a
wide range of functional properties, which include bio-inertness; anti-allergenicity; specific
color palette (including stability of shades and surface textures); physical and mechanical
characteristics; good polishability; no negative reaction to hygiene products; manufac-
turability (simplicity and ease of processing; short duration); economic viability, etc. [59].
Some of these parameters can be characterized quantitatively, and some only qualitatively.
Moreover, the achievement of the required level of some properties may be accompanied
by the unattainability of those for others. Thus, the issue of DMS is very complicated and
carried out empirically in most cases. This contributes to a great risk of errors, transforming
into complications and aggravation of the patient’s conditions, which is confirmed by the
long-term practice of doctors, reflected in the literature [60,61]. Presently, the importance
of production routes is a fact that significantly affects the quality characteristics of the
fabrication of dental products.

Even though most of the study was devoted to the analysis of the properties of the
dental materials and their ranking based on the assessment of their characteristics, it
should be noted that they were mainly determined by the structure formed during the
3D-printing process. With this method and the applied conditions for AM, the achievement
of the key mechanical and tribological properties was determined by the PMMA molecular
structure and the pattern of macromolecule arrangement. For this reason, the revealed
difference in the properties between the three types of the studied dental materials was
not associated mostly with some variations in the feedstock compositions, but with the
specifics of their polymerization during the 3D printing process (taking into account high
rates of the product fabrication). In addition, the important influencing factors were:

• compositions of processing additives (trade secrets of the manufacturers);
• recommended time-depended modes of 3D printing and post-build polymerization

processing (differed for the studied PMMA grades);
• degrees of residual monomer contents, implemented in 3D printing and post-build

polymerization processing;
• residual stresses, characterized by strains of the 3D printed samples, etc.

The mathematical algorithm implementation could contribute to the consideration of
structural characteristics in the DMS. However, this would complicate the approach (tool)
applied in this research, which was based on the materials’ ranking over the integral and
experimentally determined characteristics (interval, quantitative or qualitative).

DMS was highly case-sensitive, depending on the preferences of an expert. Neverthe-
less, the proposed approach (with proper tuning) was rigorous and enabled the obtaining
of quite weighted estimations. It could be effectively used for solving related problems,
such as digital milling from blanks. The key aspects remained as follows:
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• correct selection of the factors (groups of factors);
• ensuring the accuracy of their measurement and reducing errors (dispersions of the

experimental data);
• ensuring the most representative expert assessment;
• if the risk of making a wrong decision remains informalized, the only way to minimize it

is to form the right attitude of the decision maker toward expressing his/her preferences.

Note, in this research, the evaluation of the tribological performance was carried out
according to the standards intended for testing structural materials (without taking into
account the specifics of existing regulations for dental ones). This was not critical from the
standpoint of developing an approach to DMS. However, the authors will be careful to
follow the standard requirements for testing dental materials.

It should be also noted that presently the issue of DMS is solved in a very subjective
way. It depends on a large number of factors: the dentist’s experience, price, patients’
budget, time availability, and particular values of a variety of functional properties. The
papers proposed a concept that considers the factors formulated by experienced long-
term practicing dentists. The developed approach presumes an option to make flexible
corrections. In addition, it can be easily adapted for solving the DMS issue for dental
implants as well. The paper illustrated it over the ranking of three commercially available
PMMAs. The significance of the study concludes in attracting the mathematical tools for
solving real problems of practicing dentists with a low amount of subjectivity in making
a decision.

By way of summarizing, the following might be concluded. We have employed
the AHP method for ranking the factors, i.e., more or less important. Furthermore, a
compromise is possible to be found over the set of alternatives with the VIKOR method.
The proposed approach (the tool) is of great promise to enhance the efficiency of prosthetic
treatment by optimizing the DMS procedure, taking into account the prosthesis design and
its production route.

6. Conclusions

The formalized approach to a rational ranking of dental materials aimed at RCD addi-
tive manufacturing was proposed within the framework of the multicriteria optimization
algorithm. It was tested through three types of commercially available PMMAs, processed
by the DLP. For this purpose, the combination of mechanical, tribological, technological,
microbiological, and economic factors was assessed. The following results were obtained,
and conclusions were drawn.

1. The calculation of the material indices was carried out to compare the studied dental
materials for a set of functional parameters related to feedstock cost. However, this
did not solve the problem of simultaneous consideration of all the material indices,
inter alia their significance.

2. For the 3D printing of RCD, the problem of the DMS could be solved as a multicom-
ponent optimization. This study solved the problem by combining the AHP and
extended VIKOR methods with interval estimation.

3. It was shown that the formulated preferences by experts exerted a significant impact
on the decision-making results under the conflict of the adopted criteria. The proposed
method of grouping the factors according to the expert competencies allowed the
reduction of subjectivity, at least at the stage of ranking within the groups. However,
uncertainty arose for all criteria at the stage of alternative analysis.

4. The implementation of the extended VIKOR method, based on the analysis of interval
quantitative estimations, allowed the carrying out of a fully fledged analysis of the
alternatives. Its results were rather plausible. However, it was characterized by a
lower “resolving capacity”, i.e., the ability to separate the alternatives.
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As an outlook, the authors consider it necessary to note the following. The AHP
method was employed to rank the factors over the degree of importance. Furthermore, a
compromise is possible over the set of alternatives with the VIKOR method. The proposed
approach is targeted at enhancing the efficiency of prosthetic treatment by optimizing the
DMS procedure if the prosthesis design and its production route are taken into account.
The development of the proposed approach correlates with the attraction of the MCDM,
which takes the experts’ uncertainty in decision-making (estimation) into account. The
methods based on fuzzy logic theory are among them [41,62,63].
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Abstract: The aim of this in vitro study was to analyze, both experimentally and theoretically, the
mechanical behavior of two types of composite materials used in restoring dental integrity. The
samples of each composite resin, namely Filtek Supreme XT (3M ESPE, St. Paul, MN, USA) and
Filtek Z250 (3M ESPE, St. Paul, MN, USA), were experimentally analyzed by determining their
compressive strength and fracture behavior. The fractured fragments of the samples were subjected
to surface evaluation by scanning electron microscopy. The compressive stress—compressive strain
dependencies revealed stronger cracking of the Filtek Supreme XT composite than Filtek Z250 prior
to fracture. Theoretically, the evaluation was made by means of holographic implementations of such
types of composite materials. A Hooke-type equation in a differential form is presented, which links
the proposed theoretical model with the experimentally obtained data.

Keywords: dental composite material; compression; non-linear behaviors; multifractality

1. Introduction

The choice of materials for direct restorations is challenging, as they are subject to
masticatory forces, sometimes harmful, that can lead to cracks or fractures in final restora-
tions. In this context, mechanical properties play a central role in assessing the longevity
of restorations. The diverse types of stresses during masticatory processes make it neces-
sary to determine several mechanical characteristics of restorative composites: bending
strength, radial and longitudinal compressive strength, tensile strength, etc. Among these,
compressive strength is essential for the durability of restorations [1,2].

On the other hand, the usual physical models used in describing the dynamics of
dental composite materials are based on the hypothesis of the differentiability of the
physical quantities used to describe their evolution. Therefore, the validity of these models
must be understood gradually in areas where differentiability and integrability are still
functional [3–5]. However, when discussing nonlinearity and chaoticity in the dynamics of
dental composite materials, differentiable and integrable mathematical procedures are of
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little use. Thus, to correctly show dental composite materials dynamics, we must add scale
resolution for physical variables and fundamental equations controlling the dynamics [3–5].

Accepting the above affirmation, any physical variable (used in the description of
dental composite materials dynamics) will depend on the usual mathematical procedures
on spatial and time coordinates and on a scale resolution. Specifically, instead of working
with a single physical variable (a strictly non-differentiable mathematical function), it is
possible to operate only with approximations of this mathematical function, resulting in
averaging it at different scale resolutions. Thus, any physical variable used to describe the
dynamics of dental composite materials will operate as the limit of a family of mathematical
functions, the function being non-differentiable for zero scale resolution and differentiable
for non-zero scale resolution [6–8].

This way of describing the dynamics of dental composite materials obviously implies
the development of both new geometric structures and physical theories consistent with
these geometric structures, for which the laws of motion, invariant to time coordinate
transformations, are also invariant to transformations with respect to scale resolution. Such
a geometric structure is based on the concept of the fractal/multifractal and the corre-
sponding physical model described in the Scale Relativity Theory (SRT) [6–8]. From this
perspective, the holographic implementation in the description of the dynamics of dental
composite materials will be explicitly made based on the description of the dynamics of
the structural units of any dental composite materials by continuous but non-differentiable
curves (fractal/multifractal curves).

The present study aimed to analyze, both experimentally and theoretically, the me-
chanical behavior of two types of composite materials used for direct restorations: experi-
mentally, by determining their compressive strength and fracture behavior to make a more
accurate choice of composite in relation to the position of the tooth on the arch and the
degree of overloading of the fillings and theoretically, using holographic implementations
of such types of composite materials.

2. Results

The compressive stress (in MPa) was determined by relating the applied force (N)
to the surface area of the base of the specimen analyzed and the relative deformation by
relating its length to its initial value. Shown below are the variations of compressive strain
(%) with compressive stress (MPa) for a series of specimens, Filtek Supreme XT (Figure 1)
and Filtek Z250 (Figure 2), which were subjected to compression at a feed rate of 1 mm/min.
The specimens did not initially show surface cracks.

Cracking of the material 
before breaking 

Compression 
effort (Pa) 

Compressive deformation (%) 

Figure 1. Variation of compressive strain with compressive stress for Filtek Supreme XT composite specimens.
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Cracking of the material 
before breaking 

Compression 
effort (Pa) 

Compressive deformation (%) 

Figure 2. Variation of compressive strain with compressive stress for Filtek Z250 composite specimens.

All the samples showed high compressive strength; the experimental values obtained
are shown in Table 1, reaching maximum forces in the order of thousands of newtons.

Table 1. Experimental values of shear strain and compressive strength for Filtek Supreme XT and
Filtek Z250 composite specimens.

No. crt. Sample Ultimate Compressive Strain (%) Ultimate Compressive Strength (MPa)

1 Filtek Supreme XT-1 10.45 82
2 Filtek Supreme XT-2 11.18 97.41
3 Filtek Supreme XT-3 15.79 333.12
4 Filtek Supreme XT-4 13.61 205.19
5 Filtek Supreme XT-5 12.66 177.18
6 Filtek Supreme XT-6 14.35 172.83
7 Filtek Supreme XT-7 10.55 213.81
8 Filtek Z250-1 16.45 194.58
9 Filtek Z250-2 15.54 392

10 Filtek Z250-3 16.63 314.72
11 Filtek Z250-4 11.84 164.39
12 Filtek Z250-5 9.62 53.08

3. Discussion

3.1. Analysis of the Experimental Data

Table 1 shows that there are widely dispersed values for both types of material. This is
because the existence of internal defects in the materials can lead to the formation of micro
voids that weaken the compressive strength. Thus, it was found that very good pressing
prior to light curing in the fluid state leads to compact specimens with high strength. In
this context, we will note only the maximum values obtained by us, 333 MPa for Filtek
Supreme XT and the higher 392 MPa for Filtek Z250. We also note that at the test speeds
used, 0.5, 1, and 1.5 mm/min, no significantly different results were obtained.

Comparing with the data indicated by the manufacturer, (360±5) MPa for Filtek
Supreme XT, respectively (410±20) MPa for Filtek Z250, it can be seen that our maximum
data falls within these ranges.

Although the data given in the literature for compressive strength vary within very
wide limits, it is unanimously accepted that all mechanical properties (compressive strength,
diametral strength, flexural strength) are better for Filtek Z250 hybrid composite than for
Filtek Supreme XT nanocomposite [9–12]. Both materials have the same polymer matrix
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and similar particle loadings but different particle sizes. Therefore, a possible explanation
for these properties lies in the different propagation mechanisms of microcracks during
deformation. Thus, it can be seen that the micrometer particles of the Filtek Z250 block
crack propagation and reflection, while the nanometer particles allow it. In fact, the curves
in Figures 1 and 2, through the regions marked with dotted lines, indicate stronger cracking
of Filtek Supreme XT composite than Filtek Z250 composite before breakage.

In order to highlight this tendency of microcrack blocking on micrometric particles,
the surface of the material in fracture was studied by SEM microscopy.

Figure 3 shows microstructural details of the Filtek Supreme XT-2 sample at various
magnification powers.

  
(a) (b) 

 
(c) 

Figure 3. SEM microscopies of the Filtek Supreme XT-2 sample at various magnification powers:
700× (a), 1100× (b) and 3200× (c).

Fracture surface analysis of Filtek Supreme XT material under compressive stress
shows brittle fracture of the material with the propagation of microcracks along the fracture
planes. It is observed from the micrographs the direction of material pull-out is character-
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ized by overlapping planes of the material, major cracks oriented along the same direction,
and areas with effective micro filler pull-outs.

Detailing a microcrack, Figure 4a shows its linear propagation through micro clusters
of nanometer particles and adjacent areas of unaffected material are shown in Figure 4b.

 
(a) 

 
(b) 

Figure 4. SEM microscopy of the Filtek Supreme XT-4 sample with propagation of a microcrack
between nanometer particle clusters (a) and an unaffected area (b).
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Figure 5 shows the microstructure of the Filtek Z250 composite in fracture at different
scales of magnification. The characteristic of this material is the existence of microgules
caused by the pulling out of the micrometer filler particles from the base matrix in which they
were embedded, which could not be observed for the Filtek Supreme XT nanocomposite.

 
(a) (b) 

(c) 

Figure 5. SEM microscopy of the Filtek Z250—1 sample at various magnifications 500× (a,b), 1150×
(c) showing some micro voids resulting from the pulling out of the filler particles.

The previously assumed mechanism of microparticle blocking of microcracks in the
Filtek Z250 hybrid composite is highlighted in Figure 6. We can see a microcrack of about
150 μm, which, on reaching a relatively large particle of about 40 μm, is stopped in its
advance through the material. In fact, this detail can also be seen at the bottom of Figure 5c
in the marked area. We conclude that this mechanism may explain the superior properties
of the Filtek Z250 hybrid composite compared to the Filtek Supreme XT nanocomposite.
However, we must consider the other advantages of using nanoparticles for reinforcement:
a lower viscosity in the unpolymerized state, and preservation of surface gloss over time,
which are particularly important in dental restoration practice [13–16].
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Figure 6. SEM microscopy of Filtek Z250-4 sample with microcrack blocked by a micrometer particle
and areas with effective micro filler pull-outs.

3.2. Theoretical Design Considerations
3.2.1. Types of Scenarios in the Description of Dental Composite Materials Dynamics

It is a known fact that the mechanical behaviors of composite dental materials are
described through material constitutive laws. For the most part, these are empirical laws
that depend on the nature of the dental composite material. Moreover, the variables that
describe the mechanical behaviors of said materials and play a role in these material con-
stitutive laws can be expressed through continuous and differentiable functions. Because
in time, during mastication, dental composite materials are subjected to various “efforts”
(mechanical wearing, chemical wearing, etc.), they will suffer both structural and functional
“transformations” (see, for example, the subsequent surface analyzes following various
mechanical “efforts”). Such situations cannot be described unless using variables expressed
through continuous and non-differentiable mathematical functions (fractal/multifractal
functions) [6–8], variables that operate in the context of the SRT. Within the framework of
SRT, two description scenarios are proposed to describe the mechanical behavior of dental
composite materials: the Schrödinger-type scenario and the Madelung-type scenario. The
two scenarios are not mutually exclusive; rather, they are complementary.

In the Schrödinger-type scenario [6–8], the dynamics of dental composite materials
are described through the multifractal Schrödinger equation:

λ2(dt)[
4

f (α) ]−2
∂l∂

lΨ + iλ(dt)[
2

f (α) ]−1
∂tΨ = 0, (1)

where
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∂t =
∂

∂t
, ∂l =

∂

∂xl , ∂l∂
l =

∂2

∂x2
l

. (2)

In the above relations, Ψ is the states function, dt is the scale resolution, xl is the
multifractal spatial coordinate, t is the non-multifractal temporal coordinate with the
role of an affine parameter of the motion curves, λ is a parameter associated to the
fractal/multifractal-non-fractal/non-multifractal scale transition, f (α) is the singularity
spectrum with a singularity index of order α = α(DF) and DF is the fractal dimension of
the motion curves [17–19].

On the other hand, by choosing Ψ of the form:

Ψ =
√

ρeis (3)

where
√

ρ is the amplitude and s is the phase, and introducing the real velocity fields
(Vi

D- differentiable velocity field, Vi
F-non-differentiable velocity field):

Vi
D = 2λ(dt)[

2
f (α) ]−1

∂is (4)

Vi
F = iλ(dt)[

2
f (α) ]−1

∂iln ρ (5)

and the multifractal Schrödinger equation is reduced to the multifractal hydrodynamic
equation system—the Madelung-type scenario:

∂tVi
D + Vl

D∂lVi
D = −∂iQ (6)

∂tρ + ∂l

(
ρVl

D

)
= 0 (7)

with Q the multifractal specific potential:

Q = −2λ2(dt)[
4

f (α) ]−2 ∂l∂l
√

ρ√
ρ

= −Vi
FVi

F −
1
2

λ(dt)[
2

f (α) ]−1
∂lVl

F. (8)

Equation (6) corresponds to the multifractal specific momentum conservation law,
while Equation (7) corresponds to the multifractal state density conservation law. The
multifractal specific potential (8) implies the multifractal specific force:

Fi = −∂iQ = −2λ2(dt)[
4

f (α) ]−2
∂i ∂l∂l

√
ρ√

ρ
(9)

which is a measure of the multifractality of the motion curves of the dynamics.
From the Equations (6)–(8) the following meanings result:

• Any dental composite materials structural units are in permanent contact with a
multifractal medium through the multifractal specific force;

• The multifractal medium can be assimilated with a multifractal fluid whose dynamics
are characterized by the multifractal hydrodynamic equation system;

• The velocity field Vi
F is absent from the multifractal states density conservation laws.

In such a context, it induces non-manifest dental composite materials dynamics facil-
itating the transmission of multifractal specific momentum and multifractal energy
of focus;

• In dental composite materials dynamics, the ”self-aspect” of the multifractal specific
momentum, transfer the reversibility, and existence of eigenstates are guaranteed by
the conservation of multifractal energy and multifractal momentum. Using the tensor:

τ̂il = 2λ2(dt)[
4

f (α) ]−2
ρ∂i∂lln ρ (10)
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Equation (9) takes the form of a multifractal equilibrium equation:

ρ∂iQ = ∂l τ̂
il (11)

Moreover, since the tensor τ̂il can also be written in the form:

τ̂il = η
(

∂lVi
F + ∂iVl

F

)
(12)

with:

η = λ(dt)[
2

f (α) ]−1
ρ (13)

a multifractal linear constitutive equation for a multifractal “viscous fluid”, becomes
functionally offering at the same time the reason for an original interpretation of coefficient
η as a multifractal dynamic viscosity of the multifractal fluid.

3.2.2. Material Constitutive Laws

The previous relations, which are considered constitutive equations for deformable
viscous solids of multifractal type, allow us to analyzedental composite materials behavior
both in terms of compression and stretching. Then, both the multifractal tension tensor σ̂il ,
and the deformation tensor ε̂il , are characterised by the following:

σ3 − I1σ2 + I2σ − I3 = 0 (14)

for multifractal tension, and:

ε3 − J1ε2 + J2ε − J3 = 0 (15)

for multifractal deformation. Of these, I1, I2 and I3 are multifractal invariants of σ̂il , and
J1, J2 along with J3 are multifractal invariants of ε̂il . Now let us define their functional
dependency with the relation:

σ̂ = σ̂(ε̂) (16)

which implies correlations between the invariants mentioned above. These correlations can
be explained through the homographic transformation [20,21]:

εk =
ασk + β

γσk + δ
, k = 1, 2, 3 (17)

where σk and εk are the roots of the previously mentioned equations. The coefficients α, β,
γ, and δ gain the status of material parameters, while the matrix:

M̂ =

(
α β
γ δ

)
(18)

given by Equation (17) becomes fundamental in generating the material constitutive laws
through the differential geometry associated with this matrix.

In such a context, we will obtain a relation between the matrix and an ensemble of
values of σ for which σ′ remains constant. From a geometric perspective, this means to find
the ensemble (α, β, γ, δ) which corresponds unequivocally to σ. Using Equation (16) the
problem proves to be reducible to solving the Riccati-type differential equation [20,21]:

dσ + ω1σ2 + ω2σ − ω3 = 0 (19)

where the following notations were used:

ω1 =
γdα − αdγ

Δ
, ω2 =

δdα − αdδ + γdβ − βdγ

Δ
, ω3 =

δdβ − βdγ

Δ
(20)
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Δ = αδ − βγ. (21)

It is possible to see that the metric:

ds2 =

(
δdα − αdδ + γdβ − βdγ

Δ

)2
− dαdδ − dβdγ

Δ
(22)

is in direct relation to the discriminant of Equation (18):

ds2 =
1
4

(
ω2

2 − 4ω1ω3

)
. (23)

The three differential 1-forms of Equation (19) constitute a coframe in any point of
absolute space. This allows the translation of geometric properties of the absolute space
into algebraic properties of Equation (18). The simplest of these refers to dynamics over
the geodesics of the metrics of Equation (22), which can be translated directly to statistical
properties, given that we discuss multifractalization through stochasticity. In this situation,
the 1-forms ω1, ω2, and ω3 are exact differentials of the same parameter, which is the length
of the arc of the geodesic. Let us note it with s. Explicitly, we obtain:

ω1 = a1ds, ω2 = a2ds, ω3 = a3ds (24)

where a1, a2 and a3 are constants which characterize a certain geodesic of the given family.
Along this geodesic, Equation (18) becomes a differential equation of the type:

dσ

ds
= a1σ2 + 2a2σ + a3 (25)

Equation (24) admits a direct integration, giving the following solutions:

σ(s) = −α2

α1
+

√
Δ

α1
tan

[√
Δ(s − s0)

]
f or Δ > 0 (26a)

σ(s) =
as + b
cs + d

f or Δ = 0 (26b)

σ(s) = −α2

α1
+

√
Δ

α1
coth

[√
Δ(s − s0)

]
f or Δ < 0 (26c)

with:

Δ = a1a3 − a2
2, a2 =

√
Δtan

(√
Δs0

)
(27)

Furthermore, s0, a, b, c, d are constants, not all of them are arbitrary.
Any of Equation (26) describes a deformation process for constant tensions. A similar

procedure can be applied to ε̂il . Then, the following equation is satisfied:

dε

dτ
= a1ε2 + 2a2ε + a3 (28)

these constants characterize a certain geodesic of the family and τ the length of the arc.
Equation (27) admits direct integration, which yields three possibilities:

ε(τ) = −α2

α1
+

√
Δ

α1
tan

[√
Δ(τ − τ0)

]
f or Δ > 0 (29a)

ε(τ) =
aτ + b
cτ + d

f or Δ = 0 (29b)
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ε(τ) = −α2

α1
+

√
Δ

α1
coth

[√
Δ(τ − τ0)

]
f or Δ < 0. (29c)

Here, Δ and τ0 are given through the relations:

Δ = a1a3 − a2
2, a2 =

√
Δtan

(√
Δτ0

)
. (30)

However, these constants are not necessarily arbitrary. Now, if both σ(s) and τ(ε)
follow the same manifold, which implies:

a1 = a1, a2 = a2, a3 = a3, τ =
s
E

, E = const. (31)

then from Equations (24) and (27) the following differential relation is obtained:

dσ = Edε. (32)

From Equation (31), the Young-type differential elasticity modulus results:

E =
dσ

dε
. (33)

This equation can also present negative values, E = dσ
dε < 0, which might specify

self-structuring phenomena through pattern formation. Now, if we admit the particular
case:

a1 = − f , 2a2 = f , a3 = 0. (34)

Equation (24) is reduced to a logistic-type equation [17,18]:

dσ

ds
= f σ(1 − σ) (35)

thus, the growth of σ is limited by the finite matrix effect. The solution of Equation (34) is:

σ =
1

1 −
(

1 − 1
σ0

)
e(− f s)

(36)

where σ0 is an integration constant. A similar mathematical procedure can be applied to
Equation (27), which implies:

ε =
1

1 −
(

1 − 1
ε0

)
e(−Ωτ)

(37)

where ε0 is an integration constant. Such a result is possible if, in Equation (27), we admit
the identifications:

a1 = −Ω, 2a2 = Ω, a3 = 0. (38)

It is possible to highlight the otherwise well-known fact of nonlinear dynamics [17,18]
that the increase in the logistic map parameter after 3.56995 leads to chaos. This means
that between roughly 3.6 and 4, there are complex chaotic dynamics; in our case, it means
that the variation of f between 3.6 and 4 leads to repeated ordered-chaotic dynamics
transition for dσ

ds . Practically, because of the nature of this mapping, there are order-disorder
transitions in dental composite materials dynamics, wherein f is the control parameter (see
Figure 7).
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In order to further investigate the dental composite materials dynamics of this system,
it is also possible to rewrite Equation (19) as:

.
w − 1

M
w2 + 2

R
M

w − K = 0. (39)

It is important to find the most general solution of this equation. For our current needs, it
is enough to note that the complex number roots of the quadratic polynomial of Equation (39):

w0 ≡ R + iMΩ, w*
0 ≡ R − iMΩ; Ω2 =

K
M

−
(

R
M

)2
(40)

are constant solutions of the equation, thus their derivative is zero. Let us perform the
homographic transformation:

z =
w − w0

w − w*
0

(41)

and now it can easily be seen by direct calculation that z is a solution of the linear and
homogeneous equation of the first order:

.
z = 2iΩz ∴ z(t) = z(0)e2iΩt. (42)

 

Figure 7. Representation of Equation (35) in the same manner as the logistic map; chaotic region with
areas of stability.

Therefore, if we conveniently express the initial condition z(0), we can give the general
solution of the Equation (39) by simply inverting the transformation in Equation (41), with
the result:

w =
w0 + re2iΩ(t−tr)w*

0

1 + re2iΩ(t−tr)
(43)

where r and tr are two real constants that characterize the solution. Using Equation (40),
we can put this solution in real terms, which highlights a frequency modulation through
what we would call a Stoler transformation [20,21] which leads us to a complex form of
this parameter. Furthermore, if we make the notation:

r ≡ cothτ (44)
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the real term becomes:

z = R + MΩh (45)

where h is given by:

h = −i
coshτ − e−2iΩ(t−tm)sinhτ

coshτ + e−2iΩ(t−tm)sinhτ
. (46)

The meaning of this complex parameter will become clear later. For the moment, let it
be noted that any dynamic process appears here as a frequency modulation process using a
gauge invariance of a Riccati-type.

In these figures, Real (h) (the amplitude at various scale resolutions given by the
maximum value of Ω) is represented as functions of t and Ω for r = 0.5.

As is observed in Figures 8a–d and 9a-d, the natural transition of dental composite
materials dynamics passes through various states, such as self-modulation and period
doubling. The dental composite materials dynamics never reach a chaotic state, but they
permanently evolve towards that state.

 
(a) (b) 

 
(c) (d) 

Figure 8. (a–d): The ”modulated dynamic modes” in mastication of the structural units of dental
composite materials dynamics are presented: (a)—3D diagram, (b)—contour diagram, (c)—time
series and (d)—reconstituted attractor for scale resolutions given by Ωmax.
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(a) (b) 

 
(c) (d) 

Figure 9. (a–d): The ”double period dynamic modes” in mastication of the structural units of dental
composite materials dynamics are presented: (a)—3D diagram, (b)—contour diagram, (c)—time
series and (d)—reconstituted attractor for scale resolutions given by Ωmax.

Let it be noted that the mathematical formalism of the SRT naturally implies various
operational procedures (invariance groups, harmonic mappings, groups isomorphism,
embedding manifolds, etc.) with several applications incomposite materials dynamics [7,8].
Interestingly, plotting h in dimensionless parameters again highlights certain temporal self-
similar properties, with the multifractal structures being contained into similar multifractal
structures at much higher scales (Figure 10a–c). This behavior is quite difficult to represent
because of the complicated balance between choosing an adequate number of plot points
and manifesting self-similarity. Still, it shows how the small-scale behavior of the system
ripples and manifests itself at higher scales, which is exactly what we would expect from a
multifractal system.

In such a context, the transitions from the patterns presented in Figures 8b and 9b
through Figure 10a–c can be made through compression. Figure 9a–c illustrates fracture
patterns due to compressive stresses. Moreover, the phenomenon can be explained through
a mathematical equation that governs it.
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(a) 

 
(b) 

 
(c) 

Figure 10. (a): Example of 2D plot fracture patterns by means of h(Ω, t), maximum at 200; Φ = 2.35.
(b): Example of 2D plot fracture patterns by means of h(Ω, t), maximum at 400; Φ = 2.35. (c): Example
of 2D plot fracture patterns by means of h(Ω, t), maximum at 600; Φ = 2.35.
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Thus, an analytical expression is given for the nonlinear range of σ − ε curves under
compression and is as follows (see Equation (33), through a convenient choice of the
parameters and considering that the dental composite materials dynamics manifest on the
same manifold, which implies s ≡ τ):

σ = E0ε(1 + αε) (47)

where E0 is the initial tangent at zero (corresponding to the elastic modulus for purely
linear elastic behavior). For example, for fused silica, the elastic material parameters are
commonly known and need no further elaboration. The used (linear) elastic modulus is
E0 = 70 GPa. Elastic volume compressibility is expressed by the Poisson ratio with ν = 0.17.
In the equation, the experimental data provided the coefficient α = 3 for the nonlinear
behavior. Such a law, in dimensionless coordinates (for various fractal dimensions and scale
resolutions), can very well describe the experimental curves obtained in Figures 1 and 2.
Let it be noted that such scenarios were employed before in the description of mechanical
behaviors of various materials. For example, in [22], a Schrödinger type scenario was used
for the description of the hysteresis-type behavior of shape memory alloys.

4. Materials and Methods

Experimental Design

The equipment for tensile/compression testing of dental composite materials is the
INSTRON 3382 USA servo-hydraulic type. It is characterized by the following technical
parameters:

� load capacity of 100 kN with a maximum speed of 500 mm/min, minimum speed of
5 × 10−3 mm/min;

� maximum force at maximum speed: 50 kN;
� maximum speed at maximum force: 250 mm/min;
� return speed: 600 mm/min;
� Blue hill® Lite software;
� INSTRON climatic enclosure with a possible temperature range of −70 ◦C to +350 ◦C;
� INSTRON 3-point bending device, 100kN, and a compression device.

The equipment, connected and controlled by a computer, can develop different com-
pression speeds of materials, in this case, dental composites to follow their behavior in
different compression phases.

The composite resin tested in the present study and their structure are presented in
Table 2. The samples from the two materials were made into cylindrical molds with a
length of 9 mm and a diameter of 4.5 mm, i.e., with a length/diameter (l/d) ratio of 2:1,
which is standard for this type of mechanical test. They were subjected to compression
tests at different working speeds of the mechanical equipment, of 0.5, 1, and 1.5 mm/min.
The tests were carried out at a room temperature of 27 ◦C.

Table 2. Structure of the two materials.

Material Manufacturer Type/Shade Matrix Filler

Filtek
Supreme XT

Universal
Restorative

3MESPE,
St. Paul, MN,

USA
Nanocomposite/A2

Bis-GMA,
Bis-EMA,
TEGDMA

UDMA

Non-agglomerated/non-aggregated 20 nm silica particles,
Non-agglomerated/non-aggregated 4 to 11 nm zirconia particles,

Aggregated zirconia/silica cluster filler (comprised of
20 nm silica and 4 to 11 nm zirconia particles)

78.5 wt %
63.3 vol%

Filtek Z250
Universal

Restorative

3MESPE,
St. Paul, MN,

USA
Microhybrid/A2

Bis-GMA,
Bis-EMA,
TEGDMA

UDMA

Silica and zirconia particles
0.01–3.5 μm, average size

0.6 μm
84.5 wt%
60 vol%
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After the mechanical tests were completed, the resulting fragments from the samples
were investigated by SEM microscopy in order to identify the causes of breakage and the
mode of propagation of the microcracks.

Samples made from the two materials were machined into cylindrical form with a
length of 9 mm and a diameter of 4.5 mm, i.e., with a length/diameter (l/d) ratio of 2:1,
which is standard for this type of mechanical test. They were subjected to compression
tests at different working speeds of the mechanical equipment of 0.5, 1, and 1.5 mm/min.
The tests were carried out at room temperature, 27 ◦C.

After the mechanical tests, the samples were investigated by SEM microscopy to iden-
tify the causes of breakage and the mode of propagation of microcracks. Such experimental
studies have been performed on other materials and employed other types of mechanical
“efforts” (see, for example, [23,24]).

5. Conclusions

The main conclusions of the present paper are the following:
Regarding the experimental design, the compressive strength of the Filtek Supreme XT

composite was obtained as 332.14 MPa, lower than that of the Filtek Z250 material, 392 MPa,
values in agreement with those specified by the manufacturer and the literature. However,
this parameter depends on the samples’ compaction before light curing. Analysisof the
compressive stress—compressive strain dependencies revealed stronger cracking of the
Filtek Supreme XT composite than Filtek Z250 prior to fracture, which has important
clinical implications for ensuring the integrity of dental restorations. SEM microscopy
results of the two materials showed microcracks produced upon compression and, in the
case of Filtek Z250, the existence of micro gaps produced by the detachment of micrometer
filler particles. A crack-blocking mechanism by the filler microparticles of Filtek Z250 has
been revealed. This may explain its superior mechanical properties compared to the Filtek
Supreme XT nanocomposite, where cracks bypass the nanometer particles.

Regarding the theoretical design, in Schrödinger-type and Madelung-type scenarios,
the descriptions of dental composite materials dynamics are highlighted. The existence
of an SL(2R) type symmetry allows the generation of material constitutive laws. In such
a context, through gauge invariances of Riccati-type, various non-linear behaviors are
established: double period and modulated dynamics regimes. A material constitutive law
of Hooke-type in differential form was obtained, which was explained for compression-
type behaviors. In such a context, an explicit form of the law was highlighted, which was
correlated with the experimental data.

Author Contributions: Conceptualization, I.N., F.N. and M.A.; methodology, C.P., D.V. and S, .L.T.;
software, F.N.; validation, I.N., M.A. and V.N.; formal analysis, C.P. and D.V.; investigation, S, .L.T. and
I.N.; resources, F.N., M.A. and V.N.; data curation, F.N. and D.V.; writing—original draft preparation,
I.N. and M.A.; writing—review and editing, V.N. and C.P.; visualization, D.V.; supervision, I.N. and
M.A.; project administration, M.A. and V.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research recieved no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Research data is available upon request.

Conflicts of Interest: The Authors declare no conflict of interest.

37



Int. J. Mol. Sci. 2023, 24, 6493

Abbreviations
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UDMA urethane dimethacrylate,
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Abstract: This prospective, randomized, controlled clinical trial reports clinical, radiographic, his-
tologic and immunohistochemical results of autologous dentin graft (ADG) and its comparison
with a mixture of bovine xenograft with autologous bone (BX+AB). After tooth extraction in the
esthetic zone of maxilla, the alveolar ridge of 20 patients in the test group was augmented with ADG,
while 17 patients in the control group received the combination of BX+AB. Cone beam computed
tomography (CBCT) was performed before tooth extraction and after 4 months when a total of
22 bone biopsies were harvested and subjected to histological and immunohistochemical analysis.
Radiological analysis showed comparable results of bone dimension loss in both groups. Quan-
titative histologic analysis showed comparable results with no statistically significant differences
between the groups. Immunohistochemical staining with TNF-α and BMP-4 antibodies revealed
immunopositivity in both groups. A statistically significant difference between the groups was found
in the intensity of TNF-α in the area of newly formed bone (p = 0.0003) and around remaining bio-
material particles (p = 0.0027), and in the intensity of BMP-4 in the area around biomaterial particles
(p = 0.0001). Overall, ADG showed biocompatibility and achieved successful bone regeneration in
the esthetic zone of the maxilla similar to BX+AB.

Keywords: guided bone regeneration; alveolar ridge preservation; autologous dentin; bovine
xenograft; CBCT; histology; BMP-4; TNF-α

1. Introduction

Tooth extraction is one of the most common procedures in dentistry. Scientific studies
have clearly shown that the loss of a tooth significantly alters the size of the alveolar
ridge, which may be unfavorable for the placement of dental implants [1]. Although bone
resorption after tooth extraction is a long-term process, statistically, the greatest loss occurs
in the first month after tooth extraction. In the first six months after tooth extraction,
horizontal alveolar bone loss ranges from 29% to 63% and vertical alveolar bone loss ranges
from 11% to 22% [2]. According to a study conducted by Chappuis et al. [3], an alveolus
with a buccal wall thickness of 1 mm or less loses 7.5 mm in height two months after
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tooth extraction, while an alveolus with a buccal wall thickness of 1 mm or more loses
1 mm in vertical dimension. All of the aforementioned dimensional changes have negative
effects on the patient’s ability to receive prosthetic or implant-supported rehabilitation,
including altered alveolar ridge morphology, atrophy, and complete disappearance of the
alveolar ridge bone [2–4]. Due to the specific structure of the maxilla, where trabecular
bone dominates, this procedure can be particularly challenging in the anterior region of
this bone. Therefore, the maxilla is less resistant to resorption processes than the mandible,
which is predominantly composed of cortical bone [5,6]. In addition, the anterior maxilla is
also the esthetic zone, making soft and hard tissue reconstruction more challenging to meet
the esthetic expectations of patients and professionals [7].

To prevent the loss of bone volume, a method known as alveolar ridge preservation is
used [8]. Bone volume preservation is possible with various surgical procedures such as
guided bone regeneration (GBR), with the goal of achieving successful bone regeneration
according to the principles of osteogenesis, osteoinduction, and osteoconduction [9,10]. A
variety of graft materials has been used to preserve the dimensions of the alveolar ridge,
including autologous bone grafts, xenografts, allografts, and alloplast [11,12].

Compared to other bone graft substitutes, autologous bone is the only material that
has osteogenic, osteoinductive, and osteoconductive effects [10,13]. Autologous bone is
therefore the “gold standard” for augmentation of various alveolar bone defects [14,15].
However, the use of autologous bone is associated with a number of potential complications
related to morbidity at the harvest or placement site, sometimes unpredictable and rapid
resorption, and limited availability [15]. The incidence of complications has been reported
in the literature to range from 0.5% to 10.5%, with a lower incidence of complications
associated with intraoral autologous graft retrieval. Rapid resorption of autologous bone
is an unpredictable and relatively common complication with an incidence ranging from
5 to 28% [16]. To reduce resorption, mixing autologous bone with bovine xenograft and
using a GBR membrane is recommended, which can reduce autologous graft resorption by
50% [17].

Xenograft is a bone substitute material derived from a species different from that of
the recipient. These grafts are primarily made from the inorganic portion of animal bone
tissue using chemical and/or mechanical processes that remove the organic components of
the bone and produce hydroxyapatite granules that resemble the human mineralized bone
matrix. Xenografts have been reported to have osteoconductive properties, are hydrophilic,
and biocompatible; however, bovine-derived graft biomaterials may inherently carry the
risk of transmitting prion diseases to patients [18–21]. One of the most commonly used
xenografts for alveolar ridge preservation today is cerabone® (botiss biomaterials, Zossen,
Germany). It is made from trabecular bovine bone under a a high temperature treatment
(>1200 ◦C), which contributes to its safety and special physical properties. It has a granular
structure with high porosity, which allows for good penetration of blood vessels and the
formation and reorganization of newly formed bone tissue [22].

A relatively new graft material for bone regeneration is autologous dentin. In 1967,
Yeomans and Urist demonstrated the presence of bone morphogenetic proteins (BMPs) in
dentin, providing the first known evidence of the osteoinductive potential of the deminer-
alized dentin matrix [23]. The only signaling molecules that can independently induce de
novo bone formation at orthotopic and heterotopic sites are BMPs, and their presence in
dentin distinguishes it from xenogeneic biomaterials that do not contain proteins [24,25].
Due to the development of technologies that facilitate the clinical application of dentin,
it has been increasingly used as an augmentation material since 2008 [26]. The osteocon-
ductive and osteoinductive properties of autologous dentin were determined in studies
using an experimental animal model that demonstrated osteoconduction, integration and
resorption of autologous dentin [27–29]. The use of autologous dentin in combination with
platelet-rich fibrin was evaluated radiographically with cone beam computed tomography
(CBCT) analysis [30]. A recent clinical study compared the clinical and histologic outcomes
of augmentation of alveolar bone defects with autologous dentin and bovine xenograft [31].
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Nevertheless, there is a knowledge gap regarding the osteogenic potential of autologous
dentin, especially regarding the expression of inflammatory and osteoinductive factors in
bone tissue after the application of autologous dentin in the alveolar socket. Therefore,
the aim of this randomized controlled clinical trial was to investigate the clinical and
radiographic efficacy, as well as the histological and immunohistochemical properties, of
autologous dentin in alveolar ridge preservation and to compare it with bovine xenograft
mixed with autologous bone.

2. Results

2.1. Clinical Evaluation

A total of 37 patients met the inclusion criteria for participation in the clinical trial.
The demographic characteristics of the population and the distribution of extraction sites
are shown in the tables below (Tables 1 and 2). For each participant, only one extraction
site in the esthetic zone (maxillary incisors, canines, and premolars) was considered.

Table 1. Participants’ demographic information.

ADG 1 BX+AB 2

Gender
Female 7 (35%) 12 (70.5%)
Male 13 (65%) 5 (29.5%)

n 20 17
Age (years)

Mean 52.4 55.9
SD 10.8 8.8

Min 26 38
Max 71 74

1 Autologous dentin graft, 2 bovine xenograft + autologous bone.

Table 2. Distribution of maxillary extraction sites.

Incisor Canine Premolar Total

ADG 1 12 3 5 20
BX+AB 2 13 3 1 17

Total 25 6 6 37
1 Autologous dentin graft, 2 bovine xenograft + autologous bone.

The healing was uneventful. Only five patients in the test group and three patients in
the control group reported moderate discomfort, pain, and swelling. Patients did not report
exposed wounds or leakage of biomaterial into the oral cavity. All patients participated in
regular check-ups and CBCT scans and transitioned to implant therapy after four months.
At the four-month follow-up, the oral mucosa and underlying bone had completely healed
in all patients.

2.2. Histological Results

A total of 22 bone biopsies were obtained for histologic analysis, 12 from the test
group and 10 from the control group. New bone (NB) formation was noted in both
groups, extending from the apical to the coronal part of each specimen. The NB had
lamellar organization and was filled with many osteocytes embedded in lacunae. Residual
biomaterial (BM) was detected in close contact with NB in both groups. Many fibroblasts
were present in the soft tissue (ST). No inflammatory reaction was observed in any group
(Figure 1). Histomorphometric analysis revealed no statistically significant differences
between the groups in the percentage of NB, BM, and ST (Table 3).
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Figure 1. Representative photomicrographs of biopsies taken four months after alveolar ridge
preservation. (A) shows details of the bone augmented with autologous dentin graft (ADG), whereas
(B) shows details of bovine xenograft mixed with autologous bone. In both groups, the remaining
biomaterial particles (BM and blue arrows in (B)) are in close contact with the newly formed bone
(NB). NB has a regular, lamellar appearance in both groups and is filled with osteocytes (black fill
triangles) embedded in lacunae. Osteoblasts (red arrows) are clearly visible at the margins of NB. The
soft tissue areas (ST) are rich in cells, especially fibroblasts (no fill triangles). No inflammatory tissue
reaction was detected in either group (hematoxylin-eosin, 100× magnification).

Table 3. Histomorphometrical results.

Newly Formed Bone (NB) Residual Biomaterial (BM) Soft Tissue (ST)

ADG 1 72.55 ± 12.14% 10.61 ± 5.37% 16.84 ± 9.18%
BX+AB 2 69.61 ± 13.53% 12.31 ± 7.83% 18.07 ± 6.93%
p-value * 0.613 0.570 0.742

1 Autologous dentin graft, 2 bovine xenograft + autologous bone; * two-tailed t Test.

Immunohistochemical analysis revealed TNF-α- and BMP-4-positive cells in the area
of the new bone formation (Figure 2). Expression of TNF-α and BMP-4 was observed in
both osteocytes embedded in the newly formed bone and in osteoblasts located at the bone
surface. In addition, the intensity of immunohistochemical detection of TNF-α and BMP-4
was measured in the areas of newly formed bone and around the remaining biomaterial
particles. A statistically significant difference in the intensity of TNF-α in the area of newly
formed bone (p = 0.0003) and around the remaining biomaterial particles (p = 0.0027) and
in the intensity of BMP-4 in the area around biomaterial particles (p = 0.0001) was observed
between the test and control groups (Table 4).

Table 4. Immunohistochemical intensity score results.

Mean Value ADG 1 ± SD 2 Mean Value BX+AB 3 ± SD p Value *

TNF-α around biomaterial 140.89 ± 4.92 149.96 ± 6.64 0.0027
TNF-α new bone area 77.49 ± 3.61 88.72 ± 7.1 0.0003

BMP-4 around biomaterial 131.26 ± 9.1 171.75 ± 10.5 0.0001
BMP-4 new bone area 108.76 ± 7.54 108.66 ± 8.2 0.9761

1 Autologous dentin graft, 2 standard deviation, 3 bovine xenograft + autologous bone; * Student’s t test.
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Figure 2. TNF-α and BMP-4 immunohistochemical staining of representative samples from the test
group (A,C) and the control groups (B,D). The negative control is shown in the right upper corner
of the (A). Red arrows indicate TNF-α- and BMP-4-positive osteoblasts located in the contact area
of newly formed bone and autologous dentin graft (ADG) (A,C) or bovine xenograft mixed with
autologous bone (BX+AB) (B,D). Black arrows indicate strong expression of TNF-α and BMP-4 in
osteocytes embedded in the newly formed bone (A–D) (200× magnification).

2.3. Cone Beam Computed Tomography (CBCT) Results

A total of 37 CBCT scans were analyzed for radiographic evaluation, 20 from the test
group and 17 from the control group. The measurements of alveolar ridge width before
tooth extraction and 4 months after alveolar ridge preservation revealed no statistical
differences in dimensional changes between the test and control groups (Table 5).

Table 5. CBCT analysis of alveolar ridge dimensional changes.

Width before Extraction Width after Extraction Net Change

ADG 1 8.06 ± 1.34 mm 7.18 ± 1.48 mm −0.88 ± 0.76
BX+AB 2 7.88 ± 1.08 mm 6.64 ± 0.85 mm −1.24 ± 0.99
p-value * 0.654 0.172 0.219

1 Autologous dentin graft, 2 bovine xenograft + autologous bone; * two-tailed t test.

3. Discussion

The purpose of alveolar ridge preservation is to minimize alveolar ridge resorption
after extraction [32]. Alveolar ridge preservation after tooth extraction according to guided
bone regeneration (GBR) principles has been shown to be a reliable method of preventing
alveolar ridge volume loss during healing [8,33]. Autologous bone is considered the gold
standard among bone graft substitutes; however, due to the reported possible complications
associated with its use, the focus has shifted to the development of alternatives. With this in
mind, bone biopsies harvested 4 months after alveolar ridge preservation with autologous
dentin graft (ADG) and bovine xenograft mixed with autologous bone (BX+AB) were
examined radiographically, histologically, and immunohistochemically. To our knowledge,
this is one of the first immunohistochemical reports on the use of ADG in humans, as well as
the first comparison of clinical, radiographic and histologic results with the well-known and
commonly used combination BX+AB. Both biomaterials were found to be effective in terms
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of osteoconduction and osteoinduction, and no inflammatory tissue reaction was observed.
Histomorphometric and radiological results were comparable between the biomaterials, but
quantitative immunohistochemical analysis examination showed statistically significant
differences in TNF-α and BMP-4 expression between the analyzed biomaterials.

Depending on the preparation protocol and degree of mineralization, three types of
ADG can be distinguished: demineralized dentin matrix, partially demineralized dentin
matrix, and undermineralized dentin [34,35]. In this clinical study, we used a protocol that
results in a demineralized dentin matrix (DDM) [36]. DDM has been shown to be superior
in bone regeneration due to its irregular surface and exposed collagen fibers leading to
better osteoblasts adhesion [36]. Because of the great heterogeneity of studies regarding the
use of ADG and to present our results as objectively as possible, we compared them with
the results of studies in which DDM was used.

The osteoinductive and osteoconductive capabilities of ADG were examined histo-
logically in studies using an experimental animal model. ADG was found to be fully
integrated into newly formed bone [29]. The studies carried out by Kim and Lee on an
experimental animal model also demonstrated the ability of ADG to promote bone growth,
which was related to the presence of minerals such as hydroxyapatite (HA) and tricalcium
phosphate (TCP) in dentin [27,28]. In addition, studies on animal models showed that these
changes began on day 14 of healing, when ADG started to be integrated into the newly
formed bone [37,38]. Similar qualitative histologic observations were found in human
studies [31,32]. The qualitative histologic analysis in our study revealed close contact
between NB and BM, indicating successful bone regeneration and thus the osteoconductive
potential of the grafts. Furthermore, no inflammatory reaction was observed in either
the control or the test groups, suggesting the biocompatibility of the grafted biomaterials
and the surrounding tissue. We reported that the histomorphometric result of new bone
formation in the test group was 72.55 ± 12.14%. This is in accordance with findings from
a recent clinical study, which exclusively examined bone tissue histomorphometrically
after the use of autologous dentin, and reported 63% newly formed bone and 25% residual
biomaterial 7 months after guided bone regeneration [39]. There are only few clinical
studies comparing xenogeneic biomaterials with ADG. In our study, the histomorphomet-
rical examination revealed no significant differences in the percentages of newly formed
bone, residual biomaterial and soft tissue between groups. Furthermore, the results of
alveolar ridge preservation with bovine xenograft BioOss® and ADG were compared by
Pang et al. [31], and it was found that there was no statistically significant difference in the
volume of bone tissue preserved, which is in accordance with our findings.

More than 15 types of BMPs belonging to the TGF-β family have been discovered, but
only three stimulate bone formation at the graft site, namely BMP-2, BMP-4, and BMP-7.
Their presence stimulates mesenchymal cells to differentiate into osteoblasts, which it
is strong evidence of osteoinductive properties [40]. The presence of proinflammatory
cytokines such as TNF-α is essential for the initiation of bone healing, as it plays a role
in the differentiation of osteoprogenitor cells into preosteoblasts [10]. Moreover, TNF-α
along with RANKL plays an essential role in bone remodeling and their expression has
been shown to correlate with the dynamics of bone turnover. Namely, TNF-alpha can
indirectly stimulate osteoclast differentiation by itself or via RANK signaling [41,42]. In
conditions of bone homeostasis, bone resorption is the most important prerequisite for
bone formation. It may be that the presence of xenogeneic biomaterial in the alveolar socket
caused a stronger inflammatory reaction than dentin, which was visible from the higher
expression of the TNF-α immunostaining; however, it did not affect the physiology of
the bone remodeling, as was evident from the achieved percentages of the newly formed
bone (Table 3). Previous studies in animal models showed immunopositivity of BMP-2
and BMP-4 in the first days of bone healing after augmentation with DDM, supporting
evidence of osteoinduction [29]. The immunohistochemical examination in our study
revealed TNF-α and BMP-4 immunopositivity in the area surrounding biomaterial particles
and the area of the newly formed bone 4 months after alveolar ridge preservation in both
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groups, which was confirmed by the quantitative results. These results demonstrate the
osteoinductive potential in both groups. The immunopositivity in the ADG group is of
additional significance because the dentin was treated with ethylenediaminetetraacetic
acid (EDTA), proving that dentin can still maintain its osteoinductivity after that procedure.
Interestingly, TNF-α immunopositivity around biomaterial particles and in the area of the
newly formed bone was significantly higher in the BX+AB group compared to the ADG
group (TNF-α ADG vs. BX+AB around BM p = 0.0027; TNF-α ADG vs. BX+AB around NB
p = 0.0003) and BMP-4 immunopositivity around the biomaterial particles was significantly
higher in the BX+AB group (BMP-4 ADG vs. BX+AB around BM p = 0.0001). This finding
may be related to the presence of a bovine xenograft in the BX+AB group, which may elicit
a stronger immune response, that is a common reaction to all types of substitutes and it is
essential for bone healing [43].

Radiographic studies of ADG performance in the alveolar ridge are characterized
by very high heterogeneity. The study by Li et al. [44] showed comparable results of
marginal bone resorption at 6 and 18 months after alveolar ridge preservation using
ADG and BX Pohl et al. [30] investigated dimensional changes in the alveolar ridge after
socket preservation with ADG and platelet-rich fibrin (PRF). The study found that the
mean changes in alveolar ridge width of 1 mm, 3 mm, and 5 mm below the crest were
−1.38 ± 1.24 mm, −0.82 ± 1.13 mm, and −0.43 ± 0.89 mm, respectively. We measured
the alveolar ridge at the most prominent bone points buccally and orally; therefore, an
objective comparison between the aforementioned studies and our study was not possible.

From a clinical point of view, ADG shows some additional advantages compared to
BX+AB. The surgical procedure (chair time) is shorter since the preparation of ADG is
performed by the dental assistant during the surgery. There is also no need for additional
autologous bone harvesting, which prolongs the procedure and may cause more morbidity
and postoperative complications for the patient. Finally, the cost of the procedure is lower
since there is no extra material used other than autologous dentin from the patient.

It should be noted that the sample size of the analyzed CBCTs and bone biopsies is
small. However, we only studied the anterior part of the maxilla, which is also known as
the esthetic zone and includes exclusively maxillary incisors, canines and premolars; thus,
a smaller sample size is justified. In addition, this is one of the first studies to investigate
TNF-α and BMP-4 expression in human alveolar bone, making this study an important
demonstration of the osteogenic potential of ADG.

In conclusion, according to this study, ADG is biocompatible and has been shown to
have osteoconductive and osteoinductive properties comparable to those of commonly used
BX+AB (in radiological and histological comparison). The significantly higher expression
of BMP-4 in the BX+AB group indicates good osteoinductive properties, due to the addition
of the autologous bone. The significantly higher expression of TNF-α in the same group
indicates an active bone remodeling, which has resulted in a high percentage of newly
formed bone. This statistically significant difference should be further investigated and be
the focus of future clinical studies.

4. Materials and Methods

4.1. Selection Criteria and Preoperative Assessment

The study was conducted in accordance with the Declaration of Helsinki. The Ethics
Committee of the Faculty of Medicine of the University of Rijeka (Class: 003-08/21-01/20,
No. 2170-24-04-3-21-6) and the Clinical Hospital Centre Rijeka (Class: 003-05/20-1/151, No.
2170-29-02/1-20-2) approved the conduct of the study on human participants willing to
sign inform consent.

Participants were consecutive individuals referred for extraction of at least one hope-
less tooth in anterior maxilla followed by implant treatment. A total of 42 patients un-
derwent the screening process; finally, 37 patients met the inclusion criteria and provided
written consent to participate in clinical trial (Figure 3).
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Figure 3. CONSORT flowchart.

All participants were older than 18 years, healthy, and had no health problems that
would exclude them from dental implants. Smokers (>10 cigarettes per day), patients with
uncontrolled systemic diseases, patients who had received therapeutic radiation to the
head or neck, and pregnant and lactating patients were excluded from the study. They
were all treated by the same surgeon (M. O.) at the dental clinic in Rijeka, Croatia, between
June 2020 and March 2022.

Before the procedure, patients underwent periodontal treatment to remove plaque and
calculus and received detailed oral hygiene instructions. One hour before the procedure,
patients received an appropriate antibiotic (875 mg penicillin + 125 mg clavulanic acid or
600 mg clindamycin in case of allergy). Preoperatively, 0.2% clorhexidine was used for
mouth rinsing.

4.2. Surgical Procedure and Postoperative Follow-Up

The local anesthetic Ubistesin forte (3M, Neuss, Germany) was used to anesthetize the
area around the teeth. After a painless and atraumatic tooth extraction, the inflammatory
material in the alveolus was curetted and a probe (15 UNC Colour-Coded, Hu-Friedy,
Chicago, IL, USA) was used to check the integrity of all bone walls of the alveolus. Only
alveoli with three intact bone walls were included in this study. After extraction and
curettage, a full-thickness soft tissue flap was elevated with Curette Lucas 2.5 mm (Helmut
Zepf, Seit-ingen-Oberflacht, Germany), and a resorbable collagen membrane (Biogide®,
Geistlich Pharma, Wolhusen, Switzerland) was placed under the buccal flap. Patients were
then randomized into two groups using a free randomization tool available at https://www.
randomizer.org/ (accessed on 30 July 2022). Finally, in the test group, patients received
an autologous dentin graft, and in the control group, they received bovine xenograft
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(cerabone®, botiss biomaterials, Zossen, Germany) mixed with autologous bone that was
harvested locally, around the surgical site. In both groups, the wound was primarily closed
with a resorbable collagen membrane and connective tissue graft harvested from the palate
using resorbable 6.0 monofilament sutures (SMI, St. Vith, Belgium, Surgicryl Rapid 6.0.)
(Figures 4 and 5).

Figure 4. Surgical protocol in the test group. (A) The patient suffered from internal root resorption
of the maxillary central incisor. (B) After atraumatic extraction, the integrity of the alveolar bone
walls was checked with a dental probe. (C) An autologous dentin graft was placed in the extraction
socket and covered with a resorbable membrane. (D) Finally, the wound was primary closed with
connective tissue graft.

Figure 5. Surgical protocol in the control group. (A) A hopeless maxillary lateral incisor. (B) After
extraction, a detailed curettage was carried out and the integrity of the alveolar bone walls was
checked. (C) Bovine xenograft mixed with autologous bone and placed into extraction socket. A
resorbable membrane was placed buccally. (D) Primary wound closure with connective tissue graft.
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In the cases where autologous dentin graft was used, the material was prepared ac-
cording to the manufacturer’s recommendations [36]. The extracted teeth were thoroughly
manually cleaned with a high-speed carbide bur. Before grinding, all filling materials, cal-
culus, caries, periodontal ligament, discolored dentin and part of the enamel were removed.
After drying with an air syringe, the clean teeth were ground in a sterile chamber of the
Smart Dentin Grinder (SDG) (KometaBio Inc., Cresskill, NJ, USA). The SDG device was
programmed to collect 300–1200 μm particles in the collection chamber. To remove all
organic debris and bacteria, the particle teeth were immersed in an alcohol-based basic
cleaner for 5 min in a sterile container. They were then dried with sterile gauze. The
particles were then rinsed twice in sterile phosphate-buffered saline and were ready to be
used as graft material.

All patients were instructed to take the prescribed antibiotics and analgesics as needed
and to rinse the mouth with chlorhexidine-based fluids for one month after treatment.
Follow-up examinations were performed 10, 30, and 60 days after the procedure. Four
months later, patients were called again for restoration with a dental implant.

4.3. Bone Biopsy Collection

Bone biopsy was performed 4 months after bone augmentation simultaneously with
implant bed preparation. Bone samples were harvested using a trephine burr with a diam-
eter ranging from 2.3 to 2.8 mm (Helmut Zepf, Seitingen-Oberflacht, Germany) (Figure 6).
The diameter of the trephine bur is smaller than that of the final burr in the implant set,
which is important to avoid additional bone removal. The collected biopsies were preserved
in 4% buffered paraformaldehyde and then forwarded to the laboratory for histological and
immunohistochemical analysis. Finally, a dental implant (BEGO Semados RSXPro, Bego
GmbH, Bremen, Germany) was placed.

Figure 6. Biopsy collection. (A) Trephine bur in maxilla. (B) Closer view of the bone sample.

4.4. Histology and Immunohistochemistry

Fixed bone tissue samples were decalcified in Osteofast 2 solution (Biognost, Zagreb,
Croatia), embedded in paraffin wax and cut into 5 μm thick tissue sections. Tissue sections
were then stained with hematoxylin-eosin and examined under a light microscope with a
video camera. For histomorphometric analysis, photomicrographs at 10× magnification
were transferred to ImageJ v1.53 software (NIH, https://imagej.nih.gov/ij/). Histomor-
phometric analysis determined the percentage of newly formed bone, residual biomaterial,
and soft tissue.

For immunohistochemical analysis, previously prepared 5 μm thick tissue sections
were deparaffinized, dehydrated, and then treated with 0.3% H2O2 and incubated in
citrate buffer for antigen retrieval. Sections were treated with rabbit polyclonal anti-TNF-α
antibody (ab6671, Abcam, Cambridge, UK), and rabbit polyclonal anti- BMP-4 antibody
(ab124715, Abcam, Cambridge, UK). After washing, incubation, and visualization with 3,3′-
Diaminobenzidine (ab64238, Abcam, Cambridge, UK), the samples were embedded with
entellan (Sigma-Aldrich, St. Louis, MO, USA) and examined under the light microscope in
conjunction with a video camera.
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Quantification of immunohistochemical staining was analyzed on previously recorded
photomicrographs using the computer program cellSense v3.2. Photomicrographs taken
at 200× magnification were subjected to intensity separation, its conversion to black and
white, and background signal subtraction. The regions of interest were determined and
placed on the obtained image display, and the final result was shown as the mean value of
the color intensity—mean gray value. Histological and immunohistochemical examination
were blindly performed by one investigator (O.C.P.).

4.5. Radiological Assessment

Cone beam computed tomography (CBCT) scans were performed with the three-
dimensional (3D) Promax (Planmeca OY, Helsinki, Finland). The scan was performed with
a resolution of 0.3 mm (scan time: 8.5 s, exposure time: 4 s, 120 kV, 5 mA). Radiographic
assessment was performed at two time points. The first time point was before tooth
extraction, and the second was at follow-up 4 months after extraction and augmentation.
Identical configurations were used in both time periods. Radiological assessment was
performed by measuring the width of the alveolar ridge (buccolingual dimension) at
two time points. The width of the alveolar ridge was defined as the distance between the
most prominent points buccally and orally (Figure 7). All measurements were performed
by a single investigator (M.O.).

Figure 7. CBCT assessment protocol. The buccolingual dimension was measured between the most
prominent points buccally and orally (purple marked line) at two time points—before extraction (A)
and four months after (B).

4.6. Statistical Analysis

All data were transferred to a Microsoft Excel spreadsheet. Statistical analysis was
performed using IBM SPSS Statistics (25.0, SPSS Inc., Chicago, IL, USA). Kolmogorov–
Smirnov test was used to test the normality of the distribution. The data were normally
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distributed. The mean and standard deviation were used to present quantitative data.
To compare results between groups, the Student’s t-test and two-tailed t-test were used.
p values < 0.05 are considered significant.
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Abstract: Recently, our group developed two different polymeric biomaterials with photodynamic
antimicrobial surface activity for periodontal bone regeneration. The aim of the present study
was to analyze the biocompatibility and osseointegration of these materials in vivo. Two bioma-
terials based on urethane dimethacrylate (BioM1) and tri-armed oligoester-urethane methacrylate
(BioM2) that additionally contained ß-tricalcium phosphate and the photosensitizer mTHPC (meso-
tetra(hydroxyphenyl)chlorin) were implanted in non-critical size bone defects in the femur (n = 16)
and tibia (n = 8) of eight female domestic sheep. Bone specimens were harvested and histomor-
phometrically analyzed after 12 months. BioM1 degraded to a lower extent which resulted in a
mean remnant square size of 17.4 mm2, while 12.2 mm2 was estimated for BioM2 (p = 0.007). For
BioM1, a total percentage of new formed bone by 30.3% was found which was significant higher
compared to BioM2 (8.4%, p < 0.001). Furthermore, BioM1 was afflicted by significant lower soft
tissue formation (3.3%) as compared to BioM2 (29.5%). Additionally, a bone-to-biomaterial ratio of
81.9% was detected for BioM1, while 8.5% was recorded for BioM2. Implantation of BioM2 caused
accumulation of inflammatory cells and led to fibrous encapsulation. BioM1 (photosensitizer-armed
urethane dimethacrylate) showed favorable regenerative characteristics and can be recommended for
further studies.

Keywords: alloplastic bone graft; alveolar bone; bone defects; bone label; bone substitute; meso-tetra(hydroxy
phenyl)chlorin; ovine bone model; periodontitis; photodynamic therapy; polyfluorochromes

1. Introduction

Periodontitis is an infectious and inflammatory oral disease which is characterized by
destruction of the tooth supporting tissue [1–3]. Clinically, periodontitis appears in signs of
inflammation such as bleeding on probing, formation of periodontal pockets, and increased
tooth mobility in the later stages.

A successful periodontitis treatment is characterized by a reduction in periodontal
inflammation signs, a decrease in periodontal pocket depths and in long-term suppression
of periodontopathogenic bacterial species.

After initial anti-infectious therapy, periodontal pockets might still persist which is
often associated with the presence of deep intrabony defects [4].

In those cases, different surgical and non-surgical regenerative procedures are applied
which also involve the use of resorbable or non-resorbable membranes, growth and differ-
entiation factors, enamel matrix proteins and autologous, heterologous bone grafts and/or
xenografts [5–11].
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Because of the high practicability, alloplastic bone grafts such as bioceramics (e.g.,
absorbable/non-resorbable hydroxyapatite, beta-tricalcium phosphate), bioglasses, metals,
calcium phosphate cements and polymers are also of special interest [12–15].

Unfortunately, none of these materials currently meet all necessary clinical require-
ments such as providing sufficient mechanical stability paired with efficient osteo-inductive
and -conductive properties as well as mechanisms to fight local infections of the implant
site.

In this regard, our group already published data showing that polymers of poly(vinyl
butyral-co-vinyl alcohol-co-vinyl acetate), urethane methacrylate and functionalized oligo-
lactones have promising characteristics [16]. Due to their highly adaptable nature, synthetic
polymers meet the requirements of many biomedical approaches. This includes mecha-
nisms for regulating mechanical properties, porosity, biodegradation, surface topography,
and wettability [17,18]. Furthermore, synthetic polymers provide the necessary mechanical
strength while being replaced by newly formed bone [19]. The opportunity to include
antimicrobial agents into the polymeric matrix is a further advantage [20].

As there is also a high clinical need for new and innovative antibiotic-free materials, the
incorporation of a so-called photosensitizer is one favorable approach [21–23]. As already
proven by various authors, illumination of photosensitizer-armed materials by light of an
appropriate wavelength results in sufficient suppression of local microbes [24–26]. Up to now,
photodynamic active materials are mainly investigated in their efficiency to treat infected
wounds or are tested for their practicability in tumor therapy [27–31].

To the best of our knowledge, there are currently no studies available that focus
on photosensitizer-armed materials for bone regeneration. To fill this gap, our group
recently introduced two different photosensitizer-doted biomaterials based on urethane
dimethacrylate (BioM1) and tri-armed oligoester-urethane methacrylate (BioM2) [32]. In
order to ensure a sufficient photodynamic antimicrobial effect, the photosensitizer meso-
tetra(hydroxyphenyl)chlorin (mTHPC) was included into the matrix of both polymers. As
already proven, mTHPC is of strong photodynamic activity and capable in suppressing
oral pathogens to significantly high extents [32–34].

Up to now, osseointegration and biocompatibility of BioM1 and BioM2 were not yet
observed in vivo. Therefore, the present animal study aimed to investigate the perfor-
mance of both materials in non-critical bone defects after implantation for 12 months.
Both materials were analyzed by histomorphometric and histological methods in order to
determine their osseoinductive and bone integrative characteristics. Furthermore, newly
formed tissue and the adjunctive bone were investigated for signs of adverse effects and
inflammatory responses.

2. Results

In the present animal study, two different polymeric biomaterials armed with mTHPC
were implanted in the femur and tibia of sheep. After 12 months of implantation bone
samples were collected and analyzed by histological and histomorphometric methods.

After 12 months, BioM1 remnants showed a mean square area of 17.4 mm2, while
12.2 mm2 were estimated for BioM2. At baseline an initial area of the bone defect was
calculated with 19.6 mm2. Remnants of BioM2 were significant smaller in the tibia (p < 0.001)
and in the femur (p = 0.007) as compared to BioM1 (Figure 1a).

Total bone was detected in the ROI by 30.3% in femur defects filled with BioM1,
whereas only 8.4% was found in case of BioM2. Both values were also significantly different
(p < 0.001). In the tibia defect sites a total bone value of 28.6% was estimated in the ROI for
holes filled with BioM1 and 20.4% for those obturated with BioM2. The results are shown
in Figure 1b.
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Figure 1. Histological evaluation after implantation of BioM1 and BioM2 in the femur and tibia
of sheep for 12 months: (a) square area of the biomaterial remnants; (b) percentage of bone in
the ROI; (c) percentage of soft tissue in the ROI; (d) bone-to-implant contact at the biomaterial to
tissue interface.

In addition to the bone volume, the percentage of fibrous soft tissue in the ROI was
also determined. BioM1 showed a soft tissue value of 3.3% in the femur samples, while
in case of BioM2 a higher soft tissue value was detected (29.5 %, p < 0.001). In case of the
tibia defects, soft tissue was estimated by 3.8% for BioM1 and 15.8% for BioM2 (p = 0.014),
(Figure 1c).

In the present study, the bone-to-biomaterial contact was also evaluated at the bone
interface. It was found that BioM1 showed a bone-to-biomaterial ratio of 81.9% in the
femur and 56.2% in the tibia (p = 0.005). In contrary, BioM2 showed a bone-to-biomaterial
contact of only 8.5% in the femur and 16.4% in the tibia. The results for both biomaterials
are displayed in Figure 1d.

55



Int. J. Mol. Sci. 2023, 24, 6200

As observed in the decalcified histological bone sections, BioM2 was encapsulated by
soft tissue to a much higher extent as compared to BioM1. Additionally, an infiltration with
fat and giant cells was only observed in defects filled with BioM2.

In case of BioM1, a pronounced formation of trabecular bone was observed. Though,
only minor bone formation occurred in defects filled with BioM2. Representative decalcified
and stained histological sections of BioM1 and BioM2 are shown in Figure 2.

Figure 2. Representative decalcified and stained histological sections of BioM1 and BioM2: (a) de-
fects (D) filled with BioM1 revealed a homogeneous bone-to-biomaterial interface with no signs of
fibrous encapsulation; (b) defects filled with BioM2 are characterized by a pronounced enclosure
with fibrous tissue (purple, ST). Further, osteolytic zones (OL) and univacular fat cells (UFC) are
additionally present within the bone-to-biomaterial interface of implanted BioM2. Scale bar 500 μm.
(PB: peripheral bone).

Defects filled with BioM1 showed no signs of inflammation or adverse effects. The
interface of implanted BioM1 revealed homogeneous cancellous bone in close contact to
the biomaterial surfaces.

On the other hand, remnants of BioM2 were enclosed by a sheath of fibrous tissue.
Furthermore, osteolytic zones filled with fibrous tissue and fat cells were also discovered.
Adjunctive tissue of BioM2 was affected by a strong infiltration with lymphocytes and
giant cells (Figure 3).

Figure 3. Histological sections of implanted BioM2: (a) surrounding tissue shows infiltration by
lymphocytes (LC) and giant cells (GC) (left image). Peripheral bone (PB) is present in the left upper
corner of the defect site (D). Scale bar 50 μm; (b) osteolytic zones (OL) filled with fibrous tissue and
inflammatory signs are present in the interface regions. Scale bar 1000 μm.
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The results of the assigned four-graded ROI evaluation score are presented in detail
in Figure 4. It is clearly demonstrated that a score of grade 1 (new formed bone, totally
mineralized) was detected most frequently in defects filled with BioM1 (p = 0.02). In
contrast, in defects filled with BioM2 a score of grade 3 (fibrous soft tissue, uncalcified) was
primarily assigned (p = 0.004).

Figure 4. Summary of the four-graded histological evaluation score after implantation of BioM1 and
BioM2 for 12 months.

In summary, bone defects filled with BioM1 showed high amounts of mineralized
bone in the ROI (96.18%), while fibrinous tissue was detected for 3.82%, only. In the case of
BioM2, bone was present by 18.3% only, while the amount of uncalcified fibrous tissue was
clearly increased (grade 3).

3. Discussion

In the present study, osteointegration and biocompatibility of two polymeric bioma-
terials based on urethane dimethacrylate (BioM1) and a tri-armed oligoester-urethane
methacrylate (BioM2) were investigated in an ovine bone model. Both biomaterials were
implanted in non-critical size defects in the femur and tibia of sheep.

Osteointegration and biocompatibility was determined by histomorphometric analysis
after an implantation period of 12 months. In detail, the remaining biomaterial size, the
percentage of bone and soft tissue in the ROI as well as the bone-to-biomaterial contact
were evaluated.

As shown by the results, BioM1 was sufficiently osseointegrated with the highest
amount of mineralized tissue in the ROI. Results from the four-graded classification scale
showed bone formation by 96.18%. In contrast, implantation of BioM2 (oligoester-urethane
methacrylate based) caused chronic inflammation and fibrous encapsulation. In the case of
BioM2, bone in the ROI was only detected by 18.3%.

Similar results are reported from scaffolds fabricated from polymethyl methacrylate
(PMMA) which were also not osseointegrated after implantation for 12 months. The same
as for BioM2, the implanted material was encapsulated by a sheath of fibrous tissue. In
comparison, mineralized tissue was found for titanium scaffolds by 39.1%, followed by
implants manufactured from poly(D,L-lactic acid) (31.5%) and porous ultra-high molecular
weight polyethylene (6.4 to 10.1%) [35].

The performance of methacrylate-based grafting was also observed by other authors.
Recently, it was reported that bioscaffolds composed of Sr-containing mesoporous bioac-
tive glass nanoparticles embedded in a gelatin methacrylate matrix present enhanced
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osteogenic, angiogenic, and immunomodulatory properties [36]. Furthermore, a novel
graphene oxide modified expandable polymethyl methacrylate-based bone cement re-
vealed improved physiochemical properties with sufficient cytocompatible, and osteogenic
characteristics [37]. Methacrylated silk was also recently tested to verify its ability to
support osteogenesis. It was shown that scaffolds from methacrylated silk are biocompati-
ble and present reliable osteoconductive features [38]. Moreover, the performance of 3D
printed gelatin methacrylate hydrogel has formerly been investigated after implantation
in rat condyle defects. Whereas optimal tissue integration was observed via histology, no
signs of fibrotic encapsulation or inhibited bone formation were attained [39].

Using sheep for biomaterial testing is common, especially in orthopedic research,
because their parameters are similar to those of humans, such as the anatomic structure
of bone and joints, body weight, mineral bone metabolism and responses to mechanical
loads [40,41]. The applied model was first introduced in 2008 and revised in 2014 [42,43]. In
the present investigation a modified version was introduced which allows serial sampling
in the same animal with similar environmental conditions. If necessary, all stages in bone
healing can easily be addressed. The applied surgical procedure was also well tolerated by
the experimental animals. Although sheep cancellous bone models are now well established
for the assessment of new bone substitutes, the limited availability of cancellous bone makes
it difficult to find multiple comparable sites within the same animal [42]. Therefore, the
described ovine model was chosen for testing biocompatibility and osseointegration of
BioM1 and BioM2 in the present investigation.

In addition to large animal studies, in silico methods are of increasing interest. Com-
putational simulation approaches for investigating mechano-biological principles behind
scaffold-guided bone regeneration and the influence of the scaffold design on the regenera-
tion process are already described [44,45]. Especially for the treatment of large bone defects
with manufactured bone grafts and in joint replacement surgery, in silico analyzation
methods show great predictive potential [46,47].

However, in the present investigation, both materials degraded to different extents.
At the end of the study period a mean square area of 17.4 mm2 was detected for remaining
BioM1 and 12.2 mm2 for BioM2, which was statistically significant in respect to the defect
size estimated at baseline (19.6 mm2).

These results are in line with findings observed by our group previously. As shown,
BioM2 degrades to a much faster extent compared to BioM1. During immersion in distilled
water for 28 d, BioM2 lost weight by 67%, while BioM1 degraded by only 4% [32].

The inert nature of BioM1 can thereby be referred to its hydrophobic chemical structure.
Unlike BioM2, which is of higher hydrophilicity, BioM1 withstands hydrolytic cleavage to
a much greater extent [48].

In the present study, the bone-to-biomaterial contact ratio was analyzed as well. As
shown by the results, BioM1 presented a bone-to-biomaterial-contact of 81.9%. In contrast,
a contact rate of only 8.5% was observed for BioM2.

Overall, the bone-to-biomaterial contact of BioM2 can be considered rather low. In
a similar study, osseointegration of titanium and polyetheretherketone (PEEK) implants
in the tibia and femur of sheep were observed. The results revealed a percentage of the
bone-to-implant contact by 59.3% for titanium and 11.5% for PEEK [49].

In the present investigation, BioM2 was affected by fibrous tissue encapsulation, while
BioM1 showed a close contact to the surrounding bone. Similar results as for BioM1 were
reported for implants manufactured from hydroxyapatite. Here, a bone-to-implant contact
of 74% was reported [50]. In this context, BioM1 showed a mean bone-to-biomaterial ratio
of 81.9% in the femur and 56.2% in the tibia.

In addition, no inflammatory reactions or fibrous tissue formation was observed in
the ROI of BioM1. In contrast, the implantation of BioM2 resulted in chronic inflammation.
The inflammatory response associated to BioM2 can probably be referred to cytotoxic
byproducts that origin from the degradation process. As it was shown, hydrolytic cleavage
of polyester urethane acrylates causes the emerging of various acidic substances such as
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poly-(methacrylic acid), ethylene glycol, diethylene glycol, lactic acid and glycolic acid
which leads to a local drop in the tissue pH [51].

In this regard, it is known that the appearance of acidic degradation products causes
tissue inflammation and an impaired healing [52]. In order to increase biocompatibility and
to counteract the cytotoxic effects of the acidic degradation products, calcium phosphate
particles are often additionally applied to the polymeric matrix [17,52,53].

In the present study, both polymers were also additionally substituted with ß-tricalcium
phosphate nanoparticles for increasing the porosity of the biomaterial body and to improve
osseointegration [32,54]. In this context it was observed that especially tortuosity has a
significant effect upon the scaffolds’ permeability and shear stress values [55]. Morphologic
parameters such as porosity, specific surface area, thickness, and tortuosity are important
and hence need to be discovered for BioM1 and BioM2.

In the case of BioM2, giant cells and osteolytic bone defect zones were discovered
in the adjunct tissue. The formation of foreign body giant cells is in general a result of
fused macrophages that faced a frustrated process of phagocytosis [56–58]. The presence of
foreign body giant cells, osteolytic zones and signs of a fibrous encapsulation indicate that
BioM2 is of rather low biocompatibility.

As a result of the inflammation process, BioM2 also showed a lower bone-to-biomaterial
contact rate as compared to BioM1. In detail, BioM2 featured a bone contact of 8.5% in
the femur and 16.4% in the tibia, while implantation of BioM1 resulted in a bone contact
of 81.9% in the femur and 56.2% in the tibia. After 12 months of implantation, it was
recognized that BioM2 was almost entirely enclosed by a sheath of fibrous tissue, while in
case of BioM1 no signs of adverse effects were observed.

The formation of a fibrotic capsule can be referred to a variety of pro-fibrotic growth
factors such as PDGF, VEGF, and TGF-β, which are secreted by macrophages and also by
several other immune cells. These factors cause activation of fibroblasts and endothelial
cells, which start to deposit collagen and other extracellular matrix proteins on the surface
of the grafted material. The deposited matrix subsequently matures into a peripheral
fibrous capsule, which causes mechanical impairment and insufficient interactions of the
biomaterial with the adjunct tissue [59].

Both biomaterials, also contained the photosensitizer mTHPC that enables a strong
antibacterial surface effect upon illumination with light at 652 nm. As shown by various
authors, antimicrobial photodynamic therapy (aPDT) is efficient in suppressing different
oral pathogenic bacterial species to significant high extents [33,34,60–63]. aPDT is also
considered an alternative to the systemic treatment of biofilm-related infectious diseases
with antibiotics [64–66]. Due to the incorporation of mTHPC into the biomaterial matrix,
singlet oxygen and other reactive oxygen species (ROS) are produced upon light exposure
causing destruction of adherent bacterial cells. Investigations of our group have already
shown that illumination of the mTHPC-doted biomaterials with red laser light (652 nm)
caused complete inhibition of Porphyromonas gingivalis and led to a significant decrease in
Enterococcus faecalis [32]. The photodynamic antimicrobial activity of both implanted mate-
rials was not observed in the present investigation, which limits the overall merit. However,
it still needs to be determined whether the photodynamic activity of both biomaterials is
also efficient in vivo. A further limitation might be the fact that no additional controls are
included. Therefore, the bone regenerative capacity is not comparable to already known
grafting materials. Further, the number of tibial bone defects might be increased in order to
obtain an even distribution of samples. Information upon the morphology of BioM1 and
BioM2 is still limited. Parameters such as porosity, specific surface area, thickness, and
tortuosity are important and need yet to be investigated in detail.

Up to now, various photodynamic active materials are already under investigation [67].
However, examinations upon the efficiency in vivo, especially in the case of periodontal
lesions are hence needed.
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4. Materials and Methods

4.1. Characterization of the Biomaterials

In the present animal study, two light curable biomaterials, BioM1 based on urethane
dimethacrylate and BioM2 based on tri-armed oligoester-urethane methacrylate (BioM2) were
applied. Both investigated biomaterials, BioM1 and BioM2, additionally contained β-tricalcium
phosphate microparticles loaded with 20 wt% of the photosensitizer mTHPC. All chemicals
were obtained from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany. The photosensitizer
mTHPC was kindly provided by biolitec research GmbH, Jena, Germany. The biomechan-
ical and antimicrobial photodynamic properties of both materials were evaluated by our
group in a previous examination [32]. Structural formulas of the applied polymers (urethane
dimethacrylate—BioM1, tri-armed oligoester-urethane methacrylate—BioM2) are presented
below (Figures 5 and 6).

Figure 5. Structural formula of urethane dimethacrylate (the main component of BioM1).

Figure 6. Structural formula of oligoester-urethane methacrylate (the main component of BioM2).

4.2. Surgical Procedure and Biomaterial Application

All experiments were conducted in accordance to the German law of animal pro-
tection and welfare. The investigation was authorized by the Thuringia Regional Office
for Food Safety and Consumer Protection (protocol code: 02-036/10; date of approval:
14 October 2010).

Eight female domestic sheep (Ovis gmelini aries) obtained from a local breeder with
a mean age of 12 months were used in this prospective study. Prior to surgery, all ani-
mals were acclimated for 2 weeks at the Central Animal Facility and Service Department,
University Hospitals Jena, Germany. The sheep were assigned into two groups with four
animals each. In the first group biomaterial 1 (BioM1) and in the second group biomaterial
2 (BioM2) was implanted.

For implantation, the femoral (distal) and tibial (proximal) epimethaphysial region
of the right hind limb was chosen. Surgery was performed under general anesthesia. The
animals were placed in right side recumbency and the skin of surgical side was disinfected
with iodine (Braunoderm®, B.Braun AG, Melsungen, Germany). At first, an approximately
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10 cm long incision was applied at the medial side of the distal femur epiphysis 1 cm
proximal of the knee joint capsule longitudinally and parallel to the bone axis. The cortical
bone was reached through incision of the local muscles and by dissection of the periosteum.

Two 5 × 6 mm cylindrical holes were drilled in the femoral epiphysis by using a
water-cooled trephine. A minimal distance of 20 mm was kept in between the drilled holes
to reduce the risk of fracture and to ensure proper healing and harvesting of the bone
specimens at the end of the study.

The defects were filled with either BioM1 or BioM2. Prior to insertion of the biomate-
rials, the holes were dried using sterile cotton balls. When relative dryness was reached,
the gel-like biomaterials were quickly injected in 2 mm thick layers and instantly pho-
topolymerized for 40 s each using a calibrated dental light curing unit (Bluephase, 830
mW/cm2, Ivoclar–Vivadent, Ellwangen, Germany). Polymerzation is shown in Figure 7a.
After the bone defects were completely filled, the surface of each polymerized biomaterial
was whipped once with a 70% ethanolic solution (Figure 7b). The position of the filled
defects sites was marked by insertion of a 4 mm long titanium pin (Geistlich Biomateri-
als, Baden-Baden, Germany). The position of the pin in relation to the defect sites was
transferred to a transparent plastic foil which was used for relocation after euthanasia.
Subsequently, the periosteum was closed and the muscle fascia, subcutaneous tissue and
skin were sutured with an absorbable thread.

Figure 7. Biomaterial application: (a) light-polymerization; (b) solid biomaterial in the femur.

Afterwards, a second approximately 5 cm long incision was applied at the medial side
of the proximal tibial epiphysis 1 cm distal of the knee joint capsule longitudinally and
parallel to the bone axis. The cortical bone was exposed as described above and another
defect of identical dimension was prepared and obturated by the identical biomaterial as
already implanted into the femur.

After marking the location of the implant sites using a titanium pin and plastic foil,
a suture was applied. Finally, both surgical sites were dressed with an aluminum based
wound spray and medio-lateral as well as dorso-plantar X-ray images were taken as controls
and for documentation of the healing progress. The location and total number of filled
defect sites are summarized in Table 1. Antimicrobial prophylaxis and post-surgical pain
control were applied. Animals were euthanized after 12 months of biomaterial implantation
using a standardized protocol.
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Table 1. Location and total number of bone defects filled with BioM1 or BioM2.

Animal ID Sample ID Femur Tibia

BioM1 S4 S4FP 2 -
S4TP - 1

S5 S5FP 2 -
S5TP - 1

S6 S6FP 2 -
S6TP - 1

S7 S7FP 2 -
S7TP - 1

8 4

BioM2 S12 S12FP 2 -
S12TP - 1

S13 S13FP 2 -
S13TP - 1

S14 S14FP 2 -
S14TP - 1

S15 S15FP 2 -
S15TP - 1

8 4

4.3. Sample Preparation and Histological Sectioning

After euthanasia, collected bone specimens were fixed in 5% formaldehyde solution
for 5 d and subsequently cut under constant water cooling in two halves using the LEITZ
1600 microtome (Leica Microsystems GmbH, Bensheim, Germany). Each cortical halve
of the bone sample was subjected to dehydration in solutions with increasing content
of ethanol (50%, 70%, 80%, 2 × 96%, 3 × 100% ethanol) and afterwards embedded in
Technovit 9100® (Kulzer GmbH Kulzer Technik, Wehrheim, Germany). The embedded
specimens were then sectioned using the LEITZ 1600 microtome (Leica Microsystems
GmbH, Bensheim, Germany). Subsequently, each sample was grounded to 10–20 μm
of thickness using abrasive papers with different granulation from 300 to 4000 grit and
subjected to Masson-Goldner staining.

The second halve of the divided bone sample was decalcified in 25% EDTA (pH 7.4) at
37 ◦C for 4 to 10 weeks. The decalcifying procedure was completed when the specimen
could easily be penetrated by a fine needle.

After the decalcification process, samples were dehydrated in an alcoholic series and
embedded into paraffin. Each paraffin block was then sectioned and the obtained 5 μm
thick samples stained with hematoxylin eosin (HE). Histological allocation of the collected
bone specimens can also be observed in Figure 8.

Figure 8. Assignment of the collected bone sample to the respective histologic evaluation method.
The biomaterial remnant is expressed by light green. Bone is presented in light red color.
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4.4. Histomorphometry

Undecalcified and stained histologic sections (n = 30) were observed using the micro-
scope Jenaval (Carl Zeiss MicroImaging GmbH, Jena, Germany) at 10× to 125× magnifica-
tion. Microscopic images were documented using the software AxioCam® and AxioVision®

(release 4.6.3., Carl Zeiss MicroImaging GmbH, Jena, Germany). Data was analyzed using
the freeware ImageJ® (1.50i, Wayne Rasband, National Institutes of Health, Bethesda, MD,
USA). An ROI (region of interest) around the implanted biomaterial of 500 μm in width
was defined and the percentage of bone and soft tissue determined (Figure 9).

Figure 9. Masson-Goldner stained undecalcified section; (1: biomaterial, 2: bone, 3: soft tissue, 4: ROI
500 μm (yellow circle)).

In detail, each histological section was analyzed with regard to the square area of the
biomaterial remnants, percentage of bone and soft tissue in the ROI and biomaterial-to-bone
contact ratio.

Decalcified and HE stained sections were observed using the microscope Jenaval (Carl
Zeiss MicroImaging GmbH, Jena, Germany) at 1× to 250× magnification. From each bone
specimen, five different sections were chosen and evaluated by applying an ROI of 250 μm
(Figure 10).

Figure 10. Decalcified and HE stained sections with a ROI of 250 μm (yellow circle). Biomaterial
body (1) is in close contact to the surrounding bone (2).

63



Int. J. Mol. Sci. 2023, 24, 6200

The ROI was examined by applying a four-graded scoring system (Table 2). The score
was adapted and modified [68] and comprises elements from the DIN EN ISO 10993-6:2017
guidelines [69]. Examples for each score (1–4) are presented in Figure 11. A workflow of
the study is presented in Figure 12.

Table 2. Four-graded histological evaluation score adapted and modified from DIN EN ISO 10993-
6 [69].

Score Definition

1 Completely mineralized bone with the presence of
osteoblasts and/or osteocytes

2 Deposited connective tissue within the bone matrix
3 Connective tissue without signs of bone in the ROI
4 Additional appearance of univacular fat cells

Figure 11. Four-graded histological evaluation score: (a) summary of all scores (1 to 4) blended in
one single image. The ROI is marked by a greyish circular zone. Bone-to-biomaterial interface is
indicated by a yellow line. Scale bar 500 μm; (b–e) respective examples for each evaluation score.
Scale bar 100 μm. (D: defect zone with biomaterial remnants, NB: new-formed bone, ST: soft tissue,
PB: peripheral bone, UFC: univacuolar fat cells, FE: fibrous encapsulation).
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Figure 12. Workflow of the study.

5. Conclusions

The results of the present study revealed that BioM1 (photosensitizer-armed ure-
thane dimethacrylate) was bone-integrated to a significantly higher extent compared to
BioM2 (photosensitizer-armed oligoester-urethane methacrylate). In case of BioM1, high-
quality bone was formed in the ROI without any signs of adverse effects. Due to the
slow degradation of BioM1, structural stability is provided for a longer period of time. In
contrast, implantation of BioM2 resulted in chronic inflammation and increased fibrous
tissue formation at the bone-to-biomaterial interface.

It can be concluded that BioM1 has promising regenerative and biocompatible charac-
teristics. The material can therefore be recommended for further studies that focus on bone
regeneration in regions where an additional structural support as well as stabilization is
needed. Hence, it needs to be investigated, if those materials are capable of treating intra-
bony periodontal lesions sufficiently. Moreover, detailed information upon the antibacterial
efficiency of photosensitizer-armed grafting materials still has to be obtained in vivo.
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Abstract: Following trauma, chronic periapical process, or tooth extraction, a large loss of bone
volume is noticed during the healing process. To facilitate the placement of dental implants, various
surgical procedures are used for an optimal alveolar ridge profile, while maintaining adequate bone
dimensions. The main aim of this study was to determine the healing ability (histologically and
immunohistologically) of alveolar bone defects during augmentation with two different biomaterials:
injectable biphasic calcium phosphate (BCP) and anorganic bovine bone (ABB). Thirty-eight subjects
were randomly divided into two groups. The first group received the tested bone substitute bioma-
terial (BSB), i.e., BCP (maxresorb inject®), and the second group received an alternative to the gold
standard, i.e., ABB (Bio-Oss®). The histopathological, histomorphometric, and immunohistochemical
analyses gave comparable results for these bone substitute materials in terms of newly formed
bone: (BCP: 39.91 ± 8.49%, ABB: 41.73 ± 13.99%), residual biomaterial (BCP: 28.61 ± 11.38%, ABB:
31.72 ± 15.52%), and soft tissue (BCP: 31.49 ± 11.09%, ABB: 26.54 ± 7.25%), with no significant
difference found between the groups (p < 0.05, t-test), proving that BCP is equally suitable and
successful for alveolar bone regeneration.

Keywords: alveolar bone regeneration; anorganic bovine bone; biphasic calcium phosphate;
histology; immunohistochemistry

1. Introduction

Following trauma, chronic periapical process, or tooth extraction, a large loss of bone vol-
ume is noticed during the healing process [1,2]. Two-thirds of bone loss occurs on the vestibular
side, and most alveolar changes in the extraction socket occur in the first year after tooth
extraction [3,4]. In the first six months after tooth extraction, horizontal bone loss of 29–63%
and vertical bone loss of 11–22% have been reported in previous human studies [5–7].
However, the ultimate goal of implant therapy is to restore missing teeth by positioning
the implant in an anatomically correct, aesthetically pleasing, and functional location [8].
To facilitate the placement of dental implants, various surgical procedures are used for
an optimal alveolar ridge profile, while maintaining adequate bone dimensions [9,10].
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Alveolar ridge preservation is described as “any method before or after tooth extraction
that aims to limit ridge resorption and promote bone growth within the alveolus“; as such,
it has attracted the interest of many researchers. Alveolar bone regeneration provides
many different biomaterials (BSB), such as autogenous bone from oral and extra oral sites,
allografts, xenografts, and synthetic biomaterials [11–13]. The main function of the BSB is
to provide mechanical support and stimulate bone regeneration, with the ultimate goal of
creating new bone [14]. In addition, BSB must reduce the risk of biological side effects [15].
Furthermore, BSB must prevent the breakdown of the structural scaffold for bone formation
and preferably be replaced by newly formed bone through bone resorption and remodeling
by osteoclasts [16–19]. According to studies, all current BSBs reach only the osteoconductiv-
ity requirement and instead serve as a structural scaffold for regenerative processes [20–22].
None of the products available today have all the characteristics that make them ideal for
BSBs, such as nontoxicity, ease of handling, low immunogenicity, affordability, ability to
induce blood vessel growth, biocompatibility, and osteoinductive and osteoconductive
properties [14,23]. Because it remains the only marrow for healing that possesses all four
of the critical biological characteristics of bone, autogenous bone is considered the gold
standard in the therapeutic use of bone augmentation [24,25]. However, autografts also
have a number of disadvantages. During augmentation and remodeling, autogenous
bone tends to lose up to 60% of its volume [26]. Due to additional disadvantages such as
secondary surgical site, limited availability, bleeding risk, edema, postoperative pain, and
increased surgical costs, BSBs have been developed as an alternative [27–34]. An allogeneic
bone graft is derived from an individual belonging to the same species but with a different
genotype. The avoidance of a secondary surgical site and a shortened procedure time
are the advantages of such BSB. Several risks associated with such BSB can be mitigated
by tissue processing, such as sterilization, ultrasonic cleaning, gamma irradiation, and
demineralization [35]. In addition, increasing regulatory restrictions on the use of allografts
in Europe have led to the production of new materials of other origins, such as animal or
synthetic [36,37].

Xenografts are used as an alternative to the gold standard. Most scientific research
mentions deproteinized bovine bone, porcine bone, and more recently, horse bone [38].
Deproteinized bovine bone is the most typical source of xenografts in dentistry. To pro-
duce a porous hydroxyapatite (HA) material containing only the anorganic components
of bovine bone, the bone is either thermally deproteinized and/or chemically processed
e.g., NaOH. The resulting porous structure can provide strong mechanical support and
promote healing. The porous structure also has a large surface area and promotes angiogen-
esis, i.e., the formation of new blood vessels. Several studies have shown that HA is fully
integrated into regenerated bone. Studies have shown that the risk of disease transmission
is minimal, despite the suspected possibility of organic residues in bovine bone substitutes,
but questions remain [39]. The absorption of bovine bone HA is active but seems to be very
slow. Indeed, the material is degraded more slowly than it is resorbed [40–42]. A bone
biopsy after alveolar ridge augmentation confirms that particles of bone graft substitute of
bovine origin can be found up to 10 years after the procedure. Therefore, xenografts are
considered as nonabsorbable biomaterials in daily practice [43].

The term alloplastic bone grafts refers to synthetic biomaterials. Synthetic materials
currently exhibit only osteoconductive properties. Materials that belong in this category
include metals, polymers, polyglycolides, calcium phosphate cements, HA, tricalcium
phosphate (TCP), and bioglass [20,44]. The biocompatibility/histocompatibility and osteo-
conductivity of these alternatives are advantageous. In addition, no donor site is required
and there is no risk of infectious disease transmission [45–47]. The efficacy of alloplastic
biomaterials depends on maintaining the space for new bone formation and the rate of their
resorption. Many of the alloplastic materials are resorbed slowly or not at all, which is one
of the disadvantages. New bone requires the space originally occupied by the bone graft.
However, if the bone material is not resorbed, the available space for bone formation is
limited, reducing the overall volume of newly formed bone [48,49]. Synthetic calcium phos-
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phates which are most commonly used in dentistry consist either of solid HA, β-tricalcium
phosphate (β-TCP), or a mixture of the two called biphasic (two-phase) calcium phosphates
(BCP), composed of 16.5% biphasic granules and 83.5% nano-HA gel, which was used in
our study [28,50]. HA is very slowly resorbed, therefore serving as a support to maintain
the integrity and completeness of the defect due to its osteoconductivity, whereas β-TCP is
much more quickly resorbed and contributes to the formation of new bone by releasing
calcium and phosphorus ions [50,51].

Also, after tooth extraction, the supply of metabolic products is interrupted. Immune
cells produce various cytokines that are temporally and spatially controlled at the site of
injury and cause acute inflammation, angiogenesis, and accumulation of mesenchymal
cells. The recruited osteoprogenitor cells produce bone morphogenetic protein 2 (BMP-2),
which, in coordination with other factors, promotes local accumulation and osteogenic
differentiation of mesenchymal cells at the site of injury [52–56]. Mesenchymal cells dif-
ferentiate into chondrocytes and osteoblasts and proliferate until they fully differentiate
into a mature hypertrophic phenotype [57–59]. Several transcription factors control the
differentiation of osteoblasts, which are responsible for synthesis and mineralization of the
bone matrix. Osterix (Osx) has been identified as the most highly expressed transcription
factor in the final stages of osteoblast differentiation in newly formed bone and induces
the formation of collagen, osteocalcin (OCN), and osteopontin (OPN), promoting bone
remodeling [60–62].

The main aim of this study was to determine the healing ability (histologically and
immunohistologically) of alveolar bone defects during augmentation with two different
biomaterials: injectable biphasic calcium phosphate (BCP) and anorganic bovine bone
(ABB). The ability of BSB to restore damaged tissue was quantitatively and qualitatively
evaluated, and pathohistological changes were described on bone biopsies six months
after augmentation. In addition, the expression of Osx and BMP-2 in bone remodeling and
mesenchymal cell differentiation was detected by immunohistochemistry.

2. Results

2.1. Demographic Data

The study included 38 participants, of whom 17 were males (45%) and 21 were females
(55%). They were divided into two groups: the test group and the control group. The mean
age of the respondents was 35.03 ± 9.16 years (female = 36.67 ± 6.39; male = 33.00 ± 11.61).
A brief description of the characteristics of the sample itself can be found in Table 1.

Table 1. Comparison of test and control groups by average age of male and female.

Male Female

Control group 1 33.54 ± 10.08 35.58 ± 7.48
Test group 2 32.60 ± 13.10 38.11 ± 4.60

Total 33.00 ± 11.61 36.67 ± 6.39
1 Anorganic bovine bone, 2 Injectable biphasic calcium phosphate.

2.2. Quantitative Analysis of the Histological Bone Biopsy Samples

In the quantitative analysis, the areas of newly formed bone, residual BSB, and soft
tissue structures were determined with respect to the total area of the histological sample
in the field of view. After processing all the results, the obtained areas were converted into
volume percentages (%), as shown in Table 2.

Since the requirements for performing parametric tests were met, the t-test was used
to compare the small samples. The t-test was used to compare each variable separately,
i.e., newly formed bone (t (38) = 0.487; p = 0.629), residual biomaterial (t (38) = 0.705;
p = 0.485), and soft tissue (t (38) = −1.626; p = 0.113), as shown in Table 3.
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Table 2. Minimum and maximum values of newly formed bone, residual biomaterial, and soft tissue
between the control and test groups, expressed in percentages.

NB 1 BM 2 ST 3

Min Max Min Max Min Max
Control group 15.05% 68.61% 7.58% 65.62% 12.76% 38.86%

Test group 24.70% 51.77% 4.66% 50.04% 19.24% 55.00%
1 Newly formed bone, 2 Residual biomaterial, 3 Soft tissue.

Table 3. Comparison of the tested and control groups according to variables, expressed as percentages.

NB 1 BM 2 ST 3

Control group 1 41.73 ± 13.99% 31.72 ± 15.52% 26.54 ± 7.25%
Test group 2 39.91 ± 8.49% 28.61 ± 11.38% 31.49 ± 11.09%

p-value * p = 0.629 p = 0.485 p = 0.113
1 Anorganic bovine bone, 2 Injectable biphasic calcium phosphate, 3 Soft tissue, * t-test.

As shown by the t-test values, there is no statistically significant difference between
the test group and the control group in terms of newly formed bone, residual biomaterial,
and soft tissue.

2.3. Qualitative Histological Analysis

In the qualitative analysis, the pathohistological response of the host tissue to the used
BSB was evaluated, i.e., osteoblasts, osteocytes, fibroblasts, fibrocytes, blood vessels, and
cells of the monocyte–macrophage system were described. In addition, the newly formed
bone, the residual biomaterial, and the soft tissue were described.

HE histological Staining

Representative samples of the control group and histological staining with HE under
magnification of 100, 200, and 400 times and labelling of newly formed bone, residual
biomaterial, soft tissue, osteoblasts at the boundary between newly formed bone and
residual biomaterial, osteocytes in newly formed bone and Howship lacunae in the bone
bed with a blood vessel indicating the integration of biomaterials and newly formed bone
(Figure 1).

 
Figure 1. Examples of preparations of the control group (A–C) with labeled newly formed bone (NB),
residual biomaterial (BM), soft tissue (ST), osteoblasts (blue filled triangle), osteocytes (black filled
triangle), and Howship lacunae in the bone bed with a blood vessel (green arrow). Magnification:
100, 200, 400×.

Representative samples of the test group and histological staining with HE under
magnification of 100, 200, and 400 times and labeling of newly formed bone, residual
biomaterial, soft tissue, osteoblasts at the boundary between newly formed bone and
residual biomaterial, osteocytes in newly formed bone and Howship lacune in the bone
bed with a blood vessel indicating the integration of biomaterials and newly formed bone
(Figure 2).
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Figure 2. Examples of preparations of the test group (A–C) with labeled newly formed bone (NB),
residual biomaterial (BM), soft tissue (ST), osteoblasts (blue filled triangle), osteocytes (black filled
triangle), and Howship lacunae in the bone bed with a blood vessel (green arrow). Magnification:
100, 200, 400×.

Representative samples of the control group and histological staining with HE under
magnification of 100, 200, and 400 times and labeled fibroblasts and fibrocytes in the soft
tissue and cells of the monocyte–macrophage system around the residual biomaterial,
indicating biomaterial degradation (Figure 3).

Figure 3. Examples of preparations of the control group (A–C) with labelled fibroblasts (yellow filled
triangle), fibrocytes (orange filled triangle), and cells of the monocyte–macrophage system (red filled
triangle). Magnification: 100, 200, 400×.

Representative samples of the test group and histological staining with HE under
magnification of 100, 200, and 400 times and labelled fibroblasts and fibrocytes in the soft
tissue and cells of the monocyte–macrophage system around the residual biomaterial,
indicating the decomposition of the biomaterial (Figure 4).

 
Figure 4. Examples of preparations of the test group (A–C) with labelled fibroblasts (yellow filled
triangle), fibrocytes (orange filled triangle), and cells of the monocyte–macrophage system (red filled
triangle). Magnification: 100, 200, 400×.

2.4. Immunohistochemical Analysis

Immunohistochemical analysis of bone biopsy samples was performed to detect Osx
transcription factor and BMP-2 protein.

Representative samples of control group and Osx immunohistochemical staining at
magnification of 100, 200, and 400 times (Figure 5) showed newly formed bone, residual
biomaterial, and cells with 3 (+++) Osx expression in pre-osteoblasts anchored at the margin
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of newly formed bone, indicating their transition into mature osteoblasts and osteocytes.
Trabecularization of the new bone was also observed, indicating continuous remodeling.

Figure 5. Examples of preparations of control group (A–C) and Osx immunohistochemical staining
of bone sections after implantation of transcription factor Osx with labeled newly formed bone (NB),
residual biomaterial (BM), and cells with 3 (+++) Osx expression (triangle marked in blue). 100, 200
and 400× magnification.

Representative samples of the test group and immunohistochemical Osx staining
under magnification of 100, 200, and 400 times (Figure 6) and labeled newly formed bone,
residual biomaterial, and cells with a strength of 3 (+++) expression of Osx in pre-osteoblasts
anchored at the boundary of the newly formed bone, indicating their transition into mature
osteoblasts and osteocytes. Trabecularization of the new bone was also observed, indicating
continuous remodeling.

 
Figure 6. Examples of preparations of the test group (A–C) and immunohistochemical Osx staining
of bone sections after implantation of transcription factor Osx with labelling of newly formed bone
(NB), residual biomaterial (BM), and cells with a strength of 3 (+++) expression of Osx (blue marked
triangle). 100, 200, and 400× magnification.

Representative samples of control group and BMP-2 immunohistochemical staining
under magnification of 100, 200, and 400 times (Figure 7) and labelled newly formed bone,
residual biomaterial, and cells with expression level 3 (+++) BMP-2 present mainly in
zones where differentiation of mesenchymal cells into pre-osteoblasts continued, indicating
regeneration of damaged tissue.

Figure 7. Examples of preparations of the control group (A–C) and BMP-2 immunohistochemical
staining of bone sections after implantation of BMP-2 protein with labeled newly formed bone (NB),
residual biomaterial (BM), and cells with expression level 3 (+++) BMP- 2 (blue marked triangle). 100,
200, and 400× magnification.
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Representative samples of the test group and BMP-2 immunohistochemical staining
under magnification of 100, 200, and 400 times (Figure 8) and labelled newly formed bone,
residual biomaterial, and cells with expression level 3 (+++) BMP-2 present mainly in
zones where differentiation of mesenchymal cells into pre-osteoblasts continued, indicating
regeneration of damaged tissue.

 
Figure 8. Examples of preparations of the test group (A–C) and BMP-2 immunohistochemical staining
of bone sections after implantation of BMP-2 protein with labelling of newly formed bone (NB),
residual biomaterial (BM), and cells with expression level 3 (+++) BMP-2 (triangle marked in blue).
100, 200, and 400× magnification.

3. Discussion

This study included 38 subjects, 17 (45%) male and 21 (55%) female. They were divided
into two groups, the test group and the control group. The mean age of the respondents
was 35.03 ± 9.16 years (females = 36.67 ± 6.39; males = 33.00 ± 11.61). Parallels can
be drawn with human studies conducted by Čandrlić et al. [63], Jelušić et al. [64], and
Cordaro et al. [65]. The study by Čandrlić et al. investigated the qualitative and quanti-
tative effects of injectable BCP and other types of xenograft in the technique of alveolar
preservation. That study included 40 participants, 15 (37.5%) male and 25 (62.5%) female.
The study by Jelušić et al. investigated the qualitative and quantitative effects of pure
single-phase ß-TCP and granulated BCP in the sinus floor lifting technique; it involved
43 subjects, 53.3% male and 46.7% female. The study by Cordaro et al. also investigated the
effects of granulated BCP and other types of xenografts in the sinus floor lifting technique;
it involved 37 subjects. These three studies, even though they used different xenografts
and alloplastic BSBs, can confirm a study structure similar to those in which the lowest
age of the subjects was 18 years and the main inclusion and exclusion criteria regarding
indications and contraindications for implant therapy were confirmed in all studies. The
bone biopsy was taken at the site of the future implant six months after the augmentation
procedure, which is consistent with this and many other studies.

Quantitative and qualitative analysis of bone biopsy samples is used to evaluate
regenerated augmentation areas, which is supported by many previous studies in addition
to ours [66–68]. The results of the comparison of the observed structures in the control
group, in which the xenograft (Bio-oss®) was used, were expressed as mean ± standard
deviation of the mean and consisted of the following: newly formed bone (41.73 ± 13.99%),
residual biomaterial (31.72 ± 15.52%), and soft tissue structures (26.54 ± 7.25%). On the
other hand, the pathohistological response of the host tissue to the used BSB was evaluated
by qualitative analysis.

In the literature, Bio-Oss® is one of the best-documented bovine xenografts and has
been used as a control group in many studies [65,69,70]. Following the currently available
literature on animal studies, such as the study by Jensen et al. in 1996, [71] for the first time
a quantitative and qualitative analysis described the formation of newly formed bone and
the ability of BSB to restore damaged tissue stimulated by the use of xenograft (Bio-Oss®);
the effect of this was investigated in the control group in this study. This is the case with
studies such as that of McAllister et al. [72,73]: In two studies of chimpanzees 7.5 months
after augmentation, the percentage of newly formed bone was 47% and 62%, while the
percentage of residual BSB was 19% in both studies. Mah et al. and Scarano et al. [74,75]

77



Int. J. Mol. Sci. 2023, 24, 5539

described percentages of newly formed bone of 47.4 ± 7.1% and 39 ± 3.3% in their studies
of animal models of rat calvaria between 112 and 168 days. Similarly, in a more recent
study of pigs performed by Aludden et al. in 2020 [76], the percentage of newly formed
bone 20 weeks after the augmentation procedure was 60%, whereas the residual BSB was
25%. These results and the follow-up period roughly correlate with these results, regardless
of the animal models and sample size mentioned.

According to the literature on human studies using this form of xenograft six months
after augmentation, an older study by Zitzmann et al. in 2001 [77] confirmed 36.7 ± 26.6%
newly formed bone, 30.5 ± 4.6% residual BSB, and 37.6 ± 20.5% soft tissue structures, which
is similar to the results obtained in this study. A more recent study by Amoian et al. [78]
can also be related to this control group in terms of newly formed bone, which was
38.66% in this study, although the sample consisted of only six patients. On the other
hand, the study by Scarano et al. [79], although performed on a much larger number of
subjects, confirmed the regenerative effect of Bio-Oss® in terms of newly formed bone with
39 ± 1.6%, 31 ± 1.4%, residual BSB, and 34 ± 1.6% soft tissue structures, which is the closest
to the results obtained in this study six months after augmentation with the same BSB. It is
interesting to mention the recent study by Wei et al. [80] investigating the effect of Bio-Oss®

in socket preservation after molar extraction in patients with periodontitis. Although such
patients were excluded in our study, the study by Wei. et al. showed promising results in
terms of an increase in alveolar bone dimensions in the maxilla and mandible 6 months
after augmentation. These conclusions confirm a good regenerative potential of Bio-Oss®

in alveolar bone regeneration as shown in our study. Conversely, some human studies have
shown that alveolar ridge defects grafted with Bio-Oss® resulted in different percentages of
newly formed bone, residual BSB, and soft tissue structures from the above results, such as
the studies by Froum et al. [81], Schmitt et al. [82], Lorenz et al. [83], Fienitz et al. [84], etc.
Moreover, studies performed in recent years indicate different proportions of the variables
already mentioned, as in the studies by Sivolella et al. [85], Pignaton et al. [86], and
Santos et al. [87]. Such results can be explained by different initial morphology of the defect,
type of wound closure, elevation of the flap, use of different membranes, location of the
biopsy, and different follow-up periods.

In addition to histomorphometric analysis, the interest of previous studies, such as
this one, focused on the interactions between BSB and host tissues, such as the biological
response of the tissue related to the origin of BSB, which is crucial for qualitative analy-
sis. Notwithstanding the slow resorption demonstrated in many studies, the qualitative
light microscopic analyses in other studies as well as this study strongly demonstrate that
the sites treated with Bio-Oss® show good integration between the biomaterial and the
surrounding host tissue [82,88]. Furthermore, after a period of six months, osteoblasts
at the boundary between newly formed bone and residual biomaterial, osteocytes in the
newly formed bone, and Howship lacunae in the bone bed with a blood vessel indicate the
integration of biomaterial. Moreover, newly formed bone can be observed in these samples.
On representative samples of histological staining, cells of the monocyte–macrophage sys-
tem are also observed around the residual biomaterial, indicating biomaterial degradation,
which can be related to many other studies. For example, Piattelli et al., after a certain follow-
up period on histological samples, demonstrated the presence of cells of the monocyte–
macrophage system around the aforementioned BSB, indicating its slower resorption [43,89].
According to some authors, such behavior in vivo could be partially prevented by a specific
high-temperature treatment of BSB in the course of the production process. This treat-
ment alters the mineral structure of bone, so that the resulting BSB usually has a reduced
resorption potential [38]. These findings correlate with the results obtained and indicate
that more residual biomaterial remained in the control group (Bio-Oss®—31.72 ± 15.52%)
than in the test group (maxresorb inject®—28.61 ± 11.38%) and that xenograft resorption
was ultimately slower. Bio-Oss® has proven to be a valuable alternative to the gold stan-
dard from a clinical point of view, ensuring good quality of the newly formed bone and
promising a long-term regeneration rate [90].
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Injectable BCP (maxresorb® inject) with a composition of 16.5% biphasic granules
and 83.5% nano-HA gel, representative of the group of alloplastic BSB, was used in
the test group. The quantitative results of this study, i.e., the comparison of newly
formed bone, residual BSB, and soft tissue structures in the test group in which injectable
BCP (maxresorb® inject) was used, are also given as mean ± standard deviation of the
mean and were as follows: newly formed bone (39.91 ± 8.49%), residual biomaterial
(28.61 ± 11.38%), and soft tissue structures (31.49 ± 11.09%).

From the currently available literature, Gauthier et al. [91] were among the first to per-
form an animal study on the use of injectable synthetic BSB at a ratio of 60/40 HA/ß-TCP
and their ability to induce new bone formation in dogs. After three months of augmentation,
48.96 ± 8.90% new bone was formed in the study. From the preliminary histomorphomet-
ric results of an animal study, it can be concluded that an alloplastic BSB with injectable
capabilities in the ratio 60/40 HA /ß-TCP stimulates the formation of new bone tissue.
The same authors showed in a 2004 study of dogs that three months after implantation
of injectable BCP, the number of newly formed bone significantly exceeded the number
of unfilled defects [92]. This was also confirmed by the study by Aral et al. [93] using
BSB in injectable form. Moreover, in a slightly later study by Struillou et al. [94] using the
injectable form of BCP, the percentage of newly formed bone was 35.5 ± 13.9%, which is
very similar to the results obtained in this study. Three months after augmentation is a
rather short period of time to detect biomaterial deterioration; accordingly, the authors
mentioned above concluded at that time that long-term studies would be helpful to as-
sess the biodegradation behavior of biomaterials. In order to obtain the most accurate
and relevant results, histological samples were also taken from this group six months
after augmentation.

The main evidence of regenerative potential and formation of the new bone is found
in the current literature on human studies using the injectable form of BCP, but it is
quite limited. Histologic and histomorphometric analyses of bone biopsy samples taken
four and six months after augmentation, in the studies by Papanchev et al. [95] and
Lorenzo et al. [96], indicated equal amounts of newly formed bone and soft tissue. Contrary
to recommendations, bone biopsy samples were taken from 21 patients four months after
augmentation in the study by Lorenzo et al. However, they showed a percentage of newly
formed bone of 44.92 ± 5.16%, which also correlates with this study, in contrast to the
residual biomaterial, which was 2.59 ± 2.05% in this study, and soft tissue structures of
52.49 ± 6.43%. In the previously mentioned study by Čandrlić et al. [63] using injectable
BCP in combination with another xenograft, the percentage of newly formed bone was
26.47 ± 14.72%, residual biomaterial 13.1 ± 14.07%, and soft tissue structures 60.43 ± 12.73%.
Regardless of the different results compared with this study, the regenerative potential of
injectable BCP was demonstrated in both studies. It is also important to mention some
recent studies using BCP with a composition of 60/40 HA /β-TCP in granular form, which
showed similar results to this study with injectable BCP six months after augmentation. For
example, in the study by Jelušić et al. [64] in 30 patients, the percentage of newly formed
bone was 38.42 ± 61%; in the study by Nery et al. [97] in 10 patients, it was 43.4 ± 6.1%; and
in the study by Flichy-Fernanadez et al. [98] in 16 patients, it was 34.09 ± 14.11%. These
quantitative results confirm the osteoconductive potential of BCP.

Qualitative analysis was also used in this group to evaluate the pathohistological re-
sponse of the host tissue to the BSB used. Alloplastic BSBs enhance growth and proliferation
in vivo and stimulate osteoblasts to deposit mineralized extracellular matrix as a structural
scaffold for osteogenic cell migration [99,100]. The geometry, ultrastructure, and mechan-
ical properties of these BSBs, in addition to their chemical composition, are critical for
effective bone defect repair, resorption, and concomitant replacement with newly formed
bone [101]. Studies by Khaled et al. [102] and Georgiev et al. [103] combining injectable
BSB with HA nanoparticles found that HA in the form of smaller granules promoted better
cell contact, leading to faster biomaterial resorption and new bone formation. This was
also confirmed in this study, in which BSB was used with the addition of HA. Histological
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analysis showed that the BSB particles were integrated and gradually replaced by newly
formed bone. On the other hand, the resorption of BSB can be explained by the fact that the
aqueous part of the gel dissolves immediately after insertion, leaving behind nano-HA and
HA /ß-TCP particles. As known from the instructions for use of this BSB and from some
studies such as that by Gotz et al. [104], nano-HA particles show high biological activity
due to their large surface area. The nanoporosity of biomaterials appears to facilitate the
uptake of bone-specific molecules and growth factors such as alkaline phosphatase, BMP-2,
collagen type I, osteocalcin, and osteopontin. This in turn facilitates the recruitment of
osteoblast precursors and their differentiation into mature osteoblasts by means of the
monocyte–macrophage cell adhesion system, ultimately leading to the gradual resorption
of BSB and the formation of mature bone tissue. All the mentioned cells and structures are
also described in the representative samples of this study. It is important to note that the
samples in both groups showed no signs of an inflammatory response, while cells of the
monocyte–macrophage system, indicating resorption, were detected only at the margin
of BSBs.

Immunohistochemical analysis of the control and test groups was used to detect the
transcription factor Osx and BMP-2 protein, which play a role in bone remodeling and
the differentiation of mesenchymal cells. The immunohistochemical findings with expres-
sion level (Osx and BMP-2) were reviewed and evaluated semiquantitatively. Intensity
level 3 (+++), i.e., strong staining indicating good osteoconductive properties of both BSBs,
was detected in both groups. Representative samples from the control and test group and
Osx immunohistochemical staining showed cells with Osx expression of intensity level 3
(+++) in pre-osteoblasts anchored to the margin of newly formed bone, indicating their
transition into mature osteoblasts and osteocytes. In addition, trabecularization of the
new bone was observed, indicating continuous remodeling. Osx has been shown to be
involved in osteoblast differentiation, maturation, and activity; it regulates the expression
of various markers, i.e., osteoblast proteins, the most important of which are osteopon-
tin (OPN) and osteocalcin (OCN), etc., as indicated by the currently available literature.
Previous studies have shown that Osx is an essential transcription factor in osteogenic
differentiation [105,106].

On the other hand, representative samples from the control and test groups and BMP-2
immunohistochemical staining showed cells with BMP-2 expression levels of 3 (+++),
present mainly in the zones where differentiation of mesenchymal cells into pre-osteoblasts
continued, indicating recovery, i.e., regeneration of the damaged tissue. According to
the literature, BMP-2 is a protein that acts as a potent osteogenic factor and promoter of
osteoblast differentiation, which was expressed in similar studies with this type of BSB,
confirming the results obtained [104,107].

4. Materials and Methods

4.1. Subjects

Thirty-eight subjects participated in this study. The main criteria for enrollment were
that the patients had at least one tooth scheduled for extraction, all previous therapeutic
options had been exhausted, and they had the possibility of dental implant placement at the
extraction site after alveolar ridge augmentation. The criteria for inclusion were (1) age of
subjects ≥18 and ≤60 years, (2) understanding of the protocol and informed consent signed
by each subject, and (3) satisfactory physical and mental health of the subjects. Subjects
who had some of the exclusion criteria were excluded from the study: (1) at least one
absolute contraindication to implant therapy described by Wang and Hwang 2006. [108];
(2) subjects with systemic diseases such as osteoporosis, osteopenia, uncontrolled diabetes,
vitamin D deficiency, bisphosphonate therapy, glucocorticoid therapy, hypothyroidism,
uncontrolled cardiovascular diseases (hypertension, coronary artery disease, heart failure),
and local factors: consumption of tobacco products (more than 10 cigarettes per day), poor
oral hygiene; (3) patients with untreated periodontitis, patients with acute odontogenic
infection, patients with periapical lesion, and patients who had previously received BSB
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at the extraction site. In addition, pregnant and lactating women were not included. This
study was approved by the Ethics Committee of the Osijek-Baranja County Health Center.
In the treatment of all patients, the Declaration of Helsinki of the International Medical
Association—1964 (most recent update—2013) was fully observed [109].

4.2. Surgical Phase

Before the start of the procedure, radiographs were taken at the planned tooth ex-
traction sites. Patients who met the inclusion criteria were prescribed an antibiotic (amox-
icillin 500 mg, Belupo, Koprivnica or clindamycin-MIP 600 mg, Chem.-pharm. Fabrik
GmbH, Ingbert, Germany, in case of allergy to the penicillin group of antibiotics) one
hour before the procedure; local anesthesia with 4% articaine and epinephrine 1:100,000
(Ubistesin forte®, 3M Deutschland GmbH, Neuss, Germany) was administered. Patients
who agreed to participate in the study were randomized into two groups. The first group
consisted of patients who received the test BSB (maxresorb® inject, botiss biomaterials,
Zossen, Germany), and the second group consisted of patients who received an alternative
to the gold standard, ABB (Bio-Oss®, Geistlich-Pharma, Wolhunsen, Switzerland). The
socket was filled with injectable BCP in the test group and with ABB in the control group.
Finally, after filling the defect, an absorbable collagen membrane (Jason® membrane, botiss
biomaterials, Zossen, Germany) was fitted to the surgical wound in both groups and the
mucoperiosteal flap was closed with nonabsorbable 5.0 monofilament suture (Sofsilk™,
Covidien, Dublin, Ireland). The surgical procedure described is shown in Figures 9 and 10.
The patient was prescribed an analgetic (ibuprofen 600 mg, Belupo, Koprivnica or paraceta-
mol 500 mg, Lek Pharmaceu-ticals d.d., Ljubljana, Slovenia, if allergic to ibuprofen). The
patients took the remaining dose of antibiotics for the next 7 days and 0.2% chlorhexidine
solution (Curasept ADS® 220, Saronno, Italy) for postoperative care of the oral cavity. One
week after augmentation, the patient was referred for a radiological examination of the
augmented area by cone beam computed tomography (CBCT) to verify the stability of the
BSB at the augmentation site. Before completion of the six months of healing, thepatient
was invited to obtain a control CBCT scan, which measured the dimensions of the alveolar
ridge at the site of implantation. Immediately thereafter, the second phase of the study was
scheduled, i.e., biopsy of the alveolar bone with final placement of a dental implant.

 
Figure 9. Surgical procedure—control group. (A) Hopeless tooth. (B) Alveolus and bone defect after tooth
extraction. (C) Placement of the BSB. (D) Placement of the resorptive membrane. (E) Sutured wound.
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Figure 10. Surgical procedure—test group. (A) Hopeless tooth. (B) Alveolus and bone defect after tooth
extraction. (C) Placement of the BSB. (D) Placement of the resorptive membrane. (E) Sutured wound.

The trepan drill (Komet Dental, Gebr. Brasseler GmbH & Co. KG, Lemgo, Germany)
used to take the bone biopsy sample had a smaller inner diameter (2.5 mm) than the final
drill from the standardized set for shaping and bed preparation of the dental implant
(Ankylos, Denstply Sirona Implants, Mannheim, Germany). From an ethical point of view,
this avoids excessive removal of healthy bone. The bone biopsy samples were then left in a
4% formaldehyde solution (BioGnost Ltd., Zagreb, Croatia) and sent to the laboratory for
histological and immunohistochemical analysis.

4.3. Qualitative Analysis of the Histological Bone Biopsy Samples Was Performed

A standardized protocol for histological preparation of mineralized bone samples
was applied to the samples, which included the following: fixation in a 4% formaldehyde
solution (BioGnost Ltd., Zagreb, Croatia), dehydration in increasing alcohol concentrations
(75%, 85%, 95%, and finally 100%), decalcification with ethyldiaminetetraacetic acid (EDTA,
Osteomoll®, Sigma-Aldrich, St. Louis, MO, USA) for two weeks, embedding in paraffin
blocks, and sectioning. Six contiguous sections with a thickness of 5 μm were prepared with
a microtome (SLEE, Mainz, Germany) and placed on slides after drying. Before staining,
the tissue had to be rehydrated by placing it twice in xylene (BioGnost Ltd., Zagreb, Croatia)
for 15 min each, then in a descending series of alcohol (100%, 95%, 85%, and finally 75%),
and finally in distilled water. The tissue was then stained with hemalaun-eosin (HE) using
histological staining kits. Finally, dehydration was repeated in an increasing series of
alcohols (75%, 85%, 95%, and finally 100%). Digital photomicrographs were taken using
a light microscope (Leica DMRB, Leica Microsystems GmbH, Wetzlar, Germany) with an
attached video camera (Axio Imager M2, Zeiss, Oberkochen, Germany) at magnification of
10, 20, and 40 times. In a qualitative analysis, the pathohistological response of the host
tissue to the BSB used was evaluated, i.e., osteoblasts, osteocytes, fibroblasts, fibrocytes,
blood vessels, and cells of the monocyte-macrophage system were described.

4.4. Quantitative Analysis of Histological Bone Biopsy Samples

Quantitative histological analysis of bone biopsies taken after six months of healing
was performed on the same samples previously prepared for pathohistological analysis.
The digital photomicrographs were stored in an uncompressed format used to store high-
resolution images until analysis. The digital photomicrographs were loaded into the free
ImageJ computer program (Wayne Rasband, National Institute of Health, Bethesda, MD,
USA). All the photomicrographs were taken under the same conditions (magnification
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of 100, 200, and 400 times, PNG format). Before starting the analysis, parameters such
as setting the scale on the basis of the known distance and converting it to the unit of
length (μm) were set. Also, the possibility of manual correction was set to exclude from
the analysis any edge regions that were not completely clear or that represented an artifact.
Each sample was analyzed individually such that the digital micrograph was adjusted
using the threshold option, with manual manipulation allowing areas of interest (ROI) to
be marked in different colors. Accordingly, the areas of newly formed bone, residual BSB,
and soft tissue structures were determined in relation to the total area of the histological
sample in the field of view, and after all the results were processed, the obtained areas were
converted into volume percentages (%). All the preparations were additionally examined
by two independent researchers.

4.5. Immunohistochemical Analysis of Bone Biopsy Samples

Immunohistochemical analysis was performed on four histological bone biopsy sam-
ples to detect Osx transcription factor and BMP-2 protein. Bone tissue samples with a
thickness of 5 μm were deparaffinized in xylene (BioGnost Ltd., Zagreb, Croatia) and
then rehydrated in alcohol of decreasing concentration (100%, 95%, 85%, and finally 75%).
The next step was protein renaturation, which was achieved by incubating the slices in
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) in a water bath at 90◦ for
10 min. After cooling, the samples were washed in a physiological solution buffered with
phosphate-buffered saline (PBS) at pH 7.2. Blockade of endogenous peroxidase activity
to avoid nonspecific binding was performed with 0.3% hydrogen peroxide H2O2 (Merck,
Darmstadt, Germany), followed by a 10-min wash in PBS. According to the manufac-
turer’s recommendations, the samples were incubated overnight at 4 ◦C with a rabbit
polyclonal antibody to Sp7/Osx (ab229258, Abcam, Cambridge, UK) and a rabbit poly-
clonal antibody to BMP-2 (ab14933, Abcam, Cambridge, UK). Table 4 provides information
on the antibodies and incubation procedures. At room temperature, the secondary an-
tibody was incubated for 45 min. Then, 3,3’-diaminobenzidine (DAB, DakoCytomation,
Glostrup, Denmark) and peroxidase-conjugated streptavidin (LSAB + kit, DakoCytomation,
Glostrup, Denmark) were added for visualization. The samples were then purified with
distilled water, filtered, and stained with hemalun-eosin. The slides were mounted on
medium (Biomount, Biognost, Zagreb, Croatia) and analyzed using a light microscope
(Olympus, Tokyo, Japan) and a digital camera (Sony, Tokyo, Japan). Immunohistochemical
findings with the level of expression (Osx and BMP-2) were evaluated semiquantitatively
by an experienced pathologist, who assigned a value of 0–3 “plus points” depending
on the intensity of staining in the following manner: 0 = negative; 1 = weak staining (+);
2 = moderate staining (++); 3 = strong staining (+++). All the preparations were additionally
examined by two independent researchers.

Table 4. Antibodies used for immunohistochemical analysis.

Antibody Isotype Manufacturer Incubation

Anti-Sp7/Osx 1 Rabbit polyclonal Abcam, Cambridge, UK 1:200, overnight, 4◦
Anti-BMP-2 2 Rabbit polyclonal Abcam, Cambridge, UK 1:200, overnight, 4◦

1 Osterix, 2 Bone morphogenetic protein 2.

4.6. Statistical Methods

For statistical analysis, IBM SPSS (version 24, IBM Corporation, Armonk, NY, USA)
was used. The results of the Shapiro–Wilk test were used to determine whether the
distribution was normal. The mean and standard deviation of the mean were used for
all results. A t-test was used to evaluate the significance of the difference between the
two samples in the context of a normal distribution. Any p value less than 0.05 was
considered significant.
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5. Conclusions

Histopathologic, histomorphometric, and immunohistochemical analyzes of these two
BSBs showed comparable results and proved that maxresorb® inject might be as suitable
and successful as BSB for alveolar ridge augmenatation. It is necessary to highlight the
strengths of this study. The study was conducted as a randomized controlled human
clinical trial comparing quantitative, qualitative, and immunohistochemical analysis of
two BSBs. The histomorphometric, histological, and immunohistochemical analysis and
the use of a standardized free program with a detailed description of the samples allowed
the methodology to be reproduced and the results obtained to be compared with future
studies. All the subjects in the study underwent a standardized protocol in terms of
surgical procedures and time from bone augmentation to biopsy. However, due to the
small number of samples processed, especially for immunohistochemical analysis, further
clinical studies with a larger sample and a longer follow-up period could be used to draw
definitive conclusions in this regard. Notwithstanding some methodological limitations, the
comparable results obtained with injectable BCP compared to the gold standard alternative,
i.e., ABB, represent a promising outcome for the purpose of alveolar ridge augmentation
after tooth extraction and dental implant placement.
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Abstract: Currently, computed tomography and conventional X-ray radiography usually generate a
micro-artifact around metal implants. This metal artifact frequently causes false positive or negative
diagnoses of bone maturation or pathological peri-implantitis around implants. In an attempt to
repair the artifacts, a highly specific nanoprobe, an osteogenic biomarker, and nano-Au-Pamidronate
were designed to monitor the osteogenesis. In total, 12 Sprague Dawley rats were included in the
study and could be chategorized in 3 groups: 4 rats in the X-ray and CT group, 4 rats in the NIRF
group, and 4 rats in the sham group. A titanium alloy screw was implanted in the anterior hard
palate. The X-ray, CT, and NIRF images were taken 28 days after implantation. The X-ray showed
that the tissue surrounded the implant tightly; however, a gap of metal artifacts was noted around the
interface between dental implants and palatal bone. Compared to the CT image, a fluorescence image
was noted around the implant site in the NIRF group. Furthermore, the histological implant-bone
tissue also exhibited a significant NIRF signal. In conclusion, this novel NIRF molecular imaging
system precisely identifies the image loss caused by metal artifacts and can be applied to monitoring
bone maturation around orthopedic implants. In addition, by observing the new bone formation, a
new principle and timetable for an implant osseointegrated with bone can be established and a new
type of implant fixture or surface treatment can be evaluated using this system.

Keywords: artifact; near-infrared ray; gold nanoparticle; hydroxyapatite; osteoblast

1. Introduction

Radiography imaging of hard tissue is a prevalent diagnostic instrument in dentistry
and orthopedics. Intraoral periapical radiography, conventional multi-slice computed
tomography, and cone beam computed tomography are lower radiation dose systems com-
monly used to assess the marginal bone level and detect signs of failing osseointegration
around dental implants [1,2]. However, they are susceptible to the appearance of artifacts
generated by dental implants [3–7]. In recent years, near-infrared fluorescent (NIRF) imag-
ing technologies have been developed for detecting and monitoring disease progression in
joint and bone tissue [8–12]. The techniques also enable clinicians to evaluate the bone tissue
healing process around implants at a molecular level. Bone is a metabolically active tissue
that can execute remodeling. Remodeling balances osteoblast-induced mineralization and
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osteoclast-induced demineralization [13]. During this process, hydroxyapatite (HA) is the
prime mineral product of osteoblasts and binds to naturally occurring pyrophosphates and
phosphonates with a high affinity [14–16]. Osteoblasts synthesize HA, which promotes cell
adhesion and osteogenic differentiation in human mesenchymal stem cells [17]. Therefore,
HA deposition is a marker of bone regeneration and also of the process of cancer formation
and atherosclerosis [18–21].

Monitoring and evaluating osteogenesis and osteointegration around implant objects
is proving to be valuable because a variety of dental and orthopedic implants have been
utilized in the last 10 years. An ideal monitoring system or method in clinics to determine
the optimal force loading time and to achieve the early diagnosis of pathological changes
around implants is in high demand [6,7].

Currently, a non-isotopic method does not exist for directly detecting osteoblastic
activity in vivo. The wavelength of 700–900 nm fluorescent light, the near-infrared (NIR)
“window”, possesses several inherent advantages for the detection of HA compared with
ultraviolet and visible light ranges [22–25]. The NIR photon enables deep penetration into
the tissue and subsequentlyexits the tissue easily. Tissue absorption and autofluorescence
is minimized, yielding an inherently high contrast between the target and background,
and the optical scatter within the tissue is lower [18]. A suitable fluorescence-based optical
imaging agent, with emission in the NIR 700–900 nm window, should have in vitro and
in vivo stability; resistance to photobleaching; high quantum yield and high absorbency;
resistance to metabolic disintegration and nontoxicity; and adequate dispersibility in the
biological environment [26]. Among numerous nanoparticles, Au nanoparticles (nano-Aus)
not only correspond to the aforementioned criteria but their surface functionalization with
molecular groups also exhibits calcium affinity that can enable the targeted delivery of
nano-Aus to calcified tissue, including damaged bone tissue [27,28].

To evaluate osteogenesis and osseointegration, we designed a molecular imaging
system, Taiwan 1 (TW1)-NIRF, including a new light detection; a charge-coupled device
camera; and an HA binding reagent, pamidronate (Pam), which can rapidly conjugate
to nano-Au particles to form a probe, nano-Au pamidronate (nano-Au-Pam). With the
nano-Au-Pam probe, the camera enables the identification osteoblast-synthesized HA.
The osteoblast-synthesized HA was also found to enhance cell adhesion and osteogenic
differentiation in human mesenchymal stem cells [29,30]. TW1-NIRF is applied to monitor
osteoblastic activity. This monitoring imaging system can trace/track cells differentiated
within bone in vitro and in vivo in real time and can also quantify osseointegration. This
novel method may provide a multimodality imaging where other imaging modalities
can be employed simultaneously. Thus, this new imaging method can repair the artifacts
caused by computed tomography.

2. Results

2.1. Animal Model Design and Imaging Evaluation of Implants

A titanium alloy screw was implanted in the anterior hard palate of a 6-month-old
Sprague Dawley rat (Figure 1B). The sagittal images were taken from CT and X-ray of the
titanium screw–implanted (Figure 2A) and sham-operation (Figure 2B) rats 28 days after
surgery. The X-ray showed that the tissue surrounded the implant tightly. No gap was
found between the bone tissue and the implant. However, a gap of metal artifacts was
noted around the interface between the dental implants and rat palatal bone 28 days after
the surgical implantation in micro-CT images (Figure 2C,D).

2.2. In Vivo Imaging

The TW1-NIRF image system specifically revealed the implantation site to present a
significant NIRF signal. Metal artifacts appeared around the interface between the dental
implants and rat palatal bone in micro-CT images (Figure 2E). The NIRF and merged TW1-NIRF
images demonstrated that the probe specifically accumulated at the implantation site (Figure 2F).
The areas of high HA synthesized around the implant are visible. The signal intensity exhibited
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in the sham operation group compared to the titanium screw-implanted group (1.00 ± 0.028
to 3.02 ± 0.546, p < 0.005) is shown in Figure 2G. The 3-fold augmented fluorescence intensity
indicates the probe’s targeting of new bone formation sites around the implant.

Figure 1. Illustration of monitoring osteogenesis and osseointegration using near-infrared fluorescent
imaging. (A) The optical design of TW1-NIRF system. Briefly, the excitation wavelength of 800 nm
was generated from a halogen light source. Study animals were gas-anesthetized with isoflurane and
placed in the imaging chamber. The emission was 610–650 nm and was captured by a high-sensitivity
CCD. (B) A titanium alloy screw was implanted in the anterior hard palate of 6-month-old Sprague
Dawley rats. Titanium alloy screws (1.2 mm [diameter] × 2.4 mm [length], Ti-6AL-4V ELI, Self-
Drilling Bone Screw System, ACE Surgical Supply Co., Inc., Brockton, MA, USA). (C) The TW1-NIRF
imaging is composed of an imaging chamber, NIRF CCD module with lenses and a filter wheel,
excitation light source, and gas anesthesia module.

 

Figure 2. Animal model for computed tomography metal artifact adjustment. The sagittal X-ray of
the (A) titanium screw–implanted and (B) sham-operation rats 28 days after surgical implantation.
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The micro-CT images of the (C) titanium screw implanted and (D) the sham-operation rat 28 days
after surgical implantation. In the sagittal X-ray image, the bone tissue surrounded the implant
tightly and no gap was found between the bone tissue and the implant. However, in the micro-CT
image, a gap of metal artifacts was noted around the interface between the dental implant and the
rat palatal bone. (E) The fluorescence image was obtained using pamidronate-NIRF probes in the
titanium screw-implanted group. (F) A merged in vivo image was used to improve the visual result
in the titanium screw-implanted group. The scale bar represents 2.5 mm in (A–F). (G) The fluorescent
intensity was quantified in the sham operation group versus the titanium screw-implanted group
(right column chart). The error bars represent the standard deviation at each data point. The asterisk
(*) indicates the statistical significance of differences at p < 0.005.

2.3. Histological and NIRF Analysis of Perio-Implant Tissue

To further confirm the ability of pamidronate-NIRF probes to detect new bone formation
in vivo, rats were sacrificed for NIRF imaging and the histological analysis of the maxilla bone.
The dissected maxilla bone was sectioned in different planes to evaluate the probe deposition
at the new bone formation site around the implantation site (Figure 3A). The longitudinal
(Figure 3B,C) and horizontal section (Figure 3D,E) images of the maxilla tissue also showed
positive-probe-stained tissue around the implant, indicating that the pamidronate-NIRF probe
was able to detect bone tissue formation around the implantation site.

 

Figure 3. Evaluation of the correlation between histology and NIR fluorescence of peri-implant
tissue. (A) Longitudinal and horizontal sections of pamidronate-NIRF probe injected 28 days after
implantation. L = longitudinal section and H = horizontal section. (B) The peri-implant tissue was
longitudinally excised en bloc. A gap of implantation is shown in the HE staining at ×4 magnification.
(C) Fluorescence signal is noted at the peri-implant area (×4 magnification). (D) Horizontal section of
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the en bloc of the peri-implant tissue. An implant defect is shown in the HE stain-
ing at ×2 magnification. (E) The fluorescence signal is seen at the peri-implant area
(×2 magnification). The scale bar represents 1 mm in (B,C) and 2 mm in (D,E). The fluores-
cence indicates the areas of high HA synthesized around the implant.

3. Discussion

Colloid gold has been widely used in biomedical detection due to its strong surface
plasmon absorption. In the last 10 years, gold particles have been used as a contrast agent to
improve X-ray or MRI imaging [31,32]. Due to its biocompatibility and stable optical prop-
erties, colloid gold has become an alternative to quantum dots for in vivo application [33].
Gold nanoclusters have several advantages for molecular image application: a decent
quantum yield, a highly colloidal stability, and an extremely small size (core diameter
<1.5 nm); furthermore, they can also be conjugated with biological molecules. Moreover,
the quantum yield of gold nanoclusters can be further improved through thermal treatment
and biomolecule encapsulation. As a result, we hypothesized that pamidronate conjugated
gold nanoclusters can be utilized to monitor the new bone formation. Therefore, the new
bone, surrounding the implant, can be detected.

Our previous data showed that near-infrared (NIR) fluorescent probes can be used to
monitor the in vitro differentiation of human mesenchymal stem cells into osteoblasts as
well as the osteogenesis process at a cellular level [12]. In this study, we designed a new
imaging system for the in vivo detection of NIR signals in rats, which are much larger than
mice in size. Most studies examine NIR signal intensity using mice or nude mice, not only
because of the easy manipulation of NIR signal penetrating into the subepithelial layer, but
also because fluorescence signals exhibits are visible from the mouse body.

In this study, we used rats as the model, which have 10–12 times greater body weight
compared to the mice. To successfully utilize this model, the newly designed system con-
tains a back-illuminated Peltier 16-bit charge-coupled device (CCD, −90 ◦C cooled) (Ham-
mamastu, Hammamastu City, Japan) with a pixel size of 24 μm × 24 μm, 230,000 electrons,
and 8 × 8 binning. This imaging achieves >80% of the quantum efficiency at an emission of
800 nm. Thus, this allows the camera to identify the osseointegration of the implant within
the bone tissue.

The lesion site in the rat reveals a significant fluorescence after the injection of the
20 nM nano-Au-Pam probe. Previous studies in other laboratories showed that an Au NP
probe dose of 1 mg/Kg was administered in rats [34]. Our previous data also demonstrated
a dosage of 2 nM for nude mice. The weight of the rat is 10–12 times than the nude mice.
The Au NPs are considered to preserve a lower toxicity compared to the Cat B probe
containing Cy5.5 [35]. Furthermore, an MTT experiment showed that the Au NPs exhibit
a better viability compared to QD [36]. These indicate that a minimal dose can induce a
significant signal intensity in this animal model [34–36]. Despite the fact that 20 nM is a
minimal dose, the dosage should be reduced and the signal intensity should be increased
before the NIR probes are applied in the clinic.

For the clinical translation, the NIR probe requires a decrease in the dose, an increase
in the optical stability, selective targetability, reliable pharmacokinetic activity, complete
clearance, and nontoxicity. Incomplete clearance will cause potential toxicity through
biological interactions in the body. In order to overcome the clinical limitations, an NIR
probe is necessary to consider the target specificity and biodistribution.

In this study, NIRF signals indicating new bone formation were observed around the
implantation site in a maxilla implantation model, demonstrating a significant difference
between the new bone formation site around the metal implant and normal tissue. This
novel nano-Au imaging system can be applied to monitoring bone maturation around
orthopedic implants or quantifying the osseointegration of bone and dental implants.
Therefore, by observing the process and activity of osteoblasts, we can establish a new
implant loading timetable. New types of implant fixtures or surface treatments can also be
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evaluated through this system. In addition, according to this characteristic of observing
the bone formation process, the system may be further applied in the early diagnosis of
prostate cancer and other cancer metastases.

4. Materials and Methods

4.1. Probe Synthesis

A gold nanocluster-based pamidronate NIR fluorescent probe was synthesized accord-
ing to the methods in our other studies [37–39]. Briefly, fluorescent gold nanoclusters were
synthesized using nanoparticle-etching methods. Pamidronate was attached to the carboxy-
lated surface of a nanocluster using an N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC) (Sigma-Aldrich, St. Louis, MO, USA) crosslinker. Briefly, nano-Au-Pam (em 674 nm)
was synthesized by immobilizing pamidronate (Sigma 2371) onto nano-Au particles us-
ing a zero-length crosslinking agent, 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC). To link the pamidronate to nano-Au particles, equal volumes of Au
nanoclusters (40 mM), pamidronate (3 mM), and EDC (80 mM) were mixed at room tem-
perature for 2 h for the crosslinking reaction. To concentrate the conjugated nano-Au-Pam,
the reaction solution was loaded in a 30-kDa molecular sieve (Amicon, Millipore, Bedford,
MA, USA) and centrifuged to concentrate the conjugated nano-Au-Pam at 3000 rpm for
10 min. The solution was centrifuged twice and washed with phosphate-buffered saline
(PBS) (Sigma-Aldrich, MO, USA) to remove any unbound reactants.

4.2. Animals

A bone defect model for the NIRF probe detection in rats was established. Briefly,
12 6-month-old Sprague Dawley rats were housed in a laboratory at 22.2 ◦C under a 12-h
light and 12-h dark cycle and fed ad libitum. The animal study was approved by the Taipei
Medical University Institutional Animal Care and Use Committee (LAC-2014-0391) and
complied with the committee’s regulations. All animal husbandry and handling procedures
including animal monitoring, diet, primary enclosures, and environmental control followed
standard operating procedures in accordance with the Animal (Scientific Procedures) Act
of 1986.

4.3. Experimental Design and Surgical Techniques

The 12 Sprague Dawley rats included 3 groups: 4 rats in the X-ray and the (computed
tomography) CT group, 4 rats in the NIRF group, and 4 rats in the sham group. Animals
were anesthetized with Chanazine 2% dilute with 10× PBS 10 μL + Zoletil 50 dilute 2×
PBS 10 μL with or without implantation by titanium alloy screws (1.2 mm [diameter] ×
2.4 mm [length], Ti-6AL-4V ELI, Self-Drilling Bone Screw System, ACE Surgical Supply
Co., Inc., Brockton, MA, USA) in the anterior hard palate. Rats were monitored using X-ray,
microcomputed tomography, and NIRF imaging 28 days after the surgery (Figure 1A,B).
After imaging evaluation, the rats were sacrificed and the maxilla was dissected and fixed
in 10% buffered formalin for NIRF imaging and histological analysis.

4.4. In Vivo Imaging

Animals were examined using microcomputed tomography (micro computed to-
mography [CT]; Triumph XO CT System, Chatsworth, CA, USA) and optical imaging
(TW1-NIRF; Taipei, Taiwan) 28 days after surgery. For micro-CT scans, rats were main-
tained under general anesthesia during the scanning procedure. Each rat was placed in a
sample holder in the cranial–caudal direction and scanned using a high-resolution micro-CT
system at a spatial resolution of 80 μm (voxel dimension) and in 1024 × 1024-pixel matrices.
The animals were evaluated using both micro-CT and X-ray to confirm the success of the
implantation. The bone tissue was segmented using a global thresholding procedure. The
threshold was set to 1600 unit to investigate the peri-implant bone tissue.

The TW1-NIRF imaging system (Figure 1C), designed and assembled in our laboratory,
contains a back-illuminated Peltier 16-bit charge-coupled device (CCD, −90 ◦C cooled)
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(Hammamastu, Hammamastu City, Japan) with a pixel size 24 μm × 24 μm. This imaging
gains >80% of quantum efficiency at emission 800 nm. The animals were injected with
20 nM of nano-Au-Pam probe systemically. Two hours after injection, the animals were
anesthetized with isofluorane and subjected to NIRF imaging [40]. The TW1-NIRF system
contained a 150 W halogen lamp, and an excitation, and an emission bandpass filter of
800 nm and 610–650 nm, respectively. Whole body NIRF images were obtained with
acquisition times of 2 min, and the white light images were obtained in 0.075 s. HCImage
Live software was used to compile the images (Hamamatsu, Sewickley, PA, USA).

In order to determine whether the osseointegration occurred in the metal artifacts, the
NIRF image was compared to micro-CT in the same metal artifact areas. To visualize the
fluorescent signal emitted from the probe in vivo, the animals were injected with 20 nM
nano-Au-Pam probe and evaluated using the TW1-NIRF system for NIRF imaging, then
followed by micro-CT. The ICG channel (excitation wavelength of 710–760 nm and emission
wavelength of 810–875 nm) was used in the TW1-NIRF system for detection.

4.5. Histological and NIRF Analysis

After imaging evaluation, animals were sacrificed and the hard palate tissue was
dissected for histological analysis. The hard palate tissue was fixed and embedded in
paraffin. After the microtome section, HE staining and mounting were used. Longitudinal
and horizontal section tissue samples were observed by NIRF (IR800 filter) to detect the
visible areas of high HA synthesized around the implant.

4.6. Statistical Analysis

To quantitate the NIRF signal, a circular region-of-interest (ROI) was manually defined
around the implant area, and the average signal within the ROI was obtained. Data
are presented as mean ± SD. A two-tailed Student’s t-test was conducted. p < 0.05 was
considered significant.

5. Conclusions

Taken together, the results showed the potential application of this novel nanogold-
based NIRF probe system for assessing changes in bone tissue formation after implantation.
Using the probe design and image system as a prototype, this image platform could be
further developed to repair the artifacts caused by computed tomography and upgrade the
evaluation of dental implantation failure by detecting bone formation in situ.
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Chrószcz-Porębska, M.W.; Kopacz,

K.; Sokolowski, J.; Bociong, K. Can

Modification with Urethane

Derivatives or the Addition of an

Anti-Hydrolysis Agent Influence the

Hydrolytic Stability of Resin Dental

Composite? Int. J. Mol. Sci. 2023, 24,

4336. https://doi.org/10.3390/

ijms24054336

Academic Editor: Mary Anne Melo

Received: 16 January 2023

Revised: 13 February 2023

Accepted: 17 February 2023

Published: 22 February 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/).

 International Journal of 

Molecular Sciences

Article

Can Modification with Urethane Derivatives or the Addition of
an Anti-Hydrolysis Agent Influence the Hydrolytic Stability of
Resin Dental Composite?

Agata Szczesio-Wlodarczyk 1,* , Izabela M. Barszczewska-Rybarek 2 , Marta W. Chrószcz-Porębska 2 ,
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Abstract: Due to the questionable durability of dental restorations, there is a need to increase the
lifetime of composite restoration. The present study used diethylene glycol monomethacrylate/4,4′-
methylenebis(cyclohexyl isocyanate) (DEGMMA/CHMDI), diethylene glycol monomethacrylate/
isophorone diisocyanate (DEGMMA/IPDI) monomers, and bis(2,6-diisopropylphenyl)carbodiimide
(CHINOX SA-1) as modifiers of a polymer matrix (40 wt% urethane dimethacrylate (UDMA), 40 wt%
bisphenol A ethoxylateddimethacrylate (bis-EMA), and 20 wt% triethyleneglycol dimethacrylate
(TEGDMA)). Flexural strength (FS), diametral tensile strength (DTS), hardness (HV), sorption, and
solubility were determined. To assess hydrolytic stability, the materials were tested before and after
two aging methods (I-7500 cycles, 5 ◦C and 55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH; II-5 days,
55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH). The aging protocol resulted in no noticeable change
(median values were the same as or higher than the control value) or a decrease in the DTS value
from 4 to 28%, and a decrease in the FS value by 2 to 14%. The hardness values after aging were more
than 60% lower than those of the controls. The used additives did not improve the initial (control)
properties of the composite material. The addition of CHINOX SA-1 improved the hydrolytic stability
of composites based on UDMA/bis-EMA/TEGDMA monomers, which could potentially extend
the service life of the modified material. Extended studies are needed to confirm the possible use of
CHINOX SA-1 as an antihydrolysis agent in dental composites.

Keywords: dental composites; hydrolytic stability; aging; clinical performance; urethane-dimethacrylate
derivatives; anti-hydrolysis agent; CHINOX SA-1

1. Introduction

The literature is divided on the clinical longevity of composite dental restorations.
Some sources report that premolars and molars require replacement after five or six
years [1,2]. On the other hand, some researchers show that at least 60% of reconstruc-
tions made correctly with appropriate materials have a chance of surviving for more than
ten years [3]. Due to the questionable durability of dental restorations, much research has
focused on ways to increase the lifetime of composite restoration, particularly the polymer
matrix, filler, and coupling agent.

The polymer matrix is one of the most important components of the composite. Due
to its chemical structure, it is exposed to chemical reactions that can cause degradation. The
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new monomers synthesized for the needs of dentistry can be classified as (I) methacrylate
monomers, (II) vinyl monomers, (III) click chemistry monomers, and (IV) ring-opening
polymerization monomers [4]. There is no extensive research into how new polymer
matrices are resistant to long-term use in the oral cavity. New monomers are charac-
terized by certain desirable features such as low water sorption values, high values of
the degree of conversion or a homogeneous structure, which may increase resistance to
hydrolytic degradation.

Compared to the matrix, the filler plays a greater role in the development of the
strength of the composite material. One promising trend in filler research is nanotechnology.
Nanofillers are characterized by various shapes and morphology, and using them as a
co-filler may have a positive effect on improving the structure and degree of filling. A
certain combination of micron size fillers (or nanoclusters) with a nano size filler has been
shown to exhibit the best packing, yielding very good mechanical properties and increased
abrasion resistance [5,6]. A high degree of filling and homogeneity of the system increase
the stability of composite materials over time [7].

The last issue related to the longevity of dental composites in the oral environment
is the coupling agent. The filler compatibility in a dental composite can be improved by
chemical surface modification, typically with silanes [8–10]. Hydrolysis can be reduced at
the matrix–filler interface by increasing the hydrophobicity of the silane molecule. This
can be done using molecules with an alkoxy group instead of the C=C bond, e.g., in
octyltrimethoxysilane [11]. Additionally, the so-called cross-linking silanes can be used,
which contain two silicon atoms each with three alkoxy groups, e.g., bis-1,2-(triethoxysilyl)
ethane, or bis-1,6-(trichloroxysilyl) ethane. These compounds are able to form extensive
networks that hinder the diffusion of molecules into the bulk of the material, thus increasing
the hydrolytic stability of the dental composite [12].

Composite materials introduced into the market must be evaluated as biomaterials,
and they are often evaluated using the ISO 4049 standard. However, such evaluation is
limited and it cannot be predicted how the material will behave during long-term use
in the oral environment, which due to its variable temperature and pH, friction, and
various biological factors, will limit the time of the restoration [13]. Research using complex
and aggressive environmental factors is very popular in other industries to determine a
product’s lifetime. Hence, there is a need to evaluate the stability of dental materials in a
complex operating environment when developing new materials [14–17].

The present study used diethylene glycol monomethacrylate/4,4′-methylenebis(cyclohexyl
isocyanate) (DEGMMA/CHMDI) and diethylene glycol monomethacrylate/isophorone di-
isocyanate (DEGMMA/IPDI) monomers developed by Prof. I. Barszczewska-Rybarek [18].
These monomers are characterized by good strength properties and relatively low wa-
ter sorption (Table 1). The structure of the DEGMMA/CHMDI and DEGMMA/IPDI
monomers used in the study is presented in Figure 1A.

Table 1. The properties of the used monomers: molecular weight (MW), flexural strength (FS),
flexural modulus (E), water sorption (WS), degree of conversion (DC).

Monomer MW [g/mol] FS [MPa] E [GPa] WS [μg/mm3] DC [%]

UDMA 470 134 a 1.8 a 42.3 a 72 a

Bis-EMA 540 87 a 1.1 a 21.3 a 76 a

TEGDMA 286 99 a 1.7 a 28.8 a 83 a

DEGMMA/CHMDI 611 139 b 3.4 b 18.5 b 41 b

DEGMMA/IPDI 571 141 b 2.8 b 29.9 b 66 b

a—taken from [19]; b—taken from [18]. UDMA—urethane dimethacrylate, bis-EMA—bisphenol A ethoxylated-
dimethacrylate, TEGDMA—triethyleneglycol dimethacrylate, CHINOX SA-1—bis(2,6-diisopropylphenyl)carbodiimide,
DEGMMA/CHMDI—diethylene glycol monomethacrylate/4,4′-methylenebis(cyclohexyl isocyanate), DEGMMA/
IPDI—diethylene glycol monomethacrylate/isophorone diisocyanate.
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Figure 1. Structures of monomers (A) (DEGMMA/CHMDI—diethylene glycol monomethacrylate/4,4′-
methylenebis(cyclohexyl isocyanate), DEGMMA/IPDI—diethylene glycol monomethacrylate/isophorone
diisocyanate) and (B) CHINOX SA-1—bis(2,6-diisopropylphenyl)carbodiimide, used as modifiers.

In addition, being a pilot study, bis(2,6-diisopropylphenyl)carbodiimide (CHINOX
SA-1) was added to the composite as an anti-hydrolysis agent in order to improve its
hydrolytic stability (Figure 1B). The industry uses such additives that can increase the
stability of polymeric materials [20]. Although its chemical structure may reduce its
composite biocompatibility, it seems reasonable to conduct research with the use of minor
additives not yet used in dental composites.

The authors did not find information in the literature indicating the use of both
urethane derivatives and an antifhydrolysis agent as modifiers of composites based on
UDMA, bis-EMA, and TEGDMA monomers. In addition, studies evaluating the durability
of new experimental dental composites are not a common approach; however, taking
into account the methods of evaluating materials in other industries, such an assessment
should be a standard procedure. The null hypothesis was that the DEGMMA/CHMDI and
DEGMMA/IPDI monomers or the agent CHINOX SA-1 would not affect the properties or
the hydrolytic stability of the composite assessed based on two aging protocols.

2. Results

The data regarding the composite modified with DEGMMA/CHMDI and DEGMMA/IPDI
are presented in Table 2.

The applied aging protocols had some impact on the selected materials compared to
the control group. In all samples, a significant difference was noted for the hardness values
after aging.

The percentage changes of the measured properties of composites modified with
the DEGMMA/CHMDI and DEGMMA/IPDI monomers after the thermo_NaOH aging
protocol and water_NaOH aging protocol are presented on Figures 2 and 3, respectively.

The thermo_NaOH aging protocol (7500 cycles, 5 ◦C and 55 ◦C, water and 7 days,
60 ◦C, 0.1 M NaOH) yielded greater changes than the water_NaOH aging protocol (5 days,
55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH).

The obtained results of the composite modified with the CHINOX SA-1 anti-hydrolysis
agent are presented in Table 3.

After application of the aging protocols, significant changes were observed in the hardness.
The percentage changes in the measured properties of the composites modified with

CHINOX SA 1 after the thermo_NaOHaging protocol and water_NaOH aging protocol are
presented on Figures 4 and 5, respectively.

The CHINOX SA-1-modified materials yielded smaller percentage changes compared
to the non-modified control material.

Box-and-whisker plots of the collected results and exact p-values are provided in
Appendix A (Figures A1–A6).

The sorption and solubility of the tested materials are presented in Table 4.
The applied modifications slightly increased the sorption value. The solubility of the

tested materials increased.
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Table 2. The results of the flexural strength (FS), diametral tensile strength (DTS), and hardness
(HV) of the tested materials modified with DEGMMA/CHMDI and DEGMMA/IPDI after selected
aging protocols. The results with the same assigned letter or uppercase and lowercase letters are
significantly different (p ≤ 0.05). Median values are presented with the interquartile range (IQR).

DTS [MPa] (IQR) FS [MPa] (IQR) HV (IQR)
Number of Samples in the

Study Group
n = 9 n = 7 n = 9

None, Control 39.14 e 2.29 93.8 a,b,c,d,e 11.6 32 A(a–h) 1
None, thermo_NaOH 36.33 8.64 78.7 12.7 13 2
None, water_NaOH 40.13 a,b,c,d 1.20 82.6 f 15.1 13 1

IPDI(2.5)_CHMDI(2.5), control 36.90 5.60 86.7 g,i 21.6 29 B(a–h) 1
IPDI(2.5)_CHMDI(2.5),

thermo_NaOH 34.36 2.81 64.5 b,i 9.8 10 Ab,Bb,Cb,Ea 1

IPDI(2.5)_CHMDI(2.5),
water_NaOH 32.94 7.29 62.3 a,f,g,h 7.0 10 Aa,Ba,Ca 1

CHMDI(5), control 37.42 f 2.66 72.9 8.4 30 C(a–h) 1

CHMDI(5), thermo_NaOH 33.23 a 2.56 69.2 c 9.3 9 Ac,Bc,Cc,Da,

Eb,Fa 1

CHMDI(5), water_NaOH 37.28 g 1.76 79.2 h 14.9 14 G 1
CHMDI(10), control 35.35 1.79 83.1 17.9 28 D(a-d) 1

CHMDI(10), thermo_NaOH 34.18 b 3.01 64.5 d 23.7 9 Ad,Bd,Cd,Db,

Ec,Fb 1

CHMDI(10), water_NaOH 30.38 c,e,f,g,h 4.77 73.0 13.8 8 Ae,Be,Ce,Dc,

Ed,Fc,G 1

IPDI(5), control 34.17 2.68 80.6 8.1 29 E(a–g) 1
IPDI(5), thermo_NaOH 33.34 4.52 65.1 e 10.9 9 Af,Bf,Cf,Dd,Ee, Fd 1
IPDI(5), water_NaOH 37.18 h 2.89 80.7 22.9 13 1

IPDI(10), control 35.99 1.80 73.7 14.9 27 F(a–d) 2
IPDI(10), thermo_NaOH 33.90 6.80 71.0 12.0 10 Ag,Bg,Cg,Ef 1
IPDI(10), water_NaOH 32.10 d 5.91 70.7 5.8 10 Ah,Bh,Ch,Eg 1

None, thermo_NaOH IPDI(2.5)_CHMDI(2.5),
thermocycling + NaOH

CHMDI(5),
thermo_NaOH

CHMDI(10),
thermo_NaOH

IPDI(5), thermo_NaOH IPDI(10), thermo_NaOH
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Figure 2. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the thermo_NaOH aging protocol (7500 cycles, 5 ◦C and 55 ◦C, water and 7 days,
60 ◦C, 0.1 M NaOH) compared to control values.
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Figure 3. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the water_NaOH aging protocol (5 days, 55 ◦C, water and 7 days, 60 ◦C, 0.1 M
NaOH) compared to the control value. 0—no change; negative value—the selected property was
higher than the control value after application of the protocol.

Table 3. The results of the flexural strength (FS), diametral tensile strength (DTS), and hardness (HV)
for tested materials modified with CHINOX SA-1 after selected aging protocols. The results with the
same assigned letter or uppercase and lowercase letters are significantly different. FS is presented
as the mean with standard deviation (SD), while DTS and HV are presented as the median with the
interquartile range (IQR).

DTS [MPa] IQR FS [MPa] SD HV IQR
Number of Samples in the

Study Group
n = 9 n = 7 n = 9

None, Control 39.14 2.29 95.0 A(a–h) 7.6 32 a,b,c,d,e 1
None, thermo_NaOH 36.33 8.64 77.0 Aa,C(a–c) 6.5 12 a 3
None, water_NaOH 40.13 a,b,c 1.20 82.5 Ab,B(a–e) 8.1 12 2

CHINOX(0.5), control 34.13 a 2.33 73.0 Ac,Ba,E 7.2 29 f,g,h,i 1
CHINOX(0.5), thermo_NaOH 35.00 2.98 69.5 Ad,Bb 10.6 10 b,f,j 2
CHINOX(0.5), water_NaOH 31.28 b 7.13 77.7 Ae,D(a–c) 5.4 11 c,g,k 2

CHINOX(1.5), control 33.89 c 1.64 65.0 Af,Bc,Ca,Da 11.5 28 j,k,l,m 2
CHINOX(1.5), thermo_NaOH 35.38 2.37 62.7 Ag,Bd,Cb,Db,E 9.0 11 d,h,l 1
CHINOX(1.5), water_NaOH 34.71 4.81 66.0 Ah,Be,Cc,Dc 8.5 10 e,i,m 2

Figure 4. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the thermo_NaOH aging protocol (7500 cycles, 5 ◦C and 55 ◦C, water and 7 days,
60 ◦C, 0.1 M NaOH) compared to controls. 0—no change; negative value—the value was higher than
the control values after application of the protocol.
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Figure 5. Percentage change in the flexural strength (FS), diametral tensile strength (DTS), and
hardness (HV) after the water_NaOH aging protocol (5 days, 55 ◦C, water and 7 days, 60 ◦C, 0.1 M
NaOH) compared to controls. 0—no change; negative value—the value was higher than the control
values after application of the protocol.

Table 4. The results of sorption and solubility. The results are shown as the mean with standard
deviation (SD).

Control CHMDI(2.5)_IPDI(2.5) CHMDI(5) CHMDI(10) IPDI(5) IPDI(10) CHINOX(0.5) CHINOX(1.5)

Sorption n = 5 25.42 (0.53) 28.96 (0.40) 26.55 (1.07) 32.40 (1.56) 26.81 (0.60) 32.64 (2.41) 32.97 (1.53) 32.91 (0.73)
Solubility n = 5 0.70 (0.20) 0.68 (0.15) 1.05 (0.28) 1.46 (0.42) 1.31 (0.08) 1.48 (0.48) 1.26 (0.71) 2.00 (0.29)

3. Discussion

There is a pressing need to identify a composite with increased resistance to hy-
drolytic degradation and hence a longer lifetime [21,22]. It should be borne in mind that
the oral environment has a significant impact on composite durability. As such, it is
crucial that materials are evaluated under accelerated aging conditions with increased
environmental factors.

Our findings indicate that the selected modification did indeed influence the prop-
erties of the control (base) material, thus rejecting the null hypothesis. However, the use
of the DEGMMA/CHMDI, DEGMMA/IPDI monomers and the addition of CHINOX
SA-1 did not improve the initial (control) strength properties. The initial values of the
tested properties were lower than those of the base material, but not all differences were
statistically significant.

The properties of a composite material are influenced by its composition. Considering
that the materials have the same filler, the observed differences in the properties will depend
on the composition of the polymer matrix [23,24]. The tested materials, which consisted
of a basic polymer matrix (40 wt% of UDMA, 40 wt% of Bis-EMA, 20 wt% of TEGDMA),
was modified with two monomers (DEGMMA/CHMDI, DEGMMA/IPD) in different
weight percentages. As the used monomers had two oxyethylene units (DEGMMA), the
molecule showed limited flexibility. Additionally, the monomers contained cycloaliphatic
diisocyanates: CHMDI or IPDI, which differed in their structure symmetry. The monomer
with IPDI is more elastic than the one with CHMDI, which may result in higher DC
and modulus [18]. In our research, a small addition (max 10 wt%) of the cycloaliphatic
urethane-dimethacrylate derivatives did not improve the strength properties. However, the
TEGDMA, Bis-EMA, or UDMA homopolymers demonstrated lower flexural strength and
flexural modulus than the resins used as modification (Table 1). Even so, it should be taken
into account that the properties of the composite result from complex relationships and
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interactions between individual components that cannot be predicted under the current
state of science. It is most likely that the addition of further substances could hinder
the movement of macromolecules during polymerization due to their chemical structure
(Figure 1A) [18]. Composite materials modified with CHMDI or IPDI monomers could
achieve lower DC values resulting in lower FS and DTS values.

In addition, the modification with the anti-hydrolysis agent did not improve the
control values. CHINOX SA-1 includes two phenyl groups connected to each other by a
short carbodiimide group (Figure 1B). This stiff structure, similar to bis-GMA, may prevent
the free movement of macromolecules during polymerization, resulting in a lower degree
of conversion by the composite [25,26]. The lower DC can explain the decreased FS, DTS,
and HV values and the increased sorption of modified composites with CHINOX SA-1.

Although dental materials placed on the market must meet certain requirements, such
as biocompatibility, the relevant ISO and ADA standards include no tests for assessing the
stability of materials in the oral cavity. Water sorption can be used to assess the behavior of
materials in a water environment. The ISO 4049 standard specifies that the sorption of the
composite material cannot be higher than 40 μg/mm−3 at a solubility of 7.5 μg/mm−3 [27].
For the tested modified monomers, the sorption was relatively low (Table 1). Regarding
the DEGMMA/CHMDI monomer, the low sorption values are due to the presence of
symmetrical cycloaliphatic moieties, which causes a reduction in the space between the
polymer chains. In contrast, the asymmetric core in IPDI can create more free space in the
polymer network for water to enter, resulting in higher sorption. In the study, composites
modified with selected urethane derivatives showed similar sorption values as the control
materials. Minor amounts of selected monomers were added (max. 10 wt%); therefore, the
effect on sorption was small. The sorption values increased noticeably in comparison with
the control when CHINOX SA-1 added, but these values were still at an acceptable level.
There was also no difference between the addition of 0.5 and 1.5%. The solubility of the
tested materials compared to the control material increased. The observed changes may
also be related to the structure of the used modifiers, which could have resulted in a lower
degree of the conversion values. Materials with lower DC showed higher sorption and
solubility values [28].

Of the two tested aging protocols, the thermocycler approach (7500 cycles, 5 ◦C and
55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH) reduced the value of the tested properties more
effectively (Figures 2–5) than water (5 days, 55 ◦ C, water and 7 days, 60 ◦C, 0.1 M NaOH).
It has been shown that thermocycles affect the degradation of the polymer matrix as well as
the stability of the matrix–filler interface [29,30]. Boussès et al. reported slow degradation of
at the filler–matrix interface for the first 5000 thermocycles, while significant changes were
noted after 10,000 thermocycles [31]. From a chemical point of view, composite samples
take up water during aging, resulting in hydrolysis of the polymer matrix and interface.
Firstly, the matrix protects the interface from degradation until the polymer structure is
saturated with water. Once water reaches the interphase, the siloxane bonds are exposed to
hydrolysis. Unfortunately, this type of bond, which results from filler silanization, is not
resistant to hydrolytic degradation [10,32]. Thermocycling causes successive contractions
and expansions of the material due to temperature variations. In addition, due to different
thermal expansion coefficients, local overstress is generated at the interface. This may
cause the occurrence of micro-cracks and interface damage, leading to a greater decrease
in strength [31]. In the present study, the effect of the thermocycler was enhanced by
NaOH; this causes accelerated degradation of dental polymer materials due to a high
amount of hydroxyl ions, which are responsible for the hydrolysis of the bonds present in
the polymer matrix, the coupling agent or the interphase [33–35]. It is worth mentioning
that the phenomenon of degradation of dental materials does not occur only under the
influence of substances and physical conditions (aqueous environment, temperature, pH,
chewing forces, friction) occurring in the oral cavity. Aging of materials also develops under
the influence of biological factors—salivary enzymes and bacterial activity. It has been
shown that these factors also cause the hydrolysis of chemical bonds found in composite
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materials [36]. However, enzyme-based analyses are costly and more demanding than the
proposed aging protocols.

Research has shown that the top layer is the most susceptible to aging and degradation.
For most of the studied groups, the hardness values after aging were more than 60% lower
than those of the controls. The aging medium reduces hardness by affecting the matrix and
weakens the siloxane bonds in the silane coupling agent [37]. The alkalinity provides a large
amount of hydroxyl ions, which are responsible for hydrolysis [38]. The microstructure of
the dental composite changes after chemical or thermal aging. Plucking out, fractures of
filler particles, and degradation–delamination of the matrix were observed [14,34,39,40].
The aging protocol resulted in no noticeable change (median values were the same as or
higher than those of the control value) or a decrease in the DTS value from 4 to 28% and
a decrease in the FS value by 2 to 14% (Figures 2–5). Considering the lower percentage
changes in strength, it appears that the degradation effect is more superficial and does not
propagate into the bulk of the material. However it should be underlined that in the oral
environment, the top aged layer will be successively lost due to the continuous friction
applied by chewing forces, allowing the restoration to be continually eroded [41].

No relationship was found between the percentage composition of the polymer matrix
and the hydrolytic resistance, identified by changes in selected properties. Smaller changes
in DTS and FS were observed in the CHMDI(5) and the IPDI(5) and (10) groups; these values
were very close to those of the control. No significant improvement in stability against hy-
drolytic degradation was noted for most composites, which was probably more dependent
on the network structure of the materials and the complex interaction between the used
monomers. The UDMA monomer and its cycloaliphatic derivatives (DEGMMA/IPDI and
DEGMMA/CHMDI) have urethane bonds, which are prone to form strong hydrogen bonds.
These bonds acts as physical crosslinks in the resulting polymer network. The enrichment
of the studied system with DEGMMA/IPDI and DEGMMA/CHMDI may cause increase
in the physical crosslinked density. Hence, monomers of the UDMA/bis-EMA/TEGDMA
matrix could form less homogeneous structures, which would influence the changes in the
tested properties after aging. Some inhomogeneity in materials may create a spot where a
stress accumulates, resulting in microcracks and treatment failure. It should be remembered
that any imperfection in the material can influence its durability.

The addition of CHINOX SA-1 improved the hydrolytic stability of the tested materials.
The percentage changes in the DTS and FS values following aging were limited, even at low
CHINOX SA-1 concentrations (0.5%). Unfortunately, no data regarding this concentration
in dental materials could be found in previous studies; however, research conducted,
for example, with poly (lactic acid) has shown that carbodiimide compounds increase
the resistance to hydrolytic degradation due to the water reacting with anti-hydrolysis
compounds, producing urea derivatives [42,43]. It is most likely that the reaction of
the CHINOX SA-1 anti-hydrolysis agent and water molecule proceeds according to the
equation presented in Figure 6.

Figure 6. Reaction of bis(2,6-iisopropylphenyl)carbodiimide (CHINOX SA-1) with water.

As small additions have been found to be effective in increasing hydrolytic stability, it
is likely that the cellular response will not be impaired. However, future studies are still
needed to determine the biocompatibility of such composites.
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4. Materials and Methods

The basic material used in this work was a polymer matrix consisting of 40 wt%
UDMA, 40 wt%, bis-EMA, and 20 wt% TEGDMA. A resin matrix was prepared according
to the weight percentage of the selected monomers. UDMA, TEGDMA, and bis-EMA
were delivered by Esstech Inc. (Essington, PA, USA). Such a resin matrix was additionally
modified with a specific amount of selected urethane monomers or anti-hydrolysis agent
(Table 5). Each mixture contained camphorquinone (<1 wt%) and N, N-dimethylaminoethyl
methacrylate. Monomers were synthesized, and their structure was confirmed as described
previously [18,44]. CHINOX SA-1 was delivered by TCI Chemicals (Fukaya, Japan).

Table 5. Matrix composition of the tested composites, which contained 45 wt% of silanized silica.

Material Signature Base Material Modification

Control

UDMA 40 wt%
bis-EMA 40 wt%

TEGDMA 20 wt%

None

CHMDI(2.5)_IPDI(2.5) DEGMMA/CHMDI 2.5 wt%
and DEGMMA/IPDI 2.5 wt%

CHMDI(5) DEGMMA/CHMDI 5 wt%
CHMDI(10) DEGMMA/CHMDI 10 wt%

IPDI(5) DEGMMA/IPDI 5 wt%
IPDI(10) DEGMMA/IPDI 10 wt%

CHINOX(0.5) CHINOX SA-1 0.5 wt%
CHINOX(1.5) CHINOX SA-1 1.5 wt%

UDMA—urethane dimethacrylate, bis-EMA—bisphenol A ethoxylateddimethacrylate, TEGDMA—triethyleneglycol
dimethacrylate, CHINOX SA-1—bis(2,6-diisopropylphenyl)carbodiimide, DEGMMA/CHMDI—diethylene
glycol monomethacrylate/4,4′-methylenebis(cyclohexyl isocyanate), DEGMMA/IPDI—diethylene glycol
monomethacrylate/isophorone diisocyanate.

After modification, 45 wt% filler was added to each of the prepared polymer ma-
trices using a mortar. The filler was silica (Arsil, Zakłady Chemiczne “RUDNIKI” S.A.,
Rudniki, Poland) silanized with γ-Methacryloxypropyltrimethoxy silane (Unisil Sp. Z o. O.,
Tarnów, Poland).

Two different ageing protocols were used (Table 6) to evaluate the hydrolytic stability
of the tested materials. The flexural strength, diametral tensile strength, and hardness
were determined with and without the influence of the aging protocols. The protocols
were selected on the basis of previous research [14]. Briefly, hydrolytic degradation was
accelerated by NaOH solution. Thermocycles and increased temperature affect sorption and
dissolution. The combination of thermal and chemical factors better mimic the prolonged
influence of the oral environment on restoration. Accelerated aging with more aggressive
or greater amounts of factors can be used to evaluate the lifetime performance of dental
composite in vivo [14,45]. It can be assumed that the proposed aging protocols will simulate
several years in the oral environment; however, such a prediction is very complex and
difficult to make.

Table 6. Description of selected aging protocols used to evaluate the tested materials.

Ageing Protocol Signature Description

control 24 h, 37 ◦C, distilled water
thermo_NaOH 7500 cycles, 5 ◦C and 55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH
water_NaOH 5 days, 55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH

The NaOH solution was prepared in a volumetric flask. The NaOH (Avantor Perfor-
mance Materials, Gliwice, Poland) was measured on an analytical balance (Radwag XA
82/220/X, Puszczykowo, Poland). The samples were placed in plastic dishes in a DZ-2BCII
Vacuum Drying Oven (ChemLand, Stargard Szczecinski, Poland) for a period (Table 6) or
were subjected to 7500 thermocycles (water, 20 s dwell time, 5 and 55 ◦C) using a THE
1200 thermocycler (SD Mechatronic, Feldkirchen-Westerham, Germany).
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Flexural strength (FS) was determined based on ISO 4049:2019. Seven measurements
were made for each study group, using rectangular samples (25 mm long, 2 mm wide,
2 mm thick). Nine cylindrical samples (diameter 6 mm and thickness 3 mm) for each study
group were used to establish the diametral tensile strength (DTS). The FS and DTS tests
were performed using a Z020 universal testing machine (Zwick–Roell, Ulm, Germany). The
traverse speed was 2 mm/min in the DTS test and 1 mm/min in FS. Nine measurements
of Vickers hardness (1000 g applied load, 10 s penetration time) were carried out for each
study group. The Zwick ZHV2–m hardness tester (Zwick–Roell, Ulm, Germany) was
used in this study. In addition, water sorption and the solubility of the tested materials
were evaluated, based on ISO standard (4049:2019 Dentistry—Polymer-based restorative
materials). Five cylindrical samples (15 mm in diameter, 1 mm in width) were prepared for
each composite.

Water sorption (Wsp) and solubility (Wsl) were calculated for each specimen using the
following equations:

Wsp =
m2 − m1

V
·100% (1)

Wsp =
m1 − m3

V
·100% (2)

where m1 is the conditioned mass of the specimen, m2 is the mass of the specimen af-
ter immersion in water, m3 is the reconditioned mass of the specimen, and V is the
specimen volume.

The Shapiro–Wilk test was used to assess the normality of the distribution of the data.
Based on the results, either the Kruskal–Wallis test with multiple comparisons of mean
ranks or one-way ANOVA was applied, followed by Tukey’s post hoc test. The accepted
level of significance was α = 0.05. Data with a normal distribution and homogeneity of
variance are presented as mean values with standard deviation (SD), while those without
are presented as median values with the interquartile range (IQR). All analyses were
performed using Statistica version 13 software (StatSoft, Kraków, Poland).

5. Conclusions

These studies examined one composite, albeit as five variants with DEGMMA/CHMDI,
DEGMMA/IPDI monomers, and two modifications with the CHINOX SA-1 anti-hydrolysis
agent. Further research is needed with a wider group of materials and more testing methods.
Nevertheless, our findings indicate the following:

• The additives (DEGMMA/CHMDI, DEGMMA/IPDI, CHINOX SA-1) did not improve
the initial (control) properties of the composite material.

• No relationship was found between the percentage composition of the polymer matrix
and hydrolytic stability, tested by changes in selected properties after aging.

• The addition of CHINOX SA-1 improved the hydrolytic stability of the composites
based on the UDMA/bis-EMA/TEGDMA monomers.

• In all materials, the hardness dropped dramatically after the aging protocols. This
may prove that the degradation of materials takes place mainly in the top layer.

The standardization of the aging protocol for dental materials is a separate project
(funded by National Science Centre, Poland grant number: UMO-2020/37/N/ST5/00191, 2021).
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Abbreviations

List of abbreviations:
bis-EMA bisphenol A ethoxylateddimethacrylate,
CHINOX SA-1 bis(2,6-diisopropylphenyl)carbodiimide,
CHINOX(0.5) addition of 0.5 wt% CHINOX SA-1,
CHINOX(1.5) addition of 1.5 wt% CHINOX SA-1,
CHMDI(10) addition of 10 wt% DEGMMA/CHMDI,
CHMDI(2.5)_IPDI(2.5) addition of 2.5 wt% DEGMMA/CHMDI and 2.5 wt% DEGMMA/IPDI,
CHMDI(5) addition of 5 wt% DEGMMA/CHMDI,
Control 24 h, 37 ◦C, distilled water,

DEGMMA/CHMDI
diethylene glycol monomethacrylate/4,4′-methylenebis
(cyclohexyl isocyanate),

DEGMMA/IPDI diethylene glycol monomethacrylate/isophorone diisocyanate
DTS diametral tensile strength [MPa],
FS flexural strength [MPa],
HV hardness [-],
E flexural modulus [GPa],
WS water sorption [μg/mm3],
DC degree of conversion [%],
IPDI(10) addition of 10 wt% DEGMMA/IPDI,
IPDI(5) addition of 5 wt% DEGMMA/IPDI,
MW molecular weight [g/mol],
TEGDMA triethyleneglycol dimethacrylate,

thermo_NaOH
aging for 7500 cycles, 5 ◦C and 55 ◦C, water and 7 days, 60 ◦C,
0.1 M NaOH,

UDMA urethane dimethacrylate,
water_NaOH aging for 5 days, 55 ◦C, water and 7 days, 60 ◦C, 0.1 M NaOH.
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Appendix A

Figure A1. Box-and-whisker plot of the diametral tensile strength (DTS) of the tested mate-
rials. Statistically significant differences were detected between the following: (a,b,c,d) None,
water_NaOH vs. (a) CHMDI(5), thermo_NaOH (p = 0.0261), (b) CHMDI(10), thermo_NaOH
(p = 0.0272), (c) CHMDI(10), water_NaOH (p = 0.00002), (d) IPDI(10), water_NaOH (p = 0.0087);
(e,f,g,h) CHMDI(10), water_NaOH vs. (e) None, control (p = 0.0005), (f) CHMDI(5), control
(p = 0.0082), (g) CHMDI(5), water_NaOH (p = 0.0421), (h) IPDI(5), water_NaOH (p = 0.0095).

Figure A2. Box-and-whisker plot of the flexural strength (FS) of the tested materials. Statistically significant
differences were detected between the following: (a,b,c,d,e) None, control vs. (a) CHMDI(2.5)_IPDI(2.5),
water_NaOH (p = 0.00004), (b) CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0005), (c) CHMDI(5),
thermo_NaOH (p = 0.0151), (d) CHMDI(10), thermo_NaOH (p = 0.0103), (e) IPDI(5), thermo_NaOH
(p = 0.0034); (a,f,g,h) CHMDI(2.5)_IPDI(2.5), water_NaOH vs. (f) None, water_NaOH (p = 0.0165),
(g) CHMDI(2.5)_IPDI(2.5), control (p = 0.0051), (h) CHMDI(5), water_NaOH (p = 0.0254);
(i) CHMDI(2.5)_IPDI(2.5), control vs. (i) CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0459).
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Figure A3. Box-and-whisker plot of the Vickers hardness (HV) of the tested materials. Statisti-
cally significant differences were detected between the following: (A(a–h)) None, control vs. (Aa)
CHMDI(2.5)_IPDI(2.5), water_NaOH (p = 0.0005), (Ab) CHMDI(2.5)_IPDI(2.5), thermo_NaOH
(p = 0.0004), (Ac) CHMDI(5), thermo_NaOH (p = 0.0000), (Ad) CHMDI(10), thermo_NaOH
(p = 0.0000), (Ae) CHMDI(10), water_NaOH (p = 0.0000), (Af) IPDI(5), thermo_NaOH(0.0000),
(Ag) IPDI(10), thermo_NaOH (p = 0.0001), (Ah) IPDI(10), water_NaOH (p = 0.0001); (B(a–h))
CHMDI(2.5)_IPDI(2.5), control vs. (Ba) CHMDI(2.5)_IPDI(2.5), water_NaOH (p = 0.0298), (Bb)
CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0212), (Bc) CHMDI(5), thermo_NaOH (p = 0.0001), (Bd)
CHMDI(10), thermo_NaOH (p = 0.0001), (Be) CHMDI(10), water_NaOH (p = 0.0000), (Bf) IPDI(5),
thermo_NaOH(0.0007), (Bg) IPDI(10), thermo_NaOH (p = 0.005366), (Bh) IPDI(10), water_NaOH
(p = 0.0049); (C(a-h)) CHMDI(5), control vs. (Ca) CHMDI(2.5)_IPDI(2.5), water_NaOH (p = 0.0080),
(Cb) CHMDI(2.5)_IPDI(2.5), thermo_NaOH (p = 0.0055), (Cc) CHMDI(5), thermo_NaOH (p = 0.0000),
(Cd) CHMDI(10), thermo_NaOH (p = 0.0000), (Ce) CHMDI(10), water_NaOH (p = 0.0000), (Cf) IPDI(5),
thermo_NaOH(0.0002), (Cg) IPDI(10), thermo_NaOH (p = 0.0013), (Ch) IPDI(10), water_NaOH
(p = 0.0011); (D(a–d)) CHMDI(10), control vs. (Da) CHMDI(5), thermo_NaOH (p = 0.0022); (Db)
CHMDI(10), thermo_NaOH (p = 0.0016), (Dc) CHMDI(10), water_NaOH (p = 0.0001), (Dd) IPDI(5),
thermo_NaOH (p = 0.0106); (E(a–g)) IPDI(5), control vs. (Ea) CHMDI(2.5)_IPDI(2.5), thermo_NaOH
(p = 0.0401), (Eb) CHMDI(5), thermo_NaOH (p = 0.0003), (Ec) CHMDI(10), thermo_NaOH (p = 0.0002),
(Ed) CHMDI(10), water_NaOH (p = 0.0000), (Ee) IPDI(5), thermo_NaOH(0.0016), (Ef) IPDI(10),
thermo_NaOH (p = 0.0107), (Eg) IPDI(10), water_NaOH (p = 0.0097); (F(a–d)) IPDI(10), control
vs. (Fa) CHMDI(5), thermo_NaOH (p = 0.0022); (Fb) CHMDI(10), thermo_NaOH (p = 0.0016), (Fc)
CHMDI(10), water_NaOH (p = 0.0001), (Fd) IPDI(5), thermo_NaOH (p = 0.0106); (G) CHMDI(5),
water_NaOH vs. (G) CHMDI(10), water_NaOH (p = 0.0289).
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Figure A4. Box-and-whisker plot of the diametral tensile strength (DTS) of the tested materials.
Statistically significant differences were detected between the following: (a,b,c) None, water_NaOH vs.
(a) CHINOX(0.5), control (p = 0.0440); (b) CHINOX(0.5), water_NaOH (p = 0.0170), (c) CHINOX(1.5),
control (p = 0.0340).

Figure A5. Box-and-whisker plot of the flexural strength (FS) of the tested materials. Statisti-
cally significant differences were detected between the following: A(a–h)) None, control vs. (Aa)
None, thermo_NaOH (p = 0.0002), (Ab) None, water_NaOH (p = 0.0075),(Ac) CHINOX(0.5), con-
trol (p = 0.0000), (Ad) CHINOX(0.5), thermo_NaOH (p = 0.0000), (Ae) CHINOX(0.5), water_NaOH
(p = 0.0003), (Af) CHINOX(1.5), control (p = 0.0000), (Ag) CHINOX(1.5), thermo_NaOH (p = 0.0000),
(Ah) CHINOX(1.5), water_NaOH (p = 0.0000); B(a–e) None, water_NaOH vs. (Ba) CHINOX(0.5),
control (p = 0.0389), (Bb) CHINOX(0.5), thermo_NaOH (p = 0.0057), (Bc) CHINOX(1.5), control
(p = 0.0003), (Bd) CHINOX(1.5), thermo_NaOH (p = 0.0001), (Be) CHINOX(1.5), water_NaOH
(p = 0.0006); C(a–c) None, thermo_NaOHvs. (Ca) CHINOX(1.5), control (p = 0.0104), (Cb) CHI-
NOX(1.5), thermo_NaOH (p = 0.0026); (Cc) CHINOX(1.5), water_NaOH (p = 0.0187); D(a–c)
CHINOX(0.5), water_NaOH vs. (Da) CHINOX(1.5), control (p = 0.0070), (Cb) CHINOX(1.5),
thermo_NaOH (p = 0.0017); (Cc) CHINOX(1.5), water_NaOH (p = 0.0128); (E) CHINOX(0.5), control
vs. (E) CHINOX(1.5), thermo_NaOH (p = 0.0272).

114



Int. J. Mol. Sci. 2023, 24, 4336

Figure A6. Box-and-whisker plot of the Vickers hardness (HV) of the tested materials. Statistically
significant differences were detected between the following: (a,b,c,d,e) None, Control vs.(a) None,
thermo_NaOH ( p = 0.0237), (b) CHINOX(0.5), thermo_NaOH (p = 0.0000), (c) CHINOX(0.5), wa-
ter_NaOH (p = 0.0001), (d) CHINOX(1.5), thermo_NaOH (p = 0.0000), (e) CHINOX(1.5), water_NaOH
(p = 0.0000); (f,g,h,i) CHINOX(0.5), control vs. (f) CHINOX(0.5), thermo_NaOH(p = 0.0007), (g) CHI-
NOX(0.5), water_NaOH (p = 0.0143), (h) CHINOX(1.5), thermo_NaOH(p = 0.0059), (i) CHINOX(1.5),
water_NaOH (p = 0.0006); (j,k,l,m) CHINOX(1.5), control vs. (j) CHINOX(0.5), thermo_NaOH
(p = 0.0018), (k) CHINOX(0.5), water_NaOH (p = 0.0335), (l) CHINOX(1.5), thermo_NaOH (p =
0.0146), (m) CHINOX(1.5), water_NaOH (p = 0.0013).
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Abstract: Peri-implantitis is an inflammatory disease similar to periodontitis, caused by biofilms
formed on the surface of dental implants. This inflammation can spread to bone tissues and result
in bone loss. Therefore, it is essential to inhibit the formation of biofilms on the surface of dental
implants. Thus, this study examined the inhibition of biofilm formation by treating TiO2 nanotubes
with heat and plasma. Commercially pure titanium specimens were anodized to form TiO2 nanotubes.
Heat treatment was performed at 400 and 600 ◦C, and atmospheric pressure plasma was applied
using a plasma generator (PGS-200, Expantech, Suwon, Republic of Korea). Contact angles, surface
roughness, surface structure, crystal structure, and chemical compositions were measured to analyze
the surface properties of the specimens. The inhibition of biofilm formation was assessed using
two methods. The results of this study showed that the heat treatment of TiO2 nanotubes at 400 ◦C
inhibited the adhesion of Streptococcus mutans (S. mutans), associated with initial biofilm formation,
and that heat treatment of TiO2 nanotubes at 600 ◦C inhibited the adhesion of Porphyromonas gingivalis
(P. gingivalis), which causes peri-implantitis. Applying plasma to the TiO2 nanotubes heat-treated at
600 ◦C inhibited the adhesion of S. mutans and P. gingivalis.

Keywords: TiO2 nanotube; heat treatment; non-thermal plasma treatment; peri-implantitis; biofilms

1. Introduction

Bacterial colonies that cause periodontitis are formed on the surface of dental implants
within two weeks after being placed and exposed to an oral environment. Subgingival
bacterial flora is established within four weeks, resulting in tissue inflammation and, thus,
dental implant failure [1]. Since dental implants, unlike natural teeth, do not have any
blood vessels or nervous tissues, patients do not feel any particular pain associated with
peri-implantitis, and the inflammation is highly likely to spread to bone tissues and result
in bone loss [2]. Therefore, it is essential to increase the bioactivity of the surface of the
implants and suppress the formation of biofilms in order to maintain dental implants.

Various attempts have been made to modify the surface of dental implants to suppress
bacterial growth and improve the adhesion of osteocytes [3]. Anodization is one method
of modifying the titanium surface [4]. A thin, rough, porous amorphous TiO2 oxide film
is electrochemically created on the titanium surface to modify its physical properties.
Once amorphous TiO2 nanotubes are formed on the surface of the titanium implants
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via anodization, their surface area is expanded, and cell adhesion, proliferation, and
differentiation are improved, which was reported to increase bone–implant integration,
accelerate bone formation and reduce treatment times [5–7]. Peng et al. [8] reported that
the initial adhesion and colonization of Staphylococcus epidermidis on TiO2 nanotubes were
significantly reduced when compared with polished or acid-etched titanium. In addition,
heat treatment of the titanium surface changes the crystal structure of the TiO2 films and
suppresses the adhesion of bacteria without inhibiting the activity of cells [9,10]. Del Curto
et al. [11] reported that the adhesion of bacteria was inhibited on the titanium surface by
modifying its amorphous oxide film into an anatase crystal structure through heat treatment
without inhibiting the activity of cells. However, in another study, osseointegration was
further improved on a rutile crystal structure surface [12]. Furthermore, opinions are
divided on whether anatase or rutile is a better TiO2 oxide film for titanium implants. The
adhesion of bacteria and the activity of cells are affected not only by the physical properties
of dental implants, such as surface structure and roughness, but also by chemical properties,
such as surface-free energy and hydrophilicity [5,6,13].

The chemical properties of dental implants, such as surface-free energy and hy-
drophilicity, play a critical role in the interaction between osteocytes and proteins and
thus improve the treatment of cuts in the early stage of treatment [14,15]. Sawase et al. [16]
found that the surface of dental implants with improved hydrophilicity showed better
osseointegration than that of general implants. These results indicated that the chemical
properties of the surface of dental implants are more important factors for the activity of
cells than their surface structure.

Plasma is a gas with an energy that is loosely and partially ionized [17] and is used to
sterilize the surfaces of dental equipment and biomaterials and to modify the surfaces of
implants [18,19]. By applying plasma, the oxide layer on the surface of implants is modified
due to the chemical properties of the applied gas without any change in the surface structure,
which results in chemical changes, such as hydrophilicity [20]. Yoo et al. [21] reported that
the shape of bacterial colonies cultured on the surface of titanium treated with plasma was
changed and that over 80% of bacteria were killed. In addition, Duske et al. [13] found that
plasma decreased contact angles and thus increased hydrophilicity, improving the early
adhesion of osteoblasts and osseointegration.

Even though the chemical properties of the surface of dental implants are as important
as their surface structure in inhibiting the adhesion of bacteria and the activity of cells,
studies have been conducted only to evaluate changes in the surface structure and rough-
ness of dental implants. Authors have been mostly focused on changes in the activity of
cells and osseointegration after applying atmospheric pressure plasma to the surface of
implants. However, there has been no study published on the inhibition of peri-implantitis.
Moreover, previous studies on biofilm inhibition of TiO2 nanostructures use antimicrobial
agents (e.g., Ag, Au) on TiO2 nanostructures [22,23]. This study created TiO2 nanotubes
on the titanium surface to change the physical properties of the surface of dental implants.
In addition, heat treatment and atmospheric pressure plasma were applied to change the
chemical properties of the surface of dental implants.

This study examined the effects of heat and plasma treatment on the surface of TiO2
nanotubes on biofilm formation.

2. Results

2.1. Surface Characteristics
2.1.1. Contact Angles

The contact angle of the non-heat-treated (H0), 400 ◦C heat-treated (H400), and 600 ◦C
heat-treated (H600) samples was 19.5 ± 2◦, 14.2 ± 2◦, and 18.0 ± 2◦, respectively. After
the plasma treatment, the contact angle of all groups was reduced. The contact angle of
the non-heat-treated plasma-treated samples (H0P) was 3.3 ± 6◦, and the contact angle
of the 400 ◦C heat-treated plasma-treated samples (H400P) and the 600 ◦C heat-treated
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plasma-treated samples (H600P) was reduced to the point that could not be measured
(Figure 1).

 H0 H400 H600 

No treatment 

   

Plasma treatment 

   

Figure 1. The water contact angle of the samples. The yellow line indicates the solid-liquid interface
and the liquid-fluid interface. The red line indicates the contact angle.

2.1.2. Surface Structures

There were no changes in the height and surface structures of the TiO2 nanotubes after
the heat treatment at 400 ◦C. However, when the samples were heat-treated at 600 ◦C, the
diameter was decreased to 91.2 ± 1 nm, and their height was reduced to 498.0 ± 7 nm
(Figure 2, Table 1). There was no change in the surface structure of the samples before or
after the plasma treatment.

 

Figure 2. Field emission-scanning electron microscopy images on (a) H0, (b) H0P, (c) H400, (d) H400P,
(e) H600, and (f) H600P samples (magnification = 50,000). The mini-subfigures of the left-top corner
indicate the height of TiO2 nanotubes.

Table 1. The mean value and standard deviation of TiO2 nanotubes.

Group Diameter (nm) Thickness (nm)

H0 111.3 ± 2 522.6 ± 4
H400 106.7 ± 1 500.8 ± 4
H600 91.2 ± 1 498.0 ± 7
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2.1.3. X-ray Diffraction (XRD) Analysis

Figure 3 shows the X-ray diffraction patterns of samples. The H400 samples showed
titanium reflections at (010), (002), (011), (012), (110), (013) and (112), and TiO2 anatase
reflections at (011), (020), (015), and (121). The H600 samples showed a different peak
pattern; however, the same reflections were observed as the H400 samples plus new TiO2
rutile reflections at (110), (011), (111), (120), and (121). The analysis results of H600 samples
showed that the titanium, TiO2 anatase and rutile crystal structures were mixed.

 

Figure 3. X-ray diffraction patterns of specimens. (a) H0, (b) H400, and (c) H600 samples.

2.1.4. X-ray Photoelectron Spectroscopy (XPS) Analysis

Figure 4 shows the XPS high-resolution spectra of C1s, O1s and Ti2p on samples. Out
of the three C1s peaks (285.0 eV, 286.7 eV, and 288.7 eV) detected in the H0 samples, the
285.0 eV peak represents C-C or C-H bonded carbon, the 286.7 eV peak represents C-O
bonded carbon, and the 288.7 eV peak represents C=O bonded carbon. Out of the three O1s
peaks (529.9 eV, 531.3 eV, and 532.6 eV), the 529.9 eV and 531.3 eV peaks are associated with
Ti-O and O-H bonds, while the 532.6 eV peak is associated with C-O or C=O bonds. In the
case of Ti2p, two distinct peaks were observed at 464.1 eV and 458.3 eV, representing TiO2.

After heat treatment, the O1s peaks (530.0 eV, 531.5 eV, and 532.6 eV) and the Ti2p
peaks (464.5 eV and 458.7 eV) of the H400 samples, as well as the O1s peaks (530.1 eV,
531.6 eV, and 532.7 eV) and the Ti2p peaks (464.7 eV and 458.9 eV) of the H600 samples
were slightly shifted to a higher bonding energy.

After plasma treatment, the C1s peaks were reduced, and the low peaks between
292.1 eV and 281.2 eV were slightly shifted to a higher bonding energy. Another C1s peak
was observed in 283.6 eV and 281.9 eV, which are associated with C=C and C-Ti. Two
additional O1s peaks (528.6 eV and 527.2 eV) were observed, which represent O2−. The
Ti2p1/2 and Ti2p3/2 peaks were observed at 461.7 eV and 456.1 eV, respectively, which are
associated with TiO2 and Ti2O3. Another C1s peak in the H400P samples was observed
at 289.7 eV, which is associated with O-C=O. Moreover, another Ti2p peak in the H600P
samples was observed at 460.9 eV, which is associated with TiOx, a titanium compound.
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Figure 4. XPS high-resolution spectra of C1s, O1s and Ti2p on samples.

2.2. Assessment of Capacity to Inhibit Biofilm Formation
2.2.1. Streptococcus mutans

The changes in the thickness of S. mutans biofilms after the heat and plasma treatments
to the TiO2 nanotubes are shown in Table 2 and Figure 5.

Compared with the H400 samples, the H0 and H600 samples showed a significantly
smaller thickness of S. mutans biofilms (p < 0.017). There were statistically significant decreases
in the thickness of S. mutans biofilms in all the groups after plasma treatment (p < 0.05).

Table 2. The biofilm thickness of Streptococcus mutans (n = 3).

Group
Biofilm Thickness (μm) Percentage Thickness Reduction

after Plasma Treatment at the Same
Heat Treatment (%)No Treatment Plasma Treatment

H0 a,b 38.1 ± 5 11.1 ± 1 * 70.9
H400 c 22.1 ± 2 17.4 ± 1 * 21.3

H600 a,b 40.9 ± 1 32.9 ± 2 * 19.6
a, b, c: Significant at p < 0.017 in the column. *: Significant at p < 0.05 in the row.
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Figure 5. CLSM image of Streptococcus mutans biofilm on (a) H0, (b) H0P, (c) H400, (d) H400P, (e) H600,
and (f) H600P samples. Green fluorescence indicates viable cells.

2.2.2. Porphyromonas gingivalis

The changes in the thickness of P. gingivalis biofilms after the heat and plasma treat-
ments to the TiO2 nanotubes are shown in Table 3 and Figure 6.

Table 3. The biofilm thickness of Porphyromonas gingivalis (n = 3).

Group
Biofilm Thickness (μm) Percentage Thickness Reduction

after Plasma Treatment at the Same
Heat Treatment (%)No Treatment Plasma Treatment

H0 25.5 ± 1 30.4 ± 4 −19.2

H400 28.4 ± 4 30.9 ± 2 −8.8

H600 26.4 ± 4 24.5 ± 4 7.2

 

Figure 6. CLSM image of Porphyromonas gingivalis biofilm on (a) H0, (b) H0P, (c) H400, (d) H400P,
(e) H600, and (f) H600P samples. Green fluorescence indicates viable cells.
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There were no statistically significant differences in the thickness of P. gingivalis
biofilms after the heat treatment (p > 0.017). There were also no statistically significant
differences in the thickness of P. gingivalis biofilms after the plasma treatment (p > 0.05).

3. Discussion

It is essential to inhibit the adhesion of bacteria to the surface of dental implants to
improve the adhesion between the surface and surrounding tissues. In this study, TiO2 nan-
otubes were formed on the titanium surface to increase its surface area. The TiO2 nanotubes
were heat-treated under different conditions to modify the structure of the TiO2 oxide films.
In addition, atmospheric pressure plasma was applied to the TiO2 nanotubes to change
their surface energy and hydrophilicity and, thus, inhibit the formation of biofilms. Figure 7
shows a schematic of a summary of possible events on the plasma-treated TiO2 nanotube
surface. Recently it has been reported that the adhesion and proliferation of osteoblasts
were increased on the surface of materials that had nanotube structures, and studies have
been conducted to create nano-level structures on the surface of materials [24–26]. Elec-
trochemical anodization can be used to create nano-level tubes on the surface of titanium,
and the structure of nanotubes can be changed by controlling certain variables, such as the
composition of electrolytes, temperature, and current density [27–29]. In this study, TiO2
nanotubes were created using the anodic oxidation method suggested by Kim et al. [30] to
form a nano-level amorphous TiO2 oxide film on the surface of the titanium.

Figure 7. Schematic of a summary of possible events on the plasma-treated TiO2 nanotube surface.

Heat treatment of titanium can modify the crystal structure of the TiO2 oxide film.
Park et al. [31] reported that heat treatment of 400 ◦C changed the phase of the amorphous
TiO2 into anatase TiO2 and that temperatures over 600 ◦C changed the phase to an in-
termixed population of anatase and rutile phases with the TiO2 rutile phase forming a
major X-ray peak. Therefore, in this study, the temperature of the heat treatment was set at
400 ◦C and 600 ◦C to assess the adhesion of bacteria to amorphous TiO2, anatase TiO2, and
anatase/rutile mixed-phase TiO2.

When TiO2, which has photocatalytic properties, is combined with light, it reacts
with H2O and O2 and generates photo-generated holes (h+) that have a high oxidizing

125



Int. J. Mol. Sci. 2023, 24, 3335

power, such as hydroxyl radicals (OH) and superoxide free radicals (O2−) [32]. These photo-
generated holes (h+) interact with proteins, nucleic acids, and bacterial cell membranes and
can damage the structures of bacteria [33,34]. However, the adhesion of bacteria after heat
treatment showed different results with the two species of bacteria. The lowest adhesion of
S. mutans was seen in the anatase TiO2 (H400), and the lowest adhesion of P. gingivalis was
seen in the anatase/rutile mixed TiO2 (H600). The relative photocatalytic activity differed
depending on the crystal structure. Zhang et al. [35] reported that anatase TiO2 usually
exhibited higher photocatalytic activity than rutile TiO2. In addition to the crystal structure,
the metabolism of bacteria is associated with complex factors that control the biointerface
and bacterial behaviors. In this study, the adhesion of S. mutans onto anatase TiO2 seemed
to be inhibited as the photocatalytic activities that affected the metabolism of S. mutans
were more strongly dependent on the crystal structure.

Fluoride ions seemed to be detected on every surface due to the anodic oxidation
of electrolytes since fluorine in the anodized electrolytes remained on the surface of the
TiO2 nanotubes. The heat treatment reduced the amount of residual fluorine, and the
two species of bacteria observed in this study showed different results depending on the
fluorine content P. gingivalis showed the lowest adhesion in the H0 samples where the
fluorine content was the highest and statistically more adhesion in the H400 samples,
where the fluorine content was the lowest. In comparison, S. mutans showed statistically
less adhesion in the H400 samples, where the fluorine content was the lowest. Yoshinari
et al. [36] reported that fluorine has two mechanisms that affect bacteria. One is that fluoride
ions act as an enzyme inhibitor, affecting the metabolism of bacteria, and the other is that
metal–fluoride complexes suppress proton-translocating F-ATPases. In P. gingivalis, the
enzyme inhibitor mechanism of fluoride ions seemed to work more strongly.

Chemical changes were observed on the surface of samples treated with plasma due
to the composition of process gases [37]. The results of this study did not show any change
in the surface structure of TiO2 nanotubes after the plasma treatment. Although there
was no change in the surface structure, specimens treated with plasma showed a lower
contact angle than those that were not treated. XPS analysis was performed to identify the
functional groups that determine surface hydrophilicity and electric charge. The results
showed that C-H and C-C peaks after plasma treatment were reduced and that O-H, O1s,
and TiO2 peaks were increased. Previous studies have found that plasma treatment formed
various oxygen functional groups on the surface of materials through chemical oxidation,
which breaks C-C and C-H bonds on the surface and removes carbohydrates connected to
C-H bonds [38,39]. It was also reported that oxygen, mixed for plasma treatments, attaches
a hydroxy group (O-H) on the surface of titanium, and generates reactive oxygen species
(ROS), which improves hydrophilicity [40].

In this study, a fluorescent nucleic acid staining method was used to assess the adhe-
sion of bacteria after the plasma treatment, and the two species of bacteria showed different
results. In S. mutans, the biofilm thickness on all surfaces was significantly reduced after
plasma treatment regardless of heat treatment, while P. gingivalis did not show any statisti-
cally significant differences. It has been reported that bacteria adhere better to hydrophobic
or nonpolar surfaces than to hydrophilic surfaces [41]. Hydrophobic surfaces increase
the adhesion of hydrophobic bacteria [42], and hydrophilic surfaces increase the adhesion
of hydrophilic bacteria [43]. S. mutans, used to test the changes in biofilm formation in
this study, is a hydrophobic bacterial species [44], while P. gingivalis is hydrophobic and
hydrophilic [45]. Therefore, the increase in the hydrophilicity of the TiO2 nanotubes after
applying atmospheric pressure plasma can be attributed to the decrease in the adhesion of
S. mutans, a hydrophobic species.

This study assessed the adhesion of bacteria based on the thickness of their biofilms. If
bacteria that adhere to the surfaces can be quantified, the adhesion of bacteria can be more
accurately assessed. Only the reactions of two species of bacteria were observed in this study.
Since various bacteria cause peri-implantitis, it is necessary to conduct further research on
peri-implantitis using various species of bacteria or mixed bacterial colonies. In addition,
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this study was carried out using a single gas plasma and one treatment time; thus, it is also
necessary to apply different gas processes and treatment times in future studies. The results
of this study showed that heat and plasma treatments inhibited the adhesion of bacteria.
However, it will be necessary to perform additional in vitro and in vivo experiments to verify
the biostability of TiO2 nanotubes on the surfaces of dental implants.

4. Materials and Methods

4.1. Samples

Disk-shaped (diameter: 15 mm, thickness: 3 mm) commercially pure titanium spec-
imens (ASTM Grade IV, Kobe Steel, Kobe, Japan) were wet ground (Labopol-5, Struers,
Ballerup, Denmark) using #600 silicon carbide (SiC) paper. All specimens treated with heat
and plasma were sterilized using ethylene oxide (E.O) gas.

4.2. Surface Treatment
4.2.1. Anodic Oxidation

Anodic oxidation was performed using a DC power supplier (Fine Power F-3005,
SG EMD, Anyang, Republic of Korea). An electrolyte mixture was prepared by adding
1 M phosphoric acid and 1.5 wt% hydrofluoric (HF) acid to distilled water. The titanium
specimen was connected to the anode, and a platinum plate (3 mm × 4 mm × 0.1 mm) was
connected to the cathode. The specimen and platinum plate were placed approximately
10 mm apart and dipped in the electrolyte mixture for one minute. After that, 20 V were
applied to the specimen and platinum plate for anodic oxidation for 10 min.

4.2.2. Heat Treatment

The heat treatment was performed using a sintering furnace (DUOTRON PRO ex-6100,
ADDIN Co., LTD, Suwon, Republic of Korea). Under an air atmosphere, the temperature
was increased to 400 ◦C and 600 ◦C at a rate of 1 ◦C/min. The furnace was cooled after
maintaining the temperature for one hour.

4.2.3. Non-Thermal Plasma Treatment

The non-thermal plasma treatment was performed using an atmospheric pressure
plasma generator (PGS-200, Expantech Co., Suwon, Republic of Korea) (Table 4). Ar and
O2 gases were mixed in a ratio of 99% to 1%, and applied to the specimen at 300 W at a rate
of 10 L/min. The distance between the plasma flame and the specimen was maintained at
5 mm. The specimen was rotated at 180 rpm, and the plasma flame was moved to the right
and left ten times (12 s for one time) to evenly apply the atmospheric pressure plasma to
the specimen. Thus, the plasma flame was applied for a total of 120 s (Figure 2).

Table 4. Parameters of plasma generator.

Parameter Value

Average working power (W) 300
Voltage (V) 27

Frequency (MHz) * 900
Atmospheric pressure (Torr) 760

Electrode type Electrodeless
Cooling type Air cooled

Plasma density 1015/cm3

*: Variable frequency.

4.3. Assessment of Surface Properties
4.3.1. Contact Angles

Four microliters of distilled water were dropped onto the surfaces of the specimens to
compare the changes in the hydrophilicity. The angle between the surface and the solution
was measured after ten seconds using a video contact angle measuring device (Phoenix 300,
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SEO Co., Suwon, Republic of Korea). For each group, the angle of three specimens was
measured and averaged.

4.3.2. Surface Structures

The changes in the surface structure of the specimens were observed using a scanning
electron microscope (FE-SEM S-4700, Hitachi Horiba, Tokyo, Japan).

4.3.3. XRD Analysis

The changes in the crystal structure on the surface of the specimens were analyzed
using an X-ray diffractometer (XRD) (X’Pert PRO Multi-Purpose X-ray Diffractometer,
PANalytical, Almelo, The Netherlands). Diffraction was analyzed using X-rays of CuKα at
a speed of 1.5◦/min at an angle of 2θ ranging from 20◦ to 90◦.

4.3.4. XPS Analysis

The chemical compositions and bonds of specimens were analyzed using X-ray photo-
electron spectroscopy (XPS, VG Mulrilab 2000, Thermo Scientific, Oxford, UK). The peak
area values of each element detected were normalized and expressed as a quantitative ratio.

4.4. Assessment of Inhibition of Biofilm Formation
4.4.1. Bacterial Culture

In this study, Streptococcus mutans (KCOM 1504), a Gram-positive aerobic bacterium
associated with initial biofilm formation, and Porphyromonas gingivalis (KCOM 2804), a
Gram-negative anaerobic bacterium that causes peri-implantitis, were used. The two
species of bacteria were obtained from the Korean Collection for Oral Microbiology (KCOM,
Gwangju, Republic of Korea). S. mutans was cultured in a Brain Heart Infusion broth (BHI,
Becton, Dickinson and Company, Sparks, MD, USA), and P. gingivalis was cultured in
a Tryptic Soy Broth (TSB, Becton, Dickinson and Company, Sparks, MD, USA). Single
colonies cultured on a solid medium were cultured in a liquid medium and grown to a
concentration of 1.5 × 107 CFU/mL.

4.4.2. Artificial Saliva Coating

Specimens were coated with artificial saliva to create an oral environment. The artificial
saliva used in this study was prepared by adding 1% mucin (Mucin from porcine stomach,
M1778; Sigma-Aldrich, St. Louis, MO, USA) to an adhesion buffer [46]. Three specimens
per group were put in a 24-well plate, and the prepared artificial saliva was applied. The
specimens were slowly stirred in the culture medium at 37 ◦C for two hours to coat the
specimens with the artificial saliva. S. mutans was cultured in BHI at 37 ◦C (LIB-150M,
DAIHAN Labtech Co., Namyangju, Republic of Korea), and P. gingivalis was cultured in
anaerobic TSB at 37 ◦C (Forma Anaerobic System 1029; Thermo Fisher Scientific, Waltham,
MA, USA).

4.4.3. Bacterial Inoculation

After two hours, the artificial saliva was removed, and the specimens were dried for
15 min. Bacteria were inoculated on the surface of the specimens at a concentration of
1.5 × 107 CFU/mL. S. mutans was cultured for 24 h, and P. gingivalis was cultured for 48 h.

4.4.4. Fluorescent Nucleic Acid Staining Assessment

The biofilm formation was assessed using a green-fluorescent nucleic acid stain (SYTO
9®, Molecular Probes Europe BV, Leiden, The Netherlands). After culturing bacteria, the
culture medium was removed. The specimens were carefully cleaned two times using
phosphate-buffered saline (PBS) to remove bacteria that did not adhere. Afterwards, 200 μL
of fluorescent dye (SYTO 9®:dH2O = 1.5 μL:1 mL) was injected onto the specimens. The
plate was sealed with aluminum foil to block out light and was placed at room temperature
for 15 min. After the reaction, the residual staining solution was carefully cleaned using
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PBS, and the surfaces of the specimens were observed using a laser confocal scanning
microscope (Leica TCS SP5 AOBS/tandem, Leica, Bensheim, Germany). The thickness of
the biofilms formed on the specimens was measured using an analysis program (Leica LAS
AF software, Leica Microsystems, Bensheim, Germany).

4.5. Statistical Analysis
4.5.1. Results of Heat Treatment

When the assumption of normality was met, the significance of the heat treatment
results was tested using a parametric one-way analysis of variance (ANOVA) and Tukey’s
post-hoc test. The significance level was set at a p-value less than 0.05. When the assumption
of normality was not met, the results were statistically analyzed using a non-parametric
Kruskal–Wallis test. The two groups were paired and tested using a Mann–Whitney U-test.
Type I errors were corrected using Bonferroni’s method. The significance level was set at a
p-value less than 0.017.

4.5.2. Results of Plasma Treatment

When the assumption of normality was met, the significance of the plasma treatment
results was statistically analyzed using a parametric independent t-test. When the assump-
tion of normality was not met, the two groups were compared using a non-parametric
Mann–Whitney U-test. The significance level was set at a p-value less than 0.05.

5. Conclusions

In this study, TiO2 nanotubes were formed on the titanium surface of dental implants
to increase the surface area. TiO2 nanotubes were heat-treated under different conditions to
modify the structure of the TiO2 oxide films. In addition, atmospheric pressure plasma was
applied to the TiO2 nanotubes to change their surface energy and hydrophilicity. This study
found that the TiO2 nanotubes heat-treated at 400 ◦C inhibited the adhesion of S. mutans,
associated with early biofilm formation, and the TiO2 nanotubes heat-treated at 600 ◦C
inhibited the adhesion of P. gingivalis, which causes peri-implantitis. Applying plasma to TiO2
nanotubes heat-treated at 600 ◦C can also inhibit the adhesion of S. mutans and P. gingivalis.
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Abstract: In our previous study we established an animal model for immediately placed implants
using mice and clarified that there were no significant differences in the chronological healing
process at the bone-implant interface between immediately and delayed placed implants blasted
with hydroxyapatite (HA)/β-tricalcium phosphate (β-TCP) (ratio 1:4). This study aimed to analyze
the effects of HA/β-TCP on osseointegration at the bone-implant interface after immediately placed
implants in the maxillae of 4-week-old mice. Right maxillary first molars were extracted and cavities
were prepared with a drill and titanium implants, blasted with or without HA/β-TCP, were placed.
The fixation was followed-up at 1, 5, 7, 14, and 28 days after implantation, and the decalcified samples
were embedded in paraffin and prepared sections were processed for immunohistochemistry using
anti-osteopontin (OPN) and Ki67 antibodies, and tartrate-resistant acid phosphatase histochemistry.
The undecalcified sample elements were quantitatively analyzed by an electron probe microanalyzer.
Bone formation occurred on the preexisting bone surface (indirect osteogenesis) and on the implant
surface (direct osteogenesis), indicating that osseointegration was achieved until 4 weeks post-
operation in both of the groups. In the non-blasted group, the OPN immunoreactivity at the bone-
implant interface was significantly decreased compared with the blasted group at week 2 and 4, as
well as the rate of direct osteogenesis at week 4. These results suggest that the lack of HA/β-TCP on
the implant surface affects the OPN immunoreactivity on the bone-implant interface, resulting in
decreased direct osteogenesis following immediately placed titanium implants.

Keywords: dental implants; hydroxyapatite; maxilla; osseointegration; osteopontin; titanium;
tooth extraction

1. Introduction

Clinicians and researchers who are involved with dental implants require a comprehen-
sive understanding of the biology of wound healing after endosseous implant placement.
Osseointegration, as defined by Brånemark, refers to the direct contact between living bone
and the implant surface at the level of a light microscope [1] and is considered to be a
determinant of successful implant therapy. Mesenchymal stem cells differentiate into pre-,
immature-, and mature-osteoblasts, and runt-related transcription factor 2 (Runx2), SP7,
and Wnt signaling act as promoting factors of this differentiation process [2]. Osteoclast
progenitor cells differentiate into osteoclasts via the macrophage colony-stimulating factor
(M-CSF) receptor, receptor activator of nuclear factor-κ B (RANK) through the secretion
of M-CSF and RANK ligand expression by osteoblasts that are activated by 1,25(OH)2D3
and parathyroid hormone (PTH), and these activated osteoclasts resorb bone [3]. The
healing of peri-implant tissues can be divided into the bioreactive (bleeding, hemostasis,
blood clots, and blood clot degradation), osteoconductive (migration and adhesion of
mesenchymal cells and osteoblast differentiation), bone-forming (collagen formation by
osteoblasts, calcification, and bone formation), and bone-remodeling (bone resorption and
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apposition) phases [4]. In the mouse experimental model [5], the bioreactive (0–3 days),
osteoconductive (3–5 days), neoplastic (5–7 days), and bone remodeling (2–4 weeks) phases
occur earlier than the bone-forming (1–2 weeks) and bone remodeling (6 weeks) phases in
humans. Osseointegration can be divided into two modalities [4]: distance osteogenesis, in
which bone is gradually added from the surrounding preexisting bone to the implant, and
contact osteogenesis, in which mesenchymal stem cells migrate onto the implant surface
and differentiate into osteoblasts to form bone. We have previously proposed that the
former is called indirect osteogenesis and the latter is called direct osteogenesis [6]. Our
previous study established an experimental animal model for the immediate implant place-
ment using a titanium implant that was blasted with hydroxyapatite (HA)/β-tricalcium
phosphate (TCP) in the mouse maxilla [5]. In this model, indirect and direct osteogeneses
occur simultaneously. In indirect osteogenesis, osteoclast precursor cells are recruited onto
the damaged bone surface and differentiate into bone-resorbing osteoclasts. When the
osteoclasts leave the bone surface after bone resorption, osteoblast progenitors are recruited
onto the bone surface where they differentiate and become osteocytes after bone formation.
Although bone deposition continuously occurs from the preexisting bone to the implant
surface, eventually establishing osseointegration, the intervening cells remain and are
embedded in the matrix at the bone-implant interface. In direct osteogenesis, osteoclast
precursor cells are recruited onto the implant surface where they differentiate and become
polarized. When the osteoclast-like cells leave the implant surface, osteoblast precursor
cells are recruited onto the implant surface where they differentiate into osteoblasts and
deposit cell-free bone matrix at the bone-implant interface. Bone deposition continues
from the implant surface to the preexisting bone. Thus, promoting direct osteogenesis
contributes to achieving the osseointegration faster.

Although osteopontin (OPN) is produced by osteoblasts, osteocytes, and osteoclasts
as well as inflammatory cells in the bone, OPN functions as a bridge between HA and
the extracellular matrix [7]. OPN receptors contain integrins and CD44 variants and are
involved in the adhesion, migration, and survival of various cell types. During direct
osteogenesis, inflammatory cells and osteoclast lineage cells produce OPN, which is de-
posited onto the implant surface [6]. As a result, there is a correlation between the rate of
direct osteogenesis and OPN deposition on the implant surface. Furthermore, the addition
of recombinant OPN protein onto the implant surface results in the early establishment
of direct osteogenesis [8]. However, there is no data available regarding the factors that
promote the deposition of OPN onto the implant surface.

The initial stage where osteoblasts are recruited onto the surface of the implant is
defined as “osteoconduction” and the ability to form bone in the areas other than bone
tissue is called “osteoinduction” [9]. Similarities of HA to the bone minerals together with
the HA bioactivity and biocompatibility have made it a promising scaffold for bone tissue
engineering [10]. Although HA has been widely used in bone regeneration and dental
implants, the effect of HA on cellular events are not fully understood. The key questions
that this study aims to answer are: (i) does HA on the implant surface promote direct
osteogenesis, and if it does, (ii) how does HA affect the cellular events during the osseointe-
gration process after implant placement. Regarding the effect of HA/β-TCP, its presence
has been reported to increase the attachment level and bone regeneration in the treatment
of periodontal osseous defects [11]. Direct and indirect osteogenesis occurs simultaneously,
and osseointegration is completed when the two meet. If direct osteogenesis does not occur,
the time to osseointegration completion is extended. Clinically, it is desirable for direct and
indirect osteogenesis to occur simultaneously and for osseointegration to be established
at an early stage because initial fixation of the implant is important. This study aimed to
clarify the effect of HA on osseointegration at the bone-implant interface after implantation
in the maxillae of mice.
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2. Results

2.1. Day 1

In both the blasted (HA) and non-blasted (smooth: Sm) groups on postoperative day 1,
the bone-implant interface consisted of a fibrin network and inflammatory cellular infiltrate,
while the preexisting bone surface was positive for tartrate-resistant acid phosphatase
(TRAP) and OPN (Figure 1).

 

Figure 1. Azan staining (a,d), tartrate-resistant acid phosphatase (TRAP) reaction (b,e), and osteo-
pontin (OPN)-immunoreactivity (c,f) in the tissues surrounding the implants in the blasted (HA)
(a–c) and non-blasted (Sm) groups (d–f) at day 1 after implantation. (a–f) The bone-implant interface
consists of a fibrin network and inflammatory cellular infiltrate, while the preexisting bone surface
is positive for TRAP and OPN. B, bone; IS, implant space. Scale bars = (a,d) 500 μm, (b) 250 μm,
(e) 100 μm, and (c,f) 50 μm.

2.2. Day 5

On postoperative day 5, granulation progressed at the peri-implant interface and bone
formation began on the implant surface in the HA group (Figure 2a–f). In addition, TRAP-
positive osteoclast lineage cells appeared around the implants, and OPN-positive reactions
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were observed at the bone-implant interface. In contrast, neither bone formation nor OPN-
positive reaction was observed around the implant in the Sm group (Figure 2g–i).

 

Figure 2. Azan staining (a–c,g), TRAP reaction (e,f,h), and OPN-immunoreactivity (d,i) in tissues
surrounding the implants in the HA (a–f) and Sm groups (g–i) at day 5 after implantation. (b,c,f) are
the higher magnifications of the boxed areas in (a,b,e), respectively. (a–f) Granulation progresses at
the bone-implant interface and bone formation has begun on the implant surface. TRAP-positive
osteoclast lineage cells appear around the implants, and an OPN-positive reaction (arrowheads) is
observed at the bone-implant interface. (g–i) No bone formation is observed around the implant.
Arrows, direct osteogenesis; B, bone; IS, implant space. Scale bars = (a) 500 μm, (b,e) 250 μm, and
(c–i) 50 μm.

2.3. Weeks 2–4

At postoperative week 2, both the HA and Sm groups showed progressive bone
formation over the entire implant. In both groups, OPN-positive reactions were observed
at the bone-implant interface at the site of bone formation, and TRAP-positive reactions
were observed in the new bone (Figure 3a–f).

Although the histological features of postoperative week 4 were similar to those of
week 2 in both the HA and Sm groups, bone formation progressed all around the implants
(Figure 3g–l). In both groups, OPN-positive reactions were observed in the bone-implant
interface at the site of bone formation, and TRAP-positive reactions were observed in the
new bone.
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Figure 3. Azan staining (a,d,e,g,j), TRAP reaction (c,i), and OPN-immunoreactivity (b,f,h,l) in tissues
surrounding the implants in the HA (a–c,g–i) and Sm groups (d–f,j–l) at week 2 (a–f) and 4 (g–l)
after implantation. (e) and (l) are higher magnifications of the boxed areas in (d) and (k), respectively.
(a–l) Progressive bone formation occur over the entire implant. OPN-positive reactions (arrowheads)
are observed in the bone-implant interface at the site of bone formation, and TRAP-positive reactions
are observed in the new bone. (l) is the higher magnification of the boxed area in (k). Arrows, direct
osteogenesis; B, bone; IS, implant space. Scale bars = (d) 500 μm, (g) 250 μm, (a,c,j,k) 100 μm, and
(b,e,f,h,i,l) 50 μm.

The success rates of immediately placed implants in the HA and Sm groups were
93.3% (36/37) and 74.4% (29/39), respectively.

2.4. Osseointegration and OPN-Positive Rates and Cell Proliferation

Although the osseointegration rate of postoperative week 2–4 was not significantly
different between the HA and Sm groups, there was a significant difference in direct
osteogenesis between HA and Sm groups at week 4 (Figure 4a). OPN-positive rates in the
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HA group were significantly higher than those of the Sm group at week 2 and 4 (Figure 4b).
Cell proliferative activity peaked on postoperative day 5 in both the HA and Sm groups
and was significantly higher in the Sm group than in the HA group on day 5 (Figure 4c).

Figure 4. Osseointegration rate (a), OPN-positive rate (b), and the number of cell proliferation
(c) in the HA and Sm groups. (a) The osseointegration rates between two groups are compared using
the two-tailed Student’s t-test. There is a significant difference in direct osteogenesis between the
HA and Sm groups at week 4. (b) The number of OPN-positive rates between the two groups are
compared using the two-tailed Student’s t-test. The OPN-positive rate in the HA group is significantly
higher than the Sm group at weeks 2 and 4. (c) The number of Ki67-positive cells among different
stages after implantation is compared using one-way analysis of variance (ANOVA) followed by the
Bonferroni test for multiple comparisons and the number of Ki67-positive cells between two groups
are compared using the two-tailed Student’s t-test. Cell proliferative activity peaks at postoperative
day 5 in both the HA and Sm groups and is significantly higher in the Sm group than the HA group
at day 5. The numbers are the mean + standard deviation (SD).

2.5. EPMA Analysis

Electron probe microanalyzer (EPMA) images of the HA and Sm groups at postopera-
tive week 4 showed direct contact completion between the implant surface and surrounding
bone, although certain areas were not covered with bone (Figure 5). Quantitative anal-
ysis showed that the phosphorus levels were significantly higher in the HA group for
mineral concentrations at postoperative week 4 (Figure 6). More precise measurements
of the mineral concentrations showed no significant differences between the HA and Sm
groups (Figure 7). In addition, calcium deposition on the surface of the implant surface
was observed in both groups.

138



Int. J. Mol. Sci. 2023, 24, 3124

Figure 5. Sagittal views of the tissues surrounding the implants in the HA (a–f) and Sm groups
(g–l) at week 4 after implantation obtained by EPMA procedures. (b) and (h) are higher magnifications
of the boxed areas in (a) and (g), respectively. (a,b,g,h) Direct contact between the implant surface
and surrounding bone is completed, although certain areas are not covered with bone. (c–f,i–l) The
calcium (c,l), phosphorus (e,k), and magnesium concentrations (d,j) in the surrounding bone do not
appear to be different from those of the preexisting bone. Low calcium levels are observed on the
surface of the implant (f,l). IS, implant space. Scale bars = (a,c–g,i–l) 200 μm, and (b,h) 50 μm.

Figure 6. Quantitative analyses of the element densities of calcium, magnesium, and phosphorus in
the surrounding bone demonstrate a significant difference in the phosphorous levels between the HA
and Sm groups. The boxes in (a,b) indicate the areas analyzed for the element density. (a,b) Back
scattered electron images. The line graphs colored with red, green, and blue or yellow indicate the
mineral density of calcium, magnesium, and phosphorus, respectively. (c) The phosphorus level is
significantly higher in the HA group for mineral density at postoperative week 4.
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Figure 7. Sagittal views of the tissues surrounding implants in the HA (a–e) and Sm groups
(f–j) and the element densities (k) at week 4 after implantation obtained by EPMA procedures.
(a–d,f–i) The calcium (a,f), magnesium (b,g), and phosphorus (c,h) in the surrounding bone are
similar to those of the preexisting bone. Low calcium levels are observed on the surface of the
titanium (d,i) implant. (k) Quantitative analyses of the element densities of calcium, magnesium, and
phosphorus in the surrounding bone demonstrate no significant difference in the element densities
between the HA and Sm groups. The boxes in (e,j) indicate the areas analyzed for the element density.
(e,j) Back scattered electron images. The line graphs colored with red, green, and blue indicate the
mineral density of calcium, magnesium, and phosphorus, respectively. Scale bars = (a–d,f–i) 20 μm.

3. Discussion

Bone formation occurred on the preexisting bone surface (indirect osteogenesis)
and/or on the implant surface (direct osteogenesis), and osseointegration was established
at postoperative week 4 in both the HA and Sm groups. A comparison of the osseointegra-
tion rates, including direct and indirect osteogenesis, between the two groups revealed that
direct osteogenesis was significantly lower in the Sm group at postoperative week 4. In
addition, OPN immunoreactivity at the bone-implant interface was significantly decreased
in the Sm group at postoperative weeks 2 and 4. These results indicate that the lack of HA
on the implant surface affected the OPN immunoreactivity at the bone-implant interface,
resulting in decreased direct osteogenesis after immediate placement of titanium implants.
In the experiment in which a titanium implant is placed in a rat maxilla, the healing pattern
is different depending on the gap between the bone and implant [12]. Bone formation
begins in an island-like fashion if there is a large gap at the bone-implant interface, whereas
if there is a narrow gap preexisting bone is first resorbed by osteoclasts followed by bone
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formation, resulting in indirect osteogenesis. In addition, the area where the bone and
implant are in close proximity may remain dead bone for a long period after implantation
and eventually undergo remodeling. When HA-coated titanium implants are placed in
the rat maxilla, osteoclast-like cells appear on the implant surface, followed by osteoblast
alignment on the implant surface and then direct osteogenesis from the implant surface [13].
Thus, the presence of HA on the implant surface indicates that direct osteogenesis is stimu-
lated. Furthermore, it contributed to the high success rate of immediately placed implants
in the HA group (93.3%), compared with that of Sm group (74.4%). Regarding the healing
of long bone diaphyseal fractures, many therapeutic strategies, such as scaffolds, growth
factors, cell therapies, and systemic pharmacological treatments, have been proposed in
combination with surgical treatment to enhance the healing process. Clinical evidence of
scaffolds effect on bone repair of acute long bone shaft fractures revealed that the level of
clinical evidence of HA or β-TCP was weak, compared with autologous or allogenic bone
graft [14]. The combination of growth factors including bone morphogenetic proteins or
platelet rich plasma (PRP), an autologous blood concentrate suspension of platelets, may be
recommended to accelerate the healing process during HA-blasted titanium implantation.
A systematic review suggests that PRP has a positive effect on secondary implant stability
after implant placement in patients [15].

A problematic complication after dental implant treatment is peri-implantitis, with an
incidence rate of 56% [16]. Peri-implantitis is defined as mucosal lesions with suppuration
and deepened pockets and a loss of supporting marginal bone. Biofilm formation plays an
important role in the initiation and progression of peri-implant diseases and is associated
with gram-negative anaerobes similar to those found around natural teeth in patients
with severe chronic periodontitis [17]. Machined-surface implants have been replaced
with implants that utilize two technologies to improve the osteoconductivity of titanium
implants. One is a technique where the metal implant is coated with bioactive compounds
that promote bone formation, and the other is a technique in which a rough surface is
formed directly on the metal implant surface [18]. Machined-surface implants have the
highest rate of decontamination, whereas HA-coated implants have the lowest rate [19].
Thus, there is a trade-off between osteoconductivity and the risk of peri-implantitis.

This study demonstrated that the rate of OPN positivity at the bone-implant inter-
face correlated with the rate of osseointegration. OPN plays an important role in bone
remodeling, where the resting osteoblasts are activated by 1,25(OH)2D3 and PTH to secrete
proteinase and OPN [7]. OPN is deposited at the calcification front of the bone matrix, and
subsequently osteoclasts are recruited at the calcified bone tissue. When the osteoclasts
resorb the bone matrix and secret OPN, OPN is deposited at the bone matrix in the resorbed
fossa and osteoblasts are recruited to begin bone formation. During direct osteogenesis,
the deposition of OPN on the implant surface also occurs prior to bone formation. Thus,
the deposition of OPN on the implant surface triggers direct osteogenesis. The impor-
tance of OPN in direct osteogenesis is supported by reports that have demonstrated that
direct osteogenesis is significantly reduced in Opn-deficient mice [6] and that the addition
of recombinant OPN on the surface of implants in wild-type mice causes early direct
osteogenesis [20].

In this study, EPMA analysis showed that calcium deposition on the implant surface
was observed in both the HA and Sm groups. In addition, a gap existed at the bone-implant
interface as seen in the back scattered electron images. When the HA and Sm implants were
compared, the gap was wider in the HA implants. The gap probably included artifacts due
to the width of the HA blasting and the expansion and contraction of the resin. Elemental
analysis by EPMA may not accurately reflect the elemental concentrations in vivo because
of edge effects at the boundaries between samples made of different materials, such as the
bone-implant interface. However, a comparison of the elemental concentrations of calcium
and phosphorus indicates that calcium incorporation onto the titanium implant is higher
than phosphorus, suggesting that calcium deposition on the implant surface occurs in vivo
as well.
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4. Materials and Methods

4.1. Animals and Experimental Procedure

Male Crlj:CD1 (ICR) mice were purchased from Charles River Laboratories (Yokohama,
Japan). All surgeries were conducted under anesthesia using an intraperitoneal injection of
a combined solution (0.05–0.1 mL/10 g) of 1.875 mL Domitor® (Nippon Zenyaku Kogyo Co.,
Ltd., Koriyama, Japan), 2 mL midazolam (Sandoz KK, Tokyo, Japan), 2.5 mL Vetorphale®

(Meiji Seika Pharma Co., Ltd., Tokyo, Japan), and 18.625 mL physiological saline.

4.2. Immediate Implant Placement

The right maxillary first molars (M1) from 4-week-old mice were extracted with a
pair of modified dental forceps under anesthesia and replaced with titanium implants
blasted with HA and β-TCP (1:4) (HA group) or non-blasted machined-surface titanium
implants (Sm group). The implant design was a cylindrical, threaded screw type [5]. The
detailed procedure has been reported in a previous study [5]. The surface morphology
of the non-blasted implant (secondary and backscattered images) on the implant surface
was analyzed using an EPMA (EPMA-1610; Shimadzu, Kyoto, Japan) (Figure 8a–c). The
percentage weights of each element were as follows: titanium 84.9%, vanadium 8.6%,
aluminum 5.9%, and iron 0.7% (Figure 8d). The information of the blasted implant has
been detailed in a previous study [5].

 

Figure 8. The surface morphology of a non-blasted implant (a–c) and the percentage weights of each
element on the implant surface (d) as determined by EPMA. (a) A backscattered electron image of the
implant. (b,c) A secondary electron image of the implant. (c) Higher magnification of the boxed area
in (b). (d) Quantitative data of minerals on the implant surface. Scale bars = (a) 200 μm, (b) 50 μm,
and (c) 10 μm.
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4.3. Histological Procedure and Immunohistochemical and Histochemical Analysis

Following the fixation of mice at 1, 5, 7, 14, and 28 days after implantation (Table 1), the
samples were processed for the following procedures: decalcified samples were processed
for Hematoxylin & Eosin (H&E) and Azan staining, immunohistochemistry for OPN
and Ki67, and TRAP histochemistry. Detailed information regarding these procedures is
presented in a previous study [5].

Table 1. Number of animals for histological and immunohistochemical analyses for Ki67 and OPN
and TRAP histochemistry.

Group Method Day 1 Day 5 Week 1 Week 2 Week 4 Total

HA

Histological section 3 1 4 1 4 1 3 1 6 (4 1) 20 (18 1)
Ki67 (3 1) (4 1) (4 1) - (11 1)
OPN (3 1) (4 1) (4 1) (3 1) (6 (4 1)) (20 1)
TRAP (3 1) (4 1) (4 1) (3 1) (4 1) (18 1)
EPMA 3 1 3 1

Sm

Histological section 3 3 4 4 6 20
Ki67 (3) (3) (4) - (10)
OPN (3) (3) (4) (4) (6) (20)
TRAP (3) (3) (4) (4) (6) (20)
EPMA 3 3

Total 6 7 8 7 18 46
1 These samples were used in a previous study [5].

4.4. EPMA Analysis

Undecalcified samples embedded in Epon 812 (Taab, Berkshire, UK) were ground
down to be exposed at a position approximately equal to the central plane of the implants
and were used for element analysis using an EPMA (EPMA-1610, Shimadzu Co., Kyoto,
Japan). The EPMA settings were as follows: spot size 1 μm; pixel matrix 380 × 380
to 446 × 446; voltage 15.0 kv; electrical current 19.95–30.10 μA. The density of calcium,
magnesium, phosphorus, and titanium in the surrounding bone between the screw pitches
was analyzed.

4.5. Statistical Analysis

The number of Ki67-positive cells at the bone-implant interface of each specimen
(283 × 355 μm2 grid was selected) was counted by the counter tool in Photoshop 2021
(Adobe Inc., San Jose, CA, USA). Data were obtained from 21 maxillae from the HA
and Sm groups (Table 1) for the cell proliferation assay using the immunoreactivity of
Ki67. The rate of OPN-positive perimeter around the implant or the direct and indirect
osteogenesis was statistically analyzed in the OPN immunostained or H&E-stained sections
using the two-tailed Student’s t-test in the same manner as our previous study [6]. The
percentage of osseointegration and OPN-positive perimeters in the total perimeter of the
bone-implant interface was calculated using software (Image J 1.45s; National Institutes
of Health, Bethesda, MD, USA). The direct and indirect osteogeneses were determined
in the histological sections: the direct osteogenesis showed the direct bone deposition on
the implant surface, whereas the soft tissue intervened at the bone-implant surface in the
indirect osteogenesis. Furthermore, the number of Ki67-positive cells among the different
stages after implantation was compared using one-way ANOVA followed by the Bonferroni
test for multiple comparisons and the rate of osseointegration, OPN-positive perimeter, and
the number of Ki67-positive cells between the different groups were compared using the
two-tailed Student’s t-test with statistical software after the confirmation of data normality
and homogeneity of variance (SPSS 16.0J for Windows; SPSS Japan, Tokyo, Japan). The
threshold for significance was defined as α = 0.05. The samples that did not demonstrate a
normal distribution were compared with the Kruskal–Wallis test followed by the Bonferroni
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test for multiple comparisons for more than three groups or the Mann–Whitney U test for
two groups. Data were reported as mean + SD, P denoted the p-value.

5. Conclusions

In the Sm group, the OPN immunoreactivity rate at the bone-implant interface sig-
nificantly decreased compared with the HA group at weeks 2 and 4, as well as the rate
of direct osteogenesis at week 4. These results suggest that the presence of HA/β-TCP
on the implant surface affects the OPN immunoreactivity at the bone-implant interface,
resulting in the increase of direct osteogenesis following the immediately placed titanium
implant and contributes to the high success rate in the HA group. A complication after
dental implant treatment is peri-implantitis. Machined-surface implants have the highest
rate and HA-coated implants have the lowest rate of decontamination. Thus, there is a
trade-off between osteoconductivity and peri-implantitis risk.
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Abstract: Nanofillers in resin materials can improve their mechanical and physicochemical properties.
The present work investigated the effects of zirconia nanoparticles (NPs) as fillers in commercial
dental luting cements. Two dual-cured self-adhesive composites and one resin modified glass
ionomer (RMGI) luting cement were employed. Film thickness (FT), flexural strength (FS), water
sorption (Wsp), and shear bond strength (SBS) to monolithic zirconia were evaluated according to
ISO 16506:2017 and ISO 9917-2:2017, whereas polymerization progress was evaluated with FTIR.
Photopolymerization resulted in double the values of DC%. The addition of 1% wt NPs does not
significantly influence polymerization, however, greater amounts do not promote crosslinking. The
sorption behavior and the mechanical performance of the composites were not affected, while the
film thickness increased in all luting agents, within the acceptable limits. Thermocycling (TC) resulted
in a deteriorating effect on all composites. The addition of NPs significantly improved the mechanical
properties of the RMGI cement only, without negatively affecting the other cements. Adhesive primer
increased the initial SBS significantly, however after TC, its application was only beneficial for RMGI.
The MDP containing luting cement showed higher SBS compared to the RMGI and 4-META luting
agents. Future commercial adhesives containing zirconia nanoparticles could provide cements with
improved mechanical properties.

Keywords: zirconia nanoparticles; luting cements; bond strength; film thickness; flexural strength;
thermocycling; water sorption; dual-curing; FTIR

1. Introduction

Since the introduction of zirconia in restorative dentistry as an alternative to metal
frameworks, the optimization of bond strength to this new material still remains a popular
area of research that has expanded to all generations of zirconia materials including mono-
lithic prosthetic restorations [1,2]. The zirconia in vitro bond strength testing methods vary
and may influence the results [3]. Although many in vitro and in vivo experiments have
been conducted and researchers have already introduced several different combinations of
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surface conditioning methods and luting materials, the results have not led to a method
that has been universally accepted [4–6].

Translucent cubic zirconia materials and hybrid multilayered zirconia materials have
recently been introduced to further zirconia indications and meet all posterior and anterior
restoration demands. The adhesive potential of these new materials can be different due to
their different chemical composition [7].

High strength ceramics, especially zirconia, have been characterized as inert materials.
The increased fracture toughness, hardness, and absence of a glass phase result in a surface
that requires high energy levels to be modified [8,9]. Increased surface roughness is
very important to obtain micromechanical retention with any adhesive, however, the
contribution of the chemical factor based on the composition of the primer, or the luting
agent, is crucial [10–12]. The rheological properties, mechanical properties, and the chemical
composition of the luting agent influence the adhesion potential to challenging zirconia
surfaces [13,14].

Older generations of luting cements have been characterized as materials with poor
mechanical properties and high sensitivity to water sorption [15,16]. Glass ionomer cements
have demonstrated a significant increase in adhesion and minimal film thickness [17]. The
development of resin-modified glass ionomers improved the mechanical properties of glass
ionomers, but the first generation presented a high tendency to water sorption [18], which
is now reduced in contemporary materials [15,19]. Moreover, contemporary resin cements,
although more viscous than older generations, present extremely low film thickness in
most commercial products due to the smaller filler size [20]. The optimum thickness for the
clinical use of resin cements, depending on the adhesive substrate, is less than 100 μm [21].

The role of the luting agent is to embrace a dental prosthesis to a dental abutment,
to prevent microleakage, and withstand chemical dissolution in the hostile oral envi-
ronment [17]. Doubtful chemical affinity of the available luting cements and adhesive
primers have urged the investigation to seek modifications in the chemical composition of
many well-established commercial products to achieve a higher compatibility to zirconia
substrates. Most manufacturers have followed this trend and modified their chemical
composition where two basic trends have been adopted: either the incorporation of reactive
adhesive monomers in the bulk of luting materials or accompanying these materials with
specialized liquid primers that contain reactive monomers [6].

Notwithstanding, a new trend in research is the reinforcement of dental restorative
materials with different inorganic fillers, apart from traditional amorphous glasses. The
target is to increase the mechanical properties of these materials. Recently, nanoparticles
have been integrated in glass ionomer resin cements to enhance their mechanical properties
with promising results [22]. Moreover, zirconia nanoparticles have been used to strengthen
adhesives [23], in resin restorative materials, and core build-up materials [24–26]. Moreover,
favorable data have recently been published following the integration of nanoparticles in
high impact heat-cured acrylic resin (PMMA) [27,28].

Until now, zirconia (ZrO2) particles stabilized with tetragonal yttria (Y2O3) have not
been utilized for the reinforcement of a luting cement. However, zirconia-based nanopar-
ticles are applied in restorative dentistry to improve the mechanical and antibacterial
properties of different resin-based materials [29]. The most frequently reported methods for
ceramic nanoparticles fabrication include sol–gel synthesis, co-precipitation, hydrothermal,
spray-drying, spray pyrolysis, and freeze-drying. By sol–gel synthesis, uniform, nano-sized
powders with high purity can be produced [30].

Particularly for the reinforcement of resin luting cements, ZrO2-based nanofillers could
be beneficial for the establishment of durable bonds to zirconia-fixed restorations. Adhesive
monomers containing phosphates, especially 10-MDP, create chemical bonds with metal
and zirconia substrates [31,32]. There is strong evidence that 10-MDP creates both ionic
and hydrogen bonds with zirconia. Moreover, the concentration and purity of 10-MDP is
important since at least 1% wt. seems to be efficient in SBS tests [32]. On the other hand,
as early as in 1978, Takeyama et al. added a carboxylic adhesive monomer (4-META) to
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increase the bond strength between enamel and acrylic resin [33]. Later, this monomer was
incorporated in commercially available resin cements, and it is surprising that 4-META
products have had the same ingredients since their inception [34]. It is well-established that
carboxylic acids can bond to oxidizable metals such as aluminum oxide [35]. In a theoretical
model, the insertion of zirconia nanoparticles could enhance the cohesive strength and alter
the physicochemical properties of resin cements containing adhesive monomers. Increased
mechanical properties in luting materials may promise bond strength durability after aging.
The influence of inorganic fillers in any changes of the degree of conversion during the
polymerization of dental composites is usually small. Nano-powders, specifically, do not
hinder irradiation diffusion in the restoration and thus favorable curing and bond opening
is achieved [36,37].

The aim of this research was the characterization of the physico-mechanical properties
of zirconia nanoparticles reinforcing contemporary luting cements and the evaluation of
the shear bond strength to translucent zirconia. The first null hypothesis of this study is that
reinforcement with zirconia nanoparticles does not influence either the physicochemical
properties or the polymerization progress of the luting agents tested. The second null
hypothesis is that the shear bond strength of three different commercial luting cements
to zirconia is not influenced by the integration of zirconia nanoparticles. The third null
hypothesis is that the SBS of cements reinforced with zirconia nanoparticles is not influenced
by thermal cycling.

2. Results

2.1. Fourier Transform Infrared Spectroscopy (FTIR) Characterization

Many spectra were collected in order to clarify the influence of each parameter in
the progress of polymerization for the materials studied. Figure 1 shows the full spectra
recorded for the composite materials right after dual polymerization. The effect of the addi-
tion of ZrO2 NPs could not be detected in the full spectra, since tetragonal zirconia presents
broad bands at about 430–440 cm−1 and a weak broad band at around 600–650 cm−1 [1,2].
The spectra were not identical in shape or in the intensity of peaks, but it is apparent that
all three commercial materials contained similar ingredients in their nature. Parts from
the full spectra were isolated to accurately identify each peak. Figure 2 (top) demonstrates
the influence of photopolymerization in the MER, PAN, and SOL luting cements. The
chart includes the absorptions in the range of 1660–1560 cm−1, taken right after mixing
(control sample), 1 h and 1 d after self-curing, plus a day after additional photocuring.
Figure 2 (bottom), on the other hand, presents the partial spectra of the MER, PAN, and
SOL adhesive, dual-cured, when ZrO2 particles were added in 1, 2.5, or 5% wt. The values
of DC% are given by the equation:

DC% = 100·
[

1 −
(

A1637/A1608

)
t(

A1637/A1608

)
0

]
where A is the peak area value for the particular peak and time interval, while absorption
at 1637 cm−1 corresponds to C=C and at 1608 cm−1 to C···C bonds.

The integration of the peaks for quantitative results via FTIR is a demanding task,
taking into consideration the bonds found, the shape, intensity, and limits of the peaks.
In the present study, the great absorption at 1637 cm−1 illustrates the presence of vinyl
bonds C=C in dimethacrylates, which react and produce polydimethacrylate networks. The
reaction occurs with self-curing and/or with photocuring, given the correct initiators: BPO
for self-polymerization and camphorquinone for photopolymerization (Table 1). Apart from
the area beneath the 1637 cm−1 peak, the simultaneous integration of another neighboring
peak, indicating a group that does not participate in the polymerization reaction, is crucial
for comparison reasons (internal standard). Thus, the absolute area numbers do not lead to
conclusions, unless they are taken as ratios with the areas of another peak of the spectra
(elimination of experimental inconsistencies). For PAN and SOL materials, this other
peak is the neighboring 1608 cm−1, corresponding to aromatic bonds C···C (due to the
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Bis-GMA monomer, Table 1) and for MER, this is the neighboring 1540 cm−1 absorption,
corresponding to the N–H bond (due to the UDMA monomer). Table 1 lists the results
obtained from the calculations.

Figure 1. Comparison of the spectra of the three luting cements following the addition of zirconia
nanoparticles (ZrO2 NPs) at all ratios, right after dual polymerization. MER = Meron plus QM,
MER-1wt% = Meron plus QM with 1% wt zirconia NPs, MER−2.5wt% = Meron plus QM with
2.5% wt zirconia NPs, MER−5wt% = Meron plus QM with 5% wt zirconia NPs, PAN = Panavia SA
Universal, PAN−1wt% = Panavia SA Universal with 1% wt zirconia NPs, PAN−2.5wt% = Panavia
SA Universal with 2.5% wt zirconia NPs, PAN−5wt% = Panavia SA Universal with 5% wt zirconia
NPs, SOL = Solocem, SOL−1wt% = Solocem with 1% wt zirconia NPs, SOL−2.5wt% = Solocem with
2.5% wt zirconia NPs, SOL−5wt% = Solocem with 5% wt zirconia NPs.
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Figure 2. Comparisons of the limited-area spectra for all cements. (Top) Effect of curing and (Bottom)
influence of the nanoparticle (NP) content on the polymerization progress. MER = Meron plus
QM, SOL = Solocem, PAN = Panavia SA Universal, C = control without NPs, 1% = 1% wt. NPs,
2% = 2% wt. NPs, 5% = 5% wt. NPs.

Table 1. The DC% results derived from the FTIR calculations for all materials when ZrO2 powder
was added in the mixture (mean ± s.d., n = 2). MER = Meron plus QM, PAN = Panavia SA Universal,
SOL = Solocem.

Time Sample DC% Sample DC% Sample DC%

t = 0 MER-C 0.0 PAN-C 0.0 SOL-C 0.0
t = 1 h 30.6 ± 1.2 a 24.6 ± 3.2 a 31.2 ± 0.8 a

t = 1 d 39.9 ± 2.4 b 32.0 ± 2.4 b 41.1 ± 1.1 b

t = 0 MERdual 60.6 ± 1.5 c PANdual 64.4 ± 1.1 c SOLdual 77.8 ± 2.6 c

t = 1 h 63.9 ± 0.8 c 63.5 ± 0.8 c 78.8 ± 2.4 c

t = 1 d 62.6 ± 1.2 c 71.8 ± 1.5 d 78.5 ± 2.4 c

t = 0 MER-1dual 58.3 ± 2.0 c,d PAN-1dual 57.4 ± 2.3 e SOL-1dual 75.5 ± 1.2 c

t = 1 h 58.6 ± 1.0 d 60.2 ± 2.1 c,e 76.2 ± 1.6 c

t = 1 d 59.4 ± 1.6 c,d 61.3 ± 1.8 c 77.0 ± 0.9 c

t = 0 MER-2.5dual 56.8 ± 2.5 d PAN-2.5dual 53.3 ± 3.1 e SOL-2.5dual 66.3 ± 2.1 e

t = 1 h 59.3 ± 0.6 c,d 55.1 ± 2.9 e 68.4 ± 0.8 e

t = 1 d 60.6 ± 0.7 c,d 56.3 ± 2.4 e 73.8 ± 1.9 c,e

t = 0 MER-5dual 50.8 ± 2.4 e PAN-5dual 55.1 ± 2.5 e SOL-5dual 61.7 ± 3.8 e

t = 1 h 54.4 ± 1.9 e 57.3 ± 1.0 e 66.6 ± 2.1 e

t = 1 d 59.4 ± 1.9 c,d 58.1 ± 0.9 e 71.3 ± 2.6 e

Common lowercase letter as superscript in the same column indicates no significant difference at the p < 0.05 level.
MERdual = Meron plus QM after dual curing, MER-1dual = Meron plus QM with 1% zirconia NPs after dual curing,
MER-2.5dual = Meron plus QM with 2.5% zirconia NPs after dual curing, MER-5dual = Meron plus QM with 5%
zirconia NPs after dual curing, SOLdual = Solocem after dual curing, SOL-1dual = Solocem with 1% zirconia NPs
after dual curing, SOL-2.5dual = Solocem with 2.5% zirconia NPs after dual curing, SOL-5dual = Solocem with
5% zirconia NPs after dual curing, PANdual = Panavia SA Universal after dual curing, PAN-1dual = Panavia SA
Universal with 1% zirconia NPs after dual curing, PAN-2.5dual = Panavia SA Universal with 2.5% zirconia NPs
after dual curing, PAN-5dual = Panavia SA Universal with 5% zirconia NPs after dual curing.

2.2. Water Sorption and Solubility

As seen in Figure 3, the addition of NPs did not statistically significantly influence the
initial Wsp values of all three luting cements. The best performance with the lowest water
sorption was measured in the PAN group, followed by the SOL group. The highest values
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were measured in the MER group (0.22 mg/mm3), all within the clinically acceptable levels.

 

Figure 3. Mean values and SD (error bars) for water sorption, film thickness, and flexural
strength of the composite specimens. Different letters suggest significant differences in the
mean values. MER = Meron plus QM, MER−1% = Meron plus QM with 1% wt zirconia NPs,
MER−2.5% = Meron plus QM with 2.5% wt zirconia NPs, MER−5% = Meron plus QM with 5% wt
zirconia NPs, PAN = Panavia SA Universal, PAN−1% = Panavia SA Universal with 1% wt zirco-
nia NPs, PAN−2.5% = Panavia SA Universal with 2.5% wt zirconia NPs, PAN−5% = Panavia SA
Universal with 5% wt zirconia NPs, SOL = Solocem, SOL−1% = Solocem with 1% wt zirconia NPs,
SOL−2.5% = Solocem with 2.5% wt zirconia NPs, SOL−5% = Solocem with 5% wt zirconia NPs.

2.3. Film Thickness

As seen in Figure 3 the film thickness in all control groups was less than 50 μm and in all
cases less than 10 μm above the manufacturer’s measurements. The ranking was MER−C
(15 ± 5 μm) < PAN−C (22 ± 5 μm) < SOL−C (24 ± 5 μm) at 0.05. After the addition of
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nanoparticles at 1% wt, no significant differences were found. The ranking after the addition
of 2.5% wt ZrO2 NPs was MER−2.5 (25 ± 8 μm) < SOL−2.5 (32 ± 4 μm) < PAN−2.5
(41 ± 5 μm). Finally, the visual observation that the viscosity decreased after the addition of
5% nanoparticles predicted the significantly increased film thickness in all groups (Figure 3).

2.4. Estimation of Flexural Strength

The flexural strength results showed a significant difference between MER and the two
other resin cements, PAN and SOL. The addition of 2.5% of nanoparticles resulted in higher
values for the MER group (20 ± 5 MPa). The PAN and SOL groups resulted in similar
values in almost all groups except for SOL−5%. In all cases, the different % amounts of
nanoparticles did not significantly affect the flexural strength except for the SOL group,
where a 5% wt addition significantly reduced the strength, while for the MER group, all
concentrations led to an increase in the flexural strength but not on a significant level.

2.5. Shear Bond Strength Results

A total of 24 groups were subjected to the SBS test. The initial values before thermocy-
cling and the final values for each group are both summarized in Table 2. Groups MER−C,
MER−2.5, and SOL resulted in the lowest values of all groups studied. On the other hand,
groups SOL-G, SOL−G−2.5, PAN−G, and PAN−G−2.5 exhibited higher values and group
PAN−G−2.5 had the highest (22 ± 5 MPa). All other groups ranged between 5 and 10 MPa.

Table 2. Results of the shear bond strength tests for all composite cements studied.

Before TC After TC

Sample SBS (MPa) SBS (MPa) Change % p Value

MER−C 3.73 ± 0.40 a 0 ± 0 - -

MER−2.5 4.01 ± 0.30 a 0 ± 0 - -

MER−GL−C 13.02 ± 2.98 b 15.12 ± 4.81 c 16.12 0.401

MER−GL−2.5 13.22 ± 3.42 b 6.69 ± 1.74 b −49.36 0.051

SOL−C 4.69 ± 1.91 d 1.46 ± 0.24 f −68.91 0.304

SOL−2.5 7.83 ± 4.32 d 0 ± 0 −100 -

SOL−GL−C 20.38 ± 5.63 e 6.45 ± 2.39 f −68.35 <0.01

SOL−GL−2.5 23.15 ± 1.97 e 4.87 ± 1.38 f −78.95 <0.01

PAN−C 13.62 ± 5.08 g 12.87 ± 4.41 i −5.50 <0.01

PAN−2.5 12.78 ± 0.83 g 9.00 ± 5.09 i −29.59 <0.01

PAN−GL−C 24.31 ± 5.65 h 3.35 ± 1.09 j −86.20 <0.01

PAN−GL−2.5 29.96 ± 7.74 h 6.03 ± 3.22 i −79.89 <0.01
Different letters within each column show statistically significant differences among groups of the same cement
brand with or without NPs and Gluma (GL) adhesive, while p value shows difference before and after TC.
MER−C = Meron plus QM, MER−2.5 = Meron plus QM with 2.5% wt zirconia NPs, MER−GL−C = Meron plus
QM after Gluma application, MER−GL−2.5 = Meron plus QM with 2.5% wt zirconia NPs after Gluma application,
SOL = Solocem, SOL−2.5 = Solocem with 2.5% wt zirconia NPs, SOL−GL−C = Solocem after Gluma application,
SOL−GL−2.5 = Solocem with 2.5% wt zirconia NPs after Gluma application, PAN = Panavia SA Universal,
PAN−2.5 = Panavia SA Universal with 2.5% wt zirconia NPs, PAN−GL−C = Panavia SA Universal after Gluma
application, PAN−GL−2.5 = Panavia SA Universal with 2.5% wt zirconia NPs after Gluma application.

For MER three-way ANOVA showed that the presence of Gluma had a significant
effect on the shear bond strength (p = 0.006), while this was not the case for the addition of
NPs. However, the interaction of the addition of NPs and TC presented a significant effect
(p = 0.045), and pairwise comparisons demonstrated a significant difference between MER-
C and MER−2.5% after thermocycling. Regarding the PAN, TC, and Gluma adhesives,
they all presented a significant main effect (p < 0.001 and p = 0.03, respectively) as well as
their interaction (p < 0.01). Similarly to MER, the presence of NPs did not affect the SBS.
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The main effects of Gluma and TC were also significant for SOL (p < 0.001) as well as their
interaction (p = 0.05). The presence of NPs did not affect the shear bond strength mean
values in a statistically significant manner.

After thermocycling, there was a significant decrease in SBS in all groups. The lowest
values were observed in MER−C−TC, MER−2.5−TC, SOL−C−TC, and SOL−2.5−TC.
The highest values were observed in PAN−C−TC, PAN−2.5−TC, and MER−G−C−TC.
All the other groups values ranged from 0 to 6.7 MPa. It was observed that TC was
detrimental to groups with high initial values except for the case of MER−G−C. Only the
PAN−C, PAN−2.5, and MER−G−C groups showed resistance in thermal degradation
after 5000 cycles. Three groups with 2.5% nanoparticle addition (MER−G 2.5, SOL−2.5,
PAN−G−2.5) showed a significant reduction in SBS, but showed a higher ranking than
their control groups after TC.

2.6. Failure Mode Results

Using image analysis, the adhesive failure mode (ADFM%) was calculated from
every specimen in each group and is presented in Figure 4. Only PAN groups presented
significantly lower ADFM% than the other groups (64–86%). Groups PAN-GL and PAN
2.5%−GL showed the best failure mode results of 67% and 71% respectively. MER groups
without adhesive presented the least favorable results (88–94%). In the MER groups, the
high ADFM% was decreased after GL treatment (82–83%), except for group MER−GL−TC
(88%). In the SOL and PAN groups, GL treatment resulted in a decrease in ADFM. Figure 5
illustrates indicative snapshots of the failed samples through stereomicroscopic imaging.

 

Figure 4. Adhesive failure mode (ADFM %) as calculated from stereoscope images using image
analysis software. MER−C = Meron plus QM Control, MER−C−TC = Meron plus QM Control
after thermal cycling, MER 2.5% = Meron plus QM with 2.5% zirconia NPs, MER 2.5%−TC = Meron
plus QM with 2.5% zirconia NPs after thermal cycling, MER−C−GL = Meron plus QM Control
after Gluma application, MER−C−GL−TC = Meron plus QM Control after Gluma application and
thermal cycling, MER 2.5%−GL = Meron plus QM with 2.5% zirconia NPs after Gluma application,
MER 2.5%−GL−TC = Meron plus QM with 2.5% zirconia NPs after Gluma application and thermal
cycling, SOL−C = Solocem Control, SOL−C−TC = Solocem Control after thermal cycling, SOL
2.5% = Solocem with 2.5% zirconia NPs, SOL 2.5%−TC= Solocem with 2.5% zirconia NPs after ther-
mal cycling, SOL−C−GL = Solocem Control after Gluma application, SOL−C−GL−TC = Solocem
Control after Gluma application and thermal cycling, SOL 2.5%−GL = Solocem with 2.5% zirconia
NPs after Gluma application, SOL 2.5%−GL−TC = Solocem with 2.5% zirconia NPs after Gluma ap-
plication and thermal cycling, PAN−C = Panavia SA Universal Control, PAN−C−TC = Panavia
SA Universal Control after thermal cycling, PAN 2.5% = Panavia SA Universal with 2.5% zir-
conia NPs, PAN 2.5%−TC = Panavia SA Universal with 2.5% zirconia NPs after thermal cycling,
PAN−C−GL = Panavia SA Universal Control after Gluma application, PAN−C−GL−TC = Panavia
SA Universal Control after Gluma application and thermal cycling, PAN 2.5%−GL = Panavia SA Uni-
versal with 2.5% zirconia NPs after Gluma application, PAN 2.5%−GL−TC = Panavia SA Universal
with 2.5% zirconia NPs after Gluma application and thermal cycling.
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Figure 5. Indicative images from the stereomicroscope of different types of adhesive failure modes.
SOL−C−GL = Solocem Control after Gluma application, PAN−C = Panavia SA Universal Control,
PAN−2.5% = Panavia SA Universal with 2.5% wt zirconia NPs, PAN−C−GL−TC = Panavia SA
Universal Control after Gluma application and thermal cycling, MER−C−GL = Meron plus QM
Control after Gluma application, MER−2.5−GL−TC = Meron plus QM WITH 2.5% zirconia NPs
after Gluma application and thermal cycling.

3. Discussion

According to the results of the present study, the first null hypothesis was partially
rejected because several physicochemical properties (film thickness, flexural strength) of
the tested luting cements were affected by the addition of NPs. On the other hand, water
sorption was not influenced by the addition of 2.5% tetragonal zirconia nanoparticles. Film
thickness was influenced in the PAN and MER groups, while SOL showed a non-significant
increase. In the flexural strength tests, a significant increase was measured only in the MER
groups. The second null hypothesis partially failed to be rejected, since the shear bond
strength was not affected by the addition of NPs before TC, but was affected in two of
the three cements after TC. Finally, the third null hypothesis was rejected, since almost all
groups presented reduced SBS values after TC.

In the present study, the selection of adhesive materials was based on their different
compositions and represented a wide range of clinically accepted luting cements used for
zirconia substrates.

Zirconia NPs were fabricated following a sol–gel technique as previously published [38].
In general, YSZ (tetragonal) nanoparticles present chemical inertness, low thermal conduc-
tivity, and offer higher mechanical properties than monoclinic zirconia particles [39]. The
NPs used in the present study presented low agglomeration and sizes ranging from 20 to
50 nm [38].

After observing Figure 1, one can note the main groups included in all cases: at
3425 cm−1, the –OH groups were shown; at the 2960–2870 cm−1 region, all the –CH3,
–CH2–, and C–H bonds absorbed; the sharp and intensive peak at 1716 cm−1 corresponded
to the C=O group; the medium peak of 1637 cm−1 indicated the C=C absorption; and
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the one at 1608 cm−1 the aromatic double bonds. At lower wavenumbers, the peak at
1540 cm−1 was attributed to N–H present in the urethane dimethacrylate monomer, while
the great peak at 1152 cm−1 corresponded to the C–O bonds [3,4]. However, the fingerprint
region beneath 1200 cm−1 was hard to evaluate in detail and the overlapping of various
peaks was evident.

Regarding the presence of the inorganic fillers in the composite materials, the peak
at 1298 for the Si–CH3 bond was apparent and the Si–O–Si group absorbed in the re-
gion 1130–1000 cm−1 was difficult to identify alone, while the shoulder at 953 cm−1 was
attributed to the stretching vibration of this group. The Si–OH group was included in
the 3452 cm−1 vast peak, while the small peak at 815 cm−1 was also characteristic of
amorphous silica.

Particularly for the PAN adhesive, the absorptions located in the area beneath 1200 cm−1

also included the P–O vibrations from the –PO3
2− group. The 10-MDP monomer bears

a methacrylate structure on one side and a –PO3
2− group on the other side. The –OH

absorptions are located in the 3400 cm−1 area of the PAN spectra. The main P–O absorption
was found at 1086 cm−1, while at 1249 cm−1 and 945 cm−1, two slight shoulders could be
attributed to the same bond vibration [40]. There were also two apparent small peaks, seen
only for the PAN adhesive, at 830–813 cm−1, but the literature provides no evidence for
P–O absorptions in this area.

Regarding the presence of ZrO2 in the composite materials, the Zr–O bond was found
in the regions where the Si–O bond also absorbs. Thus, for the three composite materials
already containing silicates, it was hard to isolate the Zr–O bond. The small difference the
authors noticed concerned the appearance of a small peak at the right-end of the spectra.
In fact, the addition of ZrO2 provided a shoulder for the MER adhesive at 553 cm−1, for the
PAN adhesive at 561 cm−1, and for SOL at 541 cm−1. The change was obvious mainly in the
5% wt sample of each case. The literature is lacking evidence regarding the IR absorptions
of ZrO2 in the fingerprint region due to the numerous and noisy recordings, an issue the
authors also faced.

Figure 2 (top) points out the influence of photocuring on the already self-cured com-
posites. The additional energy provided to the films had a great effect, since the area of the
peak of C=C shown was minimized relative to the area of the unreactive bonds. For the
SOL material, the DC of 77% was achieved once the photocuring was fulfilled, while for
the PAN and MER cements, it was 64 and 60%, respectively, almost double the DC% values
achieved after their self-polymerization. Thus, it can be concluded that the intervention of
photopolymerization after self-polymerization is beneficial for the hardening of the material
(Table 2) [36]. The influence of the 10-MDP monomer for the PAN adhesive cannot be eval-
uated by the DC% results, since the exact organic content of the composites is unknown to
the authors (the dimethacrylate percentages compared to 10-MDP). Likewise, the influence
of the 4-META monomer on the SOL adhesive cannot be estimated in the DC% results,
since the exact synthesis of the matrix is unknown [41]. All in all, the influence of light
curing is effective for composite materials given the fact that the analogous photo-initiators
are present in their composition.

It is worthy to note that as MER does not include a photo-initiator (usually cam-
phorquinone), photocuring does not result in new radicals for the monomer reactions.
Thus, MER may not be considered as a “dual adhesive”, and it may not be appropriate to
call it a “dual adhesive”. However, the authors believe that after the application of light
onto films, a second curing occurs, since the beam also provides thermal energy, apart
from the quanta specific for light-activation. The energy provided activates the “frozen”
macro-chains to be mobilized, so new monomers react, and further curing is promoted.

Figure 2 (bottom) demonstrates the influence of the addition of ZrO2 NPs in the
cements when mixed at various ratios. The calculation of the DC% values proves that
the addition of 1% wt ZrO2 NPs does not influence the degree of polymerization, either
after self-curing only or dual-curing. However, the addition of 2.5 or 5% wt of zirconia
powder does affects the polymerization progress by obstructing the conversion of C=C to
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C–C, especially for the PAN composites. The values obtained for all materials when 2.5
or 5% wt zirconia was added were diminished to a lower conversion by 10–15% (Table 1).
Thus, regarding the polymerization efficiency, the lowest addition tested is recommended,
taking into consideration that the mixing occurred manually, and that mechanical mixing
might be more effective. The reasons why a filler addition might prevent the evolution
of the radical reactions are two: (a) a possible blocking of irradiation into the mass of the
material reinforced with extra NPs, preventing light from finding the initiators to react,
and, (b) the oligomers that have been produced do not move easily into the stiffer mass
of the composite in order to attack the monomers and attach them to the macro-chains.
Consequently, the ZrO2-reinforced composites present lower DC% values compared to the
untreated materials.

The integration of pure nanoparticles to commercial products that have already been
reinforced by a high load of silica fillers seems promising. The concept of this research
was based on the possible direct bond of zirconia to phosphoric or carboxylic adhesive
monomers [32,41]. In addition, zirconia nanoparticles enhance radiopacity [42,43] and trans-
form luting agents to more viscous materials, and probably increase the micro-hardness [44].
Although silanization has been proposed for inorganic fillers to increase the mechanical
properties of composite resins [45], because silica particles are hydrophobic, zirconia NPs
are hydrophilic and can be used without further silanization [46]. However, the silanization
of zirconia nanoparticles has recently been proposed in the reinforcement of PMMA and
adhesives with promising results [23,28]. Moreover, in our study, if those particles were
silanized, the advantage of direct contact with the MDP or 4-META adhesive monomer
could be lost. In addition, the influence of zirconia nanoparticles on the color stability of
cements should be carefully considered, as contemporary zirconia materials show high
translucency that could affect the final shade of the cemented restoration [47].

The initial values of film thickness in all luting agents were far lower than the ISO
requirements (<50 μm). The lowest value was measured in the MER−C group (15 μm). The
addition of nanoparticles increased the film thickness, but it was found to be statistically
significant only at the 5% concentration for all cements and 2.5% for PAN. The results
of this study are comparable to other recent or earlier studies since the film thickness of
RMGIs range from 15 to 50 μm [20,48–51]. The particle size of inorganic fillers determines
the limits of the minimum film thickness. Although the SOL group contained a smaller
filler size than PAN (5 μm vs. 20 μm), our measurements revealed a similar film thickness
in these groups.

The increase in the film thickness could be partially explained by the extended mixing
time of the luting agents to homogenize the nanoparticles in the mass of all groups. The
visible increase in viscosity during mixing could also explain the increased values in film
thickness after NP insertion, which could be attributed to NP agglomerations possibly
introduced during hand-mixing. However, with a 1 and 2.5% addition in all groups, this
resulted in a clinically acceptable film thickness. In the PAN group, a significant increase
was measured in the PAN−2.5 and PAN−5 groups. The initial film thickness agreed with
all of the manufacturers’ internal studies. In the SOL group, only 5% of nanoparticles
showed a significant increase in the film thickness. Group SOL−2.5 presented a lower
thickness than PAN−2.5, which can partially be explained by the smaller medium size in
inorganic filler content.

The analysis of the water sorption results revealed that resin-based luting agents
were far less sensitive to water uptake than the RMGI product. The sensitivity of RMGI
to high water uptake has been observed in older generations of both RMGI lining and
cementing products [16]. The RMGI luting agent tested in this study exhibited statistically
significant higher water sorption in relation to the composite cements, which agrees with
most similar studies [52,53]. The addition of 1, 2.5, and 5% NPs resulted in a non-significant
increased water sorption for the case of MER. The self-adhesive resin luting agent (PAN)
presented the lowest water sorption among all groups, in agreement with the manufacturer.
Solocem measurements also confirmed the manufacturers’ claim. Measurements were
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higher than the PAN group, but not statistically significant. One possible explanation could
be attributed to the different monomer composition, since materials that have more HEMA
in their composition may have a higher water sorption [54]. The addition of NPs in both
the PAN and SOL groups did not cause any statistically significant changes in Wsp.

The initial values of the flexural strength test confirmed the theory that resin based
products present higher values than other conventional luting agents or even resin-modified
glass ionomers [55]. The group SOL presented the highest FS values and confirmed the
internal studies of the manufacturer (110 MPa). However, the addition of 5% nanoparticles
significantly reduced FS, while all other concentrations had almost no effect in the σ values.
In all groups reinforced with NPs, it should be noted that hand mixing is a technically
sensitive method influencing some mechanical properties compared to automix proto-
cols [48]. In the PAN group, the manufacturer’s claim was also confirmed (90 MPa) and
NP addition did not affect the values. Our measurements agree with a recent study that
demonstrated values of 87.8 MPa in the self-cure mode and 100.7 MPa in the dual-cure
mode of preparation [56]. The MER group showed low values in the control samples,
below the ISO 9917-2:2017 acceptance values (20 MPa), but all groups showed higher levels
of FS after NP addition (20 MPa), although this was not statistically significant. A recent
study demonstrated that MER presents higher FS (37.5 MPa) and this value was further
optimized after TC to 43.8 MPa [57]. The significant difference compared to our results
could be attributed to differences in the experimental setup. It is also known that in RMGIs,
acid–base and polymerization reactions are antagonistic [57].

As mentioned in the Materials and Methods (Section 4), zirconia specimens designed
for the SBS test were not polished to simulate clinically relevant conditions. The internal
surface of a zirconia crown cannot be efficiently polished clinically. However, most research
papers have preferred to polish the zirconia surface to standardize the initial roughness of
the specimens [11,58,59].

The use of primer (GLUMA adhesive) in all groups resulted in higher SBS. In the
clinical application of self-adhesive luting agents, most manufacturers do not recommend
additional adhesive primers. However, recently, manufacturers have suggested a 10-MDP
containing primer to promote adhesion to substrates such as zirconia [60,61].

The lowest values were recorded in the MER group, and many spontaneous detach-
ments before the SBS test were observed. However, this measurement (~4 MPa) was higher
than that of the adhesive-free resin cement shown in previous studies [62], and implies a
weak chemical affinity to zirconia substrates. RMGI cements incorporate poly-carboxylate
groups that might adhere to zirconia surfaces [35]. Fracture analysis showed an almost
exclusively adhesive failure mode (ADFM 82–90%). However, in some samples, the rem-
nants of RMGI were visible under 60X magnification (Figure 5). The universal adhesive
significantly increased SBS, which was performed against the recommendations of the
manufacturers. The unexpected resistance to TC denotes that the 10-MDP and 4-META
adhesives were both active to the zirconia surface and glass ionomers. The increased values
of MER-GL after TC imply a post-polymerization effect of the cement or a resistance to
water absorption due to the high initial water sorption of MER. The addition of NPs did
not influence the initial values of SBS in any of the MER groups. Moreover, the reinforced
group (2.5% NP) was more sensitive to TC, minimizing the beneficial effect of Gluma.
A possible delay in the light curing due to NP insertion and extended mixing time can
partially explain these results. Additionally, the setting of RMGIs is more complex since
acid–base and polymerization reactions are antagonistic [63]. Since the RMGI luting agents
are free of adhesive monomers, weak bonds between carboxylate groups and NPs can
occur. However, a possible reaction of NPs can be expected in the interface since the primer
contains MDP and 4-META monomers. Moreover, the observation that the RMGI was more
viscous after the NP load could also partially explain the reduced SBS.

The initial measured SBS values of SOL were similar to MER. The addition of NPs
increased the SBS values but after TC, the SBS dropped detrimentally in both groups. A
significant increase in SBS after the application of the primer was observed (+20 MPa).
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It seems that the manufacturers’ recommendation for an additional primer for adhesive
cementation (one coat 7.0/Coltene-MDP and nanofillers) was confirmed by our results.
On the other hand, after TC, a significant negative influence in SBS was also noticed. A
possible incompatibility or susceptibility of this material combination to water intake could
explain this effect. The reinforced with NP sample groups after TC presented similar SBS
values to the non-adhesive group.

The PAN group presented the highest values of all groups. Without any additional
treatment, the initial values were maintained after TC, showing an exceptional resistance to
thermal stress and hydrolysis. It was demonstrated from the Wsp results that the material
is extremely stable with a minimum water sorption. Moreover, this product is the only
self-adhesive luting agent that incorporates two adhesives, one containing 10-MDP and
one novel adhesive with a long carbon chain silane (LCSi) [61]. The addition of a primer
was beneficial, resulting in higher initial SBS values. However, after TC, a totally different
behavior was revealed. The high values dropped by 77% in the PAN−G group after TC
indicated a vulnerable combination or an unexpected incompatibility of these two prod-
ucts. The manufacturer recommends another additional primer for zirconia bonding that
increases the SBS to zirconia. Moreover, the zirconia surface contains no silica, neutralizing
the possible benefits from LCSi, if the surface is treated with a silicatization sandblasting
technique, as proven in an earlier study [62]. The addition of NPs presented a beneficial
initial effect in this group, but after TC, a detrimental effect in SBS was observed. In this
group, the presence of MDP in both the primer and luting agent can partially explain the
high initial values in SBS. This observation may be attributed to the increased complexity or
possible incompatibility with 4-META and LCSi monomers in the primer and luting agent,
respectively. The interaction of NPs with 10-MDP in both the luting agent and primer could
partially explain this finding. Further studies in a chewing simulator to evaluate resistance
to cyclic fatigue should be performed to confirm these findings [64].

Only three out of 12 groups showed resistance to TC. The water sorption and thermal
stresses caused a detrimental decrease in the SBS values. In the MER group, the primer
treatment presented a significant resistance in TC. In the SOL group, a minor effect was
observed, while the combination of the primer did not withstand the effect of TC. PAN was
resistant to TC, and the product after the addition of NPs showed a significant decrease
after TC. The combination of PAN with Gluma presented a susceptibility to water and TC.
It seems that incompatibility or extreme hydrophilic behavior could explain this finding
and that the addition of NPs intensifies the influence of water in this group.

4. Materials and Methods

4.1. Preparation and Characterization of Nanoparticles

Yttria-stabilized zirconia nanoparticles (ZrO2-7% wt Y2O3) were synthesized by the
sol–gel method using zirconium oxychloride octahydrate (ZrOCl2·8H2O) and yttrium
nitrate hexahydrate (Y(NO3)3·6H2O) as reagents. Raw materials were dissolved in distilled
water, and then ethylene glycol (brand) and an aqueous citric acid concentrate (brand)
were added under heating and stirring. The molar ratios of citric acid:metal (Zr) was 3.65
and citric acid:ethylene glycol was 1, respectively. The material was gradually heated to
a temperature of 300 ◦C to eliminate organic materials [65] and then sintered at 1000 ◦C
for 2 h. To avoid agglomeration, the obtained NPs underwent ultrasonic treatment in
ethanol (brand) for 20 min before application. The characterization of the NPs is presented
elsewhere [38].

4.2. Zirconia Specimen Preparation

Zirconia specimens were fabricated using CAD/CAM technology from translucent zirco-
nia blocks (priti®multidisc ZrO2, monochrome, pritidenta® GmbH, Leinfelden-Echterdingen,
Germany, 5Y-TZP) following the manufacturer’s instructions for sintering. The final dimen-
sions of the zirconia specimens were 4 mm in diameter and 6 mm in height. The zirconia
specimens designed for the shear bond strength (SBS) test were not polished (to simulate
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clinically relevant conditions) or sandblasted and were embedded in a transparent acrylic
resin (Jet Liquid, Lang) using Plexiglas molds of 16 mm. The specimens were ultrasonicated
in isopropyl alcohol (brand) for 15 min and finally dried with oil-free air 0.25 MPa for 10 s.

4.3. Incorporation of Zirconia NPs into Luting Cements

One resin-modified glass ionomer and two different types of composite luting cements
were used: (a) RMGI cement (Meron plus QM, VOCO, Cuxhaven, Germany), (b) self-
adhesive composite luting cement containing 4-META adhesive monomers (Solocem,
Coltene, Altstätten, Switzerland), and (c) self-adhesive composite luting cement containing
the adhesive monomer 10-MDP (Panavia SA Universal, Kuraray, Japan) (Table 3). An
additional Universal primer Gluma (Kulzer, Germany) was applied for the shear bond
strength test.

Table 3. Composition of the used commercial materials.

Product’s Name Type of Material Composition Filler

Solocem (Coltene,
Altstätten, Switzerland)

Self-adhesive, dual-curing
composite-based

luting cement

Zinc oxide
dental glass, urethane-dimethacrylate

(UDMA), triethyleneglycol
dimethacrylate (TEGDMA),

4-methacryloxyethyl trimellitate
anhydride (4-META),

2-hydroxyethylmethacrylate (HEMA),
dibenzoylperoxide, benzoylperoxide

Average particle size diameter 2 μm
Filler particle size distribution 0.1–5 μm

Filling ratio by weight wt% = 69%
Inorganic fillers (barium glass,

ytterbium trifluoride, spheroid mixed
oxide, titanium oxide.)

Meron Plus QM (VOCO,
Cuxhaven, Germany)

Self-curing fluoride
releasing resin modified

glass ionomer cement

Polyacrylic acid peroxide, BHT,
methacrylates (hydroxypropyl

methacrylate 10–25%, dimethacrylate
5–10%, UDMA 2.5–5%), glycerine

Fluoroaluminosilicate glass 50–100%

Panavia SA Cement Universal
(Kuraray, Japan)

Dual-curing fluoride
releasing, self-adhesive

resin cement

Paste A—10-Methacryloyloxydecyl
dihydrogen phosphate
(MDP)—Bisphenol A

diglycidylmethacrylate (Bis-GMA)—
TEGDMA—Hydrophobic aromatic

dimethacrylate—
2-Hydroxymethacrylate

(HEMA)—Silanated barium glass
filler—Silanated colloidal

silica—dl-Camphorquinone—
Peroxide—Catalysts—Pigments Paste

B—Hydrophobic aromatic
dimethacrylate—Silane coupling

agent—Silanated barium glass
filler—Aluminum oxide

filler—Surface treated sodium fluoride
(Less than 1%)—dl-Camphorquinone—

Accelerators—Pigments

Inorganic filler (silanated barium glass,
aluminum oxide, colloidal silica) is
approx. 43 vol%. The particle size

0.02–20 μm

Gluma bond universal
(Kulzer, Germany)

Light-curing,
self-conditioning all-in-

one adhesive

4-META and MDP monomers
Methacrylates, Acetone Water Contains fillers

Zirconia NPs were added in percentages of 1, 2.5, and 5% wt. The incorporation of the
powder zirconia NPs in several ratios was performed after appropriate weighing (Mettler
Toledo A250 balance, ±0.0001 g) and mixed manually with the two pastes simultaneously.
After initial self-curing, the materials were then additionally photopolymerized. A curing
photopolymerizing device with a light intensity of 1200 mW/cm2 at the spectral range of
380–515 nm was used (Curing Pen-E, Eighteenth, Changzhou Sifary Medical Technology
Co. Ltd., Changzhou, China) [38]. Different specimens were prepared depending on the
test as described in the following paragraphs and shown schematically in Figure 6.
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Figure 6. Schematic representation of the study groups and performed analysis. MER = Meron QM,
SOL = Solocem, PAN = Panavia SA Universal, GL = Gluma, C = Control, FTIR = Fourier Transform
Infrared Spectroscopy, WS = water sorption, FT = film thickness, FS = flexural strength, SBS = shear
bond strength test, TC = thermocycling.

4.4. Investigation of Physical and Mechanical Properties of Modified Luting Cements
4.4.1. FTIR Analysis

To evaluate the effects of the addition of NPs on the photopolymerization of the
materials, FTIR analysis was performed on a Spectrum One (Perkin Elmer, Waltham,
MA, USA) instrument. First, the spectrum of the pastes of each composite cement was
recorded. Then, the mixing of the two pastes of each composite occurred, as indicated by the
manufacturers, and the polymerized material produced was analyzed (self-cured materials).
Self-cured materials were analyzed immediately (time = 0), after 1 h (time = 1 h), and after
24 h (time = 24 h). In a second step, the materials were evaluated after dual polymerization
(5 × 10 s photopolymerization). For all cases, right after mixing, the pastes were pressed
between two glass plates (5 mm thick) covered with commercial polyethylene sheets and a
thin film was shaped to be analyzed. The cured film was placed between two round NaCl
IR crystals (Sigma-Aldrich, Lot #: z123595-1EA, Batch #: 3110, 25 mm × 4 mm) for the
transmittance recordings. The spectral range was 4000–600 cm−1, the resolution at 4 cm−1,
after 32 scans. No external natural light was available during the experiments and the
samples were placed in a dry and shady place until 24 h after polymerization.
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4.4.2. Evaluation of Water Sorption and Solubility

Five disk specimens (15 mm ×1 mm) of each group were fabricated and photopoly-
merized by overlapping irradiation at eight points according to manufacturer’s instructions.
The specimens were placed in a desiccator for 24 h and their initial weight and volume
was recorded. Then, the specimens were immersed in distilled water for 7 d at 37 ◦C and
weighed with an accuracy of 0.001 mg. The values of water sorption (Wsp, mg/mm3) were
calculated using the following equations (ISO/TS 16506:2017):

Wsp =
mi − m f

V

where mi is the specimen mass before immersion (mg); mf is the specimen mass after
immersion (mg); and V is the specimen volume before immersion (mm3).

4.4.3. Estimation of Film Thickness

To calculate the film thickness, an appropriate amount of each cement (0.05 mL),
with or without the addition of NPs, was placed between two optically flat square glass
plates, each having a contact surface area of 225 mm2 and a uniform thickness of 5 mm.
A customized loading device with 150 N force was manufactured to fulfill the ISO/TS
16506:2017 and ISO 9917-2:2017 requirements. Specimens were photopolymerized at
the center of the upper glass plate for twice the exposure time, as recommended by the
manufacturer. The combined thickness of the two glass plates with (T1) and without the
cement (T2) film was measured using a micrometer with accuracy of 0.5 μm, while the film
thickness was estimated as the difference between these two values.

4.4.4. Determination of Flexural Strength

Ten bar-shaped specimens of 25 mm length, 2 mm thickness, and 2 mm width
(Figure 7a) of each group of materials were fabricated using a Teflon mold covered with
glass plates before polymerization (Figure 7a). These underwent a 3-point bending test
with a constant crosshead speed 0.5 mm/min and rate of loading of 50 N/min on a Instron
3344 dynamometer. Flexural strength (MPa) was calculated according to the equation
(ISO/TS 16506: 2017):

σ =
3FL
2bh2

where F is the load until failure in N; L is bar length; b is width; and h the height in m.
Failed specimens were observed by SEM.

Figure 7. (a) Specimens prepared for flexural strength, (b) embedded zirconia specimens after
cementation for shear bond strength test.

4.4.5. Preparation of Specimens for Adhesive Bonding

All zirconia surfaces were cleaned using ethanol and thoroughly dried, and a thin layer
of the universal primer (Gluma, Kulzer) containing both the 10-MDP and 4-META adhesive
monomers was applied in half of the specimens and photopolymerized. Then, each cement
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was mixed according to the manufacturer’s instructions, while all NP reinforced cements
were hand mixed. An optimal NP content of 2.5 wt% was chosen, based on the results
derived from the previous experiments. The cement was placed in a split mold to stan-
dardize a 3 mm diameter adhesive area (Figure 7b). Each cement was photo-polymerized
according to the manufacturer’s instructions as described in Section 4.3. The mold was
carefully removed, and each specimen was held in a humid environment (100% distilled
water) at 37 ◦C to maintain the standard temperature. Half of these specimens underwent
additional thermal aging, following 5000 cycles between 5 and 55 ◦C with a dwelling time
of 20 s and a rest time of 10 s.

4.4.6. Shear Bond Strength to Translucent Zirconia Substrate

All bonded specimens were subjected to the shear bond strength test using a Universal
testing machine (Instron 3344; Instron, Burlington, ONT, Canada) with a cross-head speed
of 1 mm/min until failure. Specimens were assembled in a custom-made device according
to ISO 29022 and the Ultra-tester (Ultradent Products, Inc., South Jordan, UT, USA). The
maximum shear force was measured for each specimen and the stress was calculated
following the equation σ = F/A, where F is the force applied and A is the cross-sectional
area of the specimen.

4.4.7. Failure Mode Analysis

All specimens were observed under a stereomicroscope (M80, Leica, Weltzar, Germany)
at 25× magnification to evaluate the failure mode. Failure mode was quantified as the
percentage % of the cement-free intact zirconia surface relative to the total zirconia bonded
area corresponding to the adhesive failure mode (ADFM%) by image analysis utilizing
Photoshop CC software (Adobe Systems, San Jose, CA, USA).

4.5. Statistical Analysis

The values reported in the tables and figures represent the mean values ± standard
deviation of the replicates. To determine the effect of NP addition on water sorption,
film thickness, and flexural strength, one-way analysis of variance (ANOVA) was applied,
followed by the Bonferroni test for multiple comparisons (significance level set at a = 0.05).
Normal distribution was verified with the Shapiro–Wilks test and the equality of variances
with Levene’s test. To test the effect of the addition of NPs, adhesive (Gluma), and ther-
mocycling on the bond strength to zirconia, three-way ANOVA was used with pairwise
comparisons (significance level set at a = 0.05).

5. Conclusions

Within the limitations of this in vitro study, the following conclusions were drawn:

1. The addition of NPs did not significantly change the physicochemical and mechanical
properties of the investigated luting cements, except for the case of the RMGI cement,
where a significant increase in flexural strength was recorded.

2. The addition of NPs at the concentration of 2.5% wt increased the film thickness in all
luting agents, however, the values were kept below 30 μm for the RMGI, 40 μm for
10-MDP, and 35 μm for the 4-META cement.

3. The application of 1% wt NPs did not significantly affect the DC% values for all of the
composite cements, but greater amounts resulted in a dose dependent reduction in
the DC% values up to 7.2% for the 4-META and 15.5% for 10-MDP cement.

4. The application of an adhesive primer increased the initial SBS values significantly for
all commercial products, however, it was beneficial only in RMGI after thermocycling
(~16.12% increase).

5. Thermocycling presented a detrimental effect on most of the groups after the addition
of NPs.

6. The 10-MDP-containing luting cements demonstrated higher SBS values compared to
the RMGI cements and luting cements with 4-META.
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Abstract: Titanium undergoes biological aging, represented by increased hydrophobicity and surface
accumulation of organic molecules over time, which compromises the osseointegration of dental
and orthopedic implants. Here, we evaluated the efficacy of a novel UV light source, 172 nm
wavelength vacuum UV (VUV), in decomposing organic molecules around titanium. Methylene blue
solution used as a model organic molecule placed in a quartz ampoule with and without titanium
specimens was treated with four different UV light sources: (i) ultraviolet C (UVC), (ii) high-energy
UVC (HUVC), (iii) proprietary UV (PUV), and (iv) VUV. After one minute of treatment, VUV
decomposed over 90% of methylene blue, while there was 3-, 3-, and 8-fold more methylene blue
after the HUVC, PUV, and UVC treatments, respectively. In dose-dependency experiments, maximal
methylene blue decomposition occurred after one minute of VUV treatment and after 20–30 min
of UVC treatment. Rapid and effective VUV-mediated organic decomposition was not influenced
by the surface topography of titanium or its alloy and even occurred in the absence of titanium,
indicating only a minimal photocatalytic contribution of titanium dioxide to organic decomposition.
VUV-mediated but not other light source-mediated methylene blue decomposition was proportional
to its concentration. Plastic tubes significantly reduced methylene blue decomposition for all light
sources. These results suggest that VUV, in synergy with quartz ampoules, mediates rapid and
effective organic decomposition compared with other UV sources. This proof-of-concept study
paves the way for rapid and effective VUV-powered photofunctionalization of titanium to overcome
biological aging.
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1. Introduction

Dental implants, orthopedic implants, and many other prosthetic components are
made of titanium-based materials, especially commercially pure titanium or titanium
alloys. Titanium and titanium alloys show excellent biocompatibility and osseointegration
compared with other materials [1–19]. However, it has recently been shown that titanium
undergoes biological aging, characterized by the loss of hydrophilicity of titanium surfaces
over time [20–27], which correlates with their decreasing ability to osseointegrate. Aging is
also associated with the accumulation of hydrocarbons on titanium surfaces, which further
contributes to a loss of osseointegration [20–23,28–30]. Biological aging is an inevitable
and undesirable process for all types of titanium and titanium alloys [28,29,31–36]. One
effective way to increase the osseointegration of titanium is to remove carbon molecules
from its surface before placing it into bone [37–47].

UV photofunctionalization or UV activation was developed to overcome the biological
aging of titanium [20,23,34,35,45–75]. The treatment of titanium with UV light decomposes
and removes carbon-containing molecules, reducing the atomic percentage of carbon from
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40–75% to 15–20% [20,48–50,76]. Treated titanium surfaces consequently regain hydrophilic-
ity. UV-treated, decarbonized titanium surfaces then recruit osteogenic cells, facilitate cell
attachment and adhesion, promote osteoblastic proliferation and differentiation, and accel-
erate and increase bone formation around titanium [21,23,24,48,49,57,62,77,78]. However,
there remain three major challenges to the practical and effective use of UV photofunction-
alization in clinical practice [50,51,53,79,80]. First, UV treatment has not been optimized;
there is still uncertainty about the optimal UV dose or if there even is an optimal dose.
Second, the treatment time remains long; despite significant advances in photo-technology,
the proposed UV treatment time is still 48 h [48,49,81], 20 min [38,44,51–53,63,80,82–84], or
12 min [33,37,42] depending on the light source; these intervals which may be acceptable
for research but are all too long for routine clinical use. Third, current UV treatment can
only be achieved when titanium specimens have been removed from their sterile containers
due to only very limited penetration of UV light into these containers [53,60,63,85,86].
Implantable medical devices, including dental and orthopedic implants, pins, plates, and
screws, are packed in sterilized plastic or metal containers and are expected to be imme-
diately delivered to patients directly from these containers. Exposing the devices to the
atmosphere or surroundings during UV treatment carries a risk of contamination. Unfor-
tunately, the higher the UV photon energy is, the lower the penetration through current
container materials is.

UV photofunctionalization was originally described using a bactericidal UV lamp
for 48 h [49]. The lamp emitted UV-C (200–280 nm wavelength), with a peak around
254 nm. The UV-mediated decomposition of carbon-containing molecules is thought to
occur via two mechanisms: direct decomposition or through photocatalytic decomposition
via titanium dioxide [49,50,87–90]. In the direct UV decomposition mechanism, UV light
breaks atomic bonds according to the strength of photon energy; for instance, a relatively
weak, single oxygen–carbon (C-O) bond can be broken by low-energy UV-A (374 nm wave-
length), while double oxygen bonds (O=O) can be dissociated by high-energy UV-B (243 nm
wavelength). Another mechanism of direct UV-mediated organic decomposition is the
generation of oxygen radicals. For example, UV-C produces radicals through ozone, which
attacks organic molecules, with dissociated molecules such as CO2, H2O, and O2 being
released into the atmosphere. In the second mechanism, photocatalytic organic decomposi-
tion is induced by two reactive oxygen species produced on titanium dioxide [89–92]. UV
energy releases free electrons (e−) and forms a positive hole (h+) on titanium dioxide as
a result. Free electrons (e−) react with atmospheric oxygen (O2) to produce superoxide
anions (O2

.−), which in turn dissolve organic molecules through oxidation. Positive holes
(h+) react with atmospheric water (H2O) to generate hydroxy radicals (.OH), which act in a
manner similar to that of superoxide anions.

Recent technical advances have resulted in a high-energy, low-pressure mercury
vapor lamp that reduced UV treatment to 20 min to generate a similar effect to 48 h
bactericidal UV treatment, and the latest UV device uses a proprietary wavelength for
12 min treatment. Here, we tested the potential of a novel, xenon excimer lamp emitting
172 nm wavelength vacuum UV (VUV; defined as UV < 200 nm) to decompose organic
molecules around titanium. Specifically, we determined whether the combined use of
172 nm VUV and a quartz ampoule [93,94] as a specimen container overcame the above-
mentioned three challenges. Methylene blue (C16H18ClN3S), a benzene ring, hydrocarbon-
containing molecule, was used as a model organic molecule. We tested the device on
microroughened commercially pure titanium surfaces (most commonly used in dental and
orthopedic implants), machined titanium surfaces, and machined titanium alloy surfaces.
The efficacy of organic decomposition was assessed according to (i) direct decomposition
induced by UV light and (ii) photocatalytic decomposition induced by UV-excited titanium
dioxide. Finally, we attempted to optimize the UV dose by identifying a plateau in efficacy.
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2. Results

2.1. Surface Characteristics of Titanium Materials

The surface morphology and hydrophilic/hydrophobic state of three titanium test
materials were examined. The surface of acid-etched commercially pure grade 4 titanium
was significantly rougher than that of machined grade 4 titanium and machined grade
5 titanium alloy according to low-magnification SEM (Figure 1). The high-magnification
images showed that the acid-etched commercially pure titanium was evenly roughened,
with a combination of scattered supra-micron concavities (arrowheads in lower-left panel)
and micro-pits over the surface. The machined surfaces, regardless of titanium type, had
no defined topography except for linear traces from machine milling.

 

Figure 1. Surface morphology of titanium specimens used in this study. Low (upper panels)- and
high (lower panels)-magnification SEM images of three different specimens.

The hydrophilicity of acid-etched microroughened commercially pure titanium was
examined before and after UV treatment for 1 min using four different light sources:
(i) ultraviolet C (UVC), (ii) high-energy UVC (HUVC), (iii) proprietary UV (PUV), and
(iv) VUV (Figure 2). Original titanium surfaces were hydrophobic, with a contact angle > 90◦.
All UV treatments converted the surfaces to hydrophilic (defined as a contact angle < 30◦),
the degree varied according to the UV source, with the HUVC, PUV, and VUV treatments
all resulting in a contact angle of 0◦ and UVC in a contact angle of ~30%.

2.2. Organic Molecule Decomposition Induced by Different UV Light Sources

We next compared the ability of different UV sources to decompose organic molecules.
Microroughened commercially pure titanium was used as a representative test material
and methylene blue as a model organic molecule. Methylene blue placed in a quartz
ampoule was treated with UV light for 1 min with or without a titanium specimen. All UV
treatments significantly decomposed methylene blue regardless of the light source; however,
the amount of remaining methylene blue varied considerably (p < 0.001, two-way ANOVA),
with UVC being the highest and VUV the lowest (Figure 3A) (p < 0.001, Bonferroni-
corrected). With a titanium specimen, one minute of VUV treatment decomposed over 90%
of methylene blue, versus ~25% for UVC and ~75% for HUVC and PUV. UV treatment with
a titanium specimen decomposed more methylene blue than without a titanium specimen

169



Int. J. Mol. Sci. 2023, 24, 1978

for all light sources (p < 0.05, Bonferroni-corrected). The difference in methylene blue
decomposition with and without a titanium specimen was represented as photocatalytic
contribution (%), which was significantly lower for HUVC, PUV, and VUV (<5%) than for
UVC (~45%) (p < 0.001; Figure 3B).

 

Figure 2. Hydrophilic/hydrophobic state of acid-etched microroughened titanium surfaces before
and after UV treatment exposed to four different UV light sources for one minute: UVC from a
low-pressure mercury lamp (UVC); high-energy UVC (HUVC); a UV device with a proprietary
protocol (PUV); and 172 nm vacuum UV (VUV). Birds-eye and side-view photographs of a 3 μL drop
of ddH2O placed on microroughened titanium specimens, and a histogram showing contact angle
measurements. Arrows indicate 0◦.

 

Figure 3. UV-mediated decomposition of methylene blue induced by various UV sources.
(A) Photographs of the original methylene blue solution in a quartz ampoule together with solutions
after UV treatment presented side-by-side for comparison. Four different UV light sources were used
for one minute: (1) UVC from a low-pressure mercury lamp (UVC); (2) high-energy UVC (HUVC);
(3) a UV device with a proprietary protocol (PUV); and (4) 172 nm vacuum UV (VUV). Methylene
blue was UV-treated with or without a microroughened titanium specimen. A histogram showing
remnant methylene blue after UV treatment (%). (B) Photocatalytic contribution (%) calculated as the
difference in the amount of decomposed methylene blue with and without a titanium specimen.

2.3. Dose Dependency of Organic Decomposition Induced by VUV and UVC

After establishing that VUV had the greatest methylene blue decomposition efficacy,
we tested for dose dependency by varying the treatment time. With a titanium specimen
in a quartz ampoule, the amount of remnant methylene blue significantly decreased with
the increase in treatment time up to 60 s to then plateau at about 10%, fitting a negative
exponential curve with a remarkably high coefficient of determination (Figure 4A). VUV
treatment without a titanium specimen showed a similar dose dependency, but with a
lower efficacy of decomposition. The photocatalytic contribution decreased with longer
treatment time (Figure 4B). Thus, the maximum efficacy of organic decomposition induced
by VUV was achieved with an optimized treatment time of 1 min.

170



Int. J. Mol. Sci. 2023, 24, 1978

 

Figure 4. Dose dependency and optimization of VUV-mediated organic decomposition.
(A) Photographs of the original methylene blue solution in a quartz ampoule together with so-
lutions after VUV treatment for various treatment times from 20 to 100 s. The remaining methylene
blue was quantified and plotted against UV treatment time; it showed a highly fitted, negative
exponential curve. (B) Photocatalytic contribution (%) calculated as the difference in the amount of
decomposed methylene blue with and without a microroughened titanium specimen.

We further tested for the presence of UV dose dependency using UVC. Again, the
length of UVC treatment was proportional to the degree of methylene blue decomposition
(Figure 5A), plateauing at 20–30 min along a negative exponential curve. With both UV
sources, UV treatment was unable to completely decompose methylene blue within the
treatment time tested, suggesting a general limit to UV-mediated organic decomposition.
Photocatalysis induced by a titanium specimen contributed less as treatment time increased
(Figure 5B).

2.4. Effect of Quartz Ampoules on UV-Mediated Organic Decomposition

We next compared the impact of quartz ampoules and laboratory-grade plastic tubes
on organic decomposition efficacy by assessing methylene blue decomposition using
one minute of UV treatment with or without a titanium specimen. Methylene blue de-
composition was greater in quartz ampoules than plastic tubes for all UV treatments
(Figures 3A and 6A); for instance, there was >90% residual methylene blue in plastic
tubes after UVC treatment compared with 75% in quartz ampoules. VUV showed the
highest efficacy of decomposition among the UV sources, with approximately 55% rem-
nant methylene blue, although significantly more than the 9% seen in the quartz am-
poule (Figures 3A and 6A). The photocatalytic contribution was significantly higher in
plastic tubes than in quartz ampoules (Figures 3B and 6B), with the majority of methy-
lene blue decomposition in plastic tubes being due to titanium photocatalysis during
UVC decomposition.

2.5. Effects of Different Titanium Materials and Surfaces

We next determined if the organic decomposition efficacy differed between titanium
specimens using UV treatment under four representative conditions (1 min UVC in quartz
ampoules, 1 min UVC in plastic tubes, 1 min VUV in quartz ampoules, and 1 min VUV
in plastic tubes). There was no significant difference in efficacy between microroughened
commercially pure titanium, machine-surfaced commercially pure titanium, and machine-
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surfaced titanium alloy (Figure 7), indicating that the photocatalytic activity was not
significantly affected by different titanium materials or surfaces.

 

Figure 5. Dose dependency of UVC organic decomposition. (A) Photographs of the original methy-
lene blue solution in a quartz ampoule together with solutions after UVC treatment for various
treatment times from 1 to 60 min. The remaining methylene blue was quantified and plotted against
UV treatment time; it showed a highly fitted, negative exponential curve. (B) Photocatalytic contribu-
tion (%) calculated as the difference in the amount of decomposed methylene blue with and without
a microroughened titanium specimen.

 

Figure 6. UV-mediated decomposition of methylene blue in plastic tubes. (A) Photographs of the
original methylene blue solution in a laboratory-grade plastic tube together with solutions after UV
treatment presented side-by-side for comparison. Four different UV light sources were used for one
minute, as in Figure 3. UV treatment was conducted with or without a microroughened titanium
specimen. A histogram showing remnant methylene blue after UV treatment (%). (B) Photocatalytic
contribution (%) calculated as the difference in the amount of decomposed methylene blue with and
without a titanium specimen.

2.6. Load Testing of UV-Mediated Organic Decomposition

We next load-tested the four different UV sources to determine their tolerance to
or capacity of organic decomposition. Using a one-minute treatment protocol, various
concentrations of methylene blue were decomposed in a quartz ampoule. The UVC
treatment did not increase the amount of decomposed methylene blue, rather declining
it to near zero as the methylene blue concentration increased (Figure 8). The HUVC and
PUV treatments showed a load-dependent increase up to x4 load, followed by a plateau
or decline. The regression analysis fitted a polynomial equation for UVC, HUVC, and
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PUV treatments, with very high coefficients of correlation. In contrast, methylene blue
decomposition linearly increased with the increase in VUV treatment load, with greater
concentrations of methylene blue resulting in greater removal. These results indicate
unlimited tolerance of VUV-mediated organic decomposition compared with a maximal
capacity for other UV sources within the range of loading tested in this study.

 

Figure 7. Effects of different titanium materials and surfaces on UV-mediated organic decomposition.
UV treatment was conducted under the selected conditions with either microroughened commer-
cially pure titanium, machined commercially pure titanium, or machined grade 5 titanium alloy. A
histogram showing remnant methylene blue after UV treatment (%).

 

Figure 8. Load testing of organic decomposition induced by four different UV light sources. Methy-
lene blue at four different concentrations (1× to 8×) in a quartz ampoule was treated with four
different UV light sources for 1 min. Remnant methylene blue is plotted against the methylene blue
concentration along with results of the regression analysis. Note that a linear positive correlation
was only found for VUV, while the other UV sources fitted a polynomial equation. Representative
photographs of the methylene blue solutions are presented.
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3. Discussion

In pursuit of advancing UV photofunctionalization for routine application to dental
and orthopedic implants, here, we conducted a series of experiments to optimize the speed
and efficacy of organic molecule decomposition induced by UV light sources, especially a
novel, xenon excimer lamp emitting 172 nm wavelength VUV. VUV showed particularly
high efficacy, which here we tested for the first time on titanium implants [95–99]. Only 9%
of methylene blue remained after one minute of VUV treatment, while 25% remained after
HUVC and PUV treatments, a 2.8-fold difference in efficacy. UVC was the least effective
light source tested, with 74% of methylene blue remaining after treatment. HUVC and
PUV have been commercialized for photofunctionalizing dental implants using 20 and
12 min treatment protocols, respectively [33,52,100,101]. The substantial improvement
offered by VUV demonstrated here strongly suggests that this approach requires further
clinical validation. Furthermore, our dose-dependency experiments revealed that VUV
achieved maximum organic decomposition in one minute, considerably faster than existing
protocols. This optimization (1) provides empirical evidence on which to further refine the
UV photofunctionalization protocol for bone integration and (2) drastically expedites the
processing time for clinical application.

Robust VUV-mediated organic decomposition was only possible with the synergy
afforded by the use of quartz ampoules. VUV decays proportionally with the increase in the
distance from the source due to progressive absorption by the atmosphere or any interven-
ing materials [102–106]. Unfortunately, higher-energy UV light with shorter wavelength
decays even more when passing through materials. Furthermore, UV light decays by 60 to
100% through plastic, depending on its thickness and molecular structure, and even glass
nearly completely absorbs UV light <300 nm due to impurities such as iron oxide. Indeed,
we found that methylene blue decomposition was significantly compromised by plastic,
but despite this, VUV retained high performance. As mentioned in the Introduction section,
implantable medical devices, including dental and orthopedic implants, are packed in ster-
ilized plastic or metal containers. The present result, revealing excellent UV permeability of
quartz ampoules, provides a novel strategy and solution for packaging medical implants,
compatible with photofunctionalization. Synthetic quartz can be shaped freely as shown in
the present study and is widely used in the industrial field. Now that the clinically viable
one-minute protocol has been introduced for effective and rapid photofunctionalization,
re-designing implant packages is justified. Thus, exploiting a synergy of VUV and quartz
ampoules could open the door to a new standard of implant therapy.

Three mechanisms of UV-mediated organic decomposition are outlined in Figure 9,
in which contribution to titanium-mediated photocatalysis was remarkably smaller than
that of direct decomposition induced by UV light (photochemical and photophysical
decomposition in Figure 9) for all light sources tested. Titanium is a semiconductor, so
its photocatalytic activity is induced by UVA at wavelengths of ~375 nm, whose energy
corresponds to the band gap of 3.2 eV on TiO2 surfaces to release e− to the conduction
band. The longer wavelength of UVA affords it higher permeability than UVB and UVC.
Therefore, the photocatalytic contribution of UVC might be due to the relatively low
intensity of UVC used in this study absorbed by the atmosphere and water, while the
majority of UVA reached the titanium surfaces. As a result, UVA-triggered photocatalysis
was pronounced. By contrast, the other UV sources of HUVC, PUV, and VUV, emitting
high-intensity, short-wavelength UV rays, allowed the partial permeation of shorter UV
rays through the atmosphere and water and less UVA-driven photocatalysis to be obtained.
More importantly, our results suggest that photocatalytic decomposition is generally slow
and has low efficiency and that direct decomposition induced by UV light is the most
important parameter to consider when meeting requirements for clinical use (Figure 9).
Previous studies have shown that 48 h of treatment is required to functionalize titanium
using low-power bactericidal UV light [31,48,49].
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Figure 9. Schematic of three different mechanisms of UV-mediated organic decomposition. During
photochemical and photocatalytic decomposition, the generated reactive oxygens (highlighted in
green) attack organic molecules. Note that 172 nm VUV light has both photochemical and photo-
physical advantages, enabling faster and more efficient decomposition.

We postulate that our finding that different materials and surfaces contributed little
to the overall decomposition is due to the small contribution of photocatalysis to organic
molecule decomposition. We conducted the experiment under the selected conditions using
UVC and VUV light sources because information on light intensity was only available for
these two sources. We selected the conditions in order to examine the effect of treatment
time and type of container. There were no significant effects of different materials or surfaces
under all conditions. In theory, the enlarged surface area of acid-etched microroughened
titanium may increase photocatalysis. However, this must also be considered in the context
of the different crystal properties of titanium surfaces processed in different ways. Heat-
manufactured titanium dioxide particles form two crystal types, anatase and rutile; in
general, anatase is stable at relatively low temperatures and more reactive to photocatalytic
stimuli due to the favorable structure of the conduction band, while rutile is formed at
high temperatures and is less photocatalytic [107–113]. Regular bulk titanium such as
the machined surface used in this study is unlikely to have a crystal structure, but acid-
etched titanium may have an altered crystal structure due to high-temperature acid etching.
Future studies should further explore these material structures, including the effect of grade
5 titanium alloy; nevertheless, the photocatalytic contribution appears to be a relatively
small component of the rapid organic decomposition required for clinical applications.

High-energy 172 nm VUV should be able to break strong carbon bonds. As shown
in the photophysical decomposition illustrated in Figure 9, for instance, oxygen double
bonds (O=O) and carbon double bonds (C=C) can be dissociated by 243 nm and 204 nm
UV. However, UVC, with a peak wavelength of 254 nm, cannot break them. Thus, shorter
wavelengths should decompose more molecules. Methylene blue is a synthetic, organic
chloride salt (C16H18ClN3S) containing many carbon double bonds in their benzene rings,
making degradation very difficult [97,114]. In light of this, the remarkable capability of
VUV to decompose methylene blue and its linear load-testing capacity are of particular
note. In photochemical decomposition (Figure 9), reactive oxygen species (ROS) generated
by UV play an essential role. Although a low-pressure mercury lamp can generate ROS-
excited atomic oxygen, O(1D), through the production of ozone O3, VUV excimer lamps
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can also generate O(1D) directly from O2 with a higher efficiency in addition to ozone-
mediated generation, providing another explanation for the rapid and efficient VUV-
mediated decomposition seen here.

One of the objectives of this study was to find a peak of decarbonization for VUV
treatment. In light of this, as mentioned earlier, the one-minute treatment optimized in the
dose-dependency experiment was more satisfactory than we anticipated, while the UVC
light source took 20–30 min to accomplish the same. We conducted a dose-dependency test
for HUVC and PUV sources but had to discontinue because the methylene blue solution
started to evaporate after 1.5–3 min. Future studies using a dry technique instead of the
wet technique used in this study need to be planned. More importantly, VUV is known
to generate less heat than UVC, which has been demonstrated in this study and can be
another advantage of VUV in clinical applications over other UV sources.

In this study, hydrophilicity/hydrophobicity and organic decomposition outcomes
were not closely related. The efficacy of methylene blue removal varied considerably
between the different UV light sources tested, while hydrophilic conversion was not
significantly different. In fact, all light sources except for UVC converted titanium surfaces
from hydrophobic to very hydrophilic or superhydrophilic (defined as a contact angle of
0◦). This confirmed the importance of surface carbon rather than hydrophilicity as a marker
for osseointegration, as reported previously [20,23,47,49]. Indeed, residual methylene blue
varied between 75% and 9% on hydrophilic surfaces. We propose that surface hydrophilicity
is an early marker of titanium photofunctionalization, i.e., hydrophilicity is a necessary but
not sufficient factor for improved titanium bioactivity. More significantly, VUV treatment
resulted in maximal hydrophilicity and organic decomposition within a minute.

4. Materials and Methods

4.1. Titanium Specimens and Surface Characterization

Titanium test specimens in rectangular plate form (14 mm × 6 mm, 2 mm in thickness)
were machined from commercially pure grade 4 titanium and grade 5 Ti-6Al-4V alloy
(Figure 10A). To modify the surface from machine-smooth to microroughened, grade
4 commercially pure titanium plates were sandblasted and acid-etched. All test specimens
were prepared and provided by DIO (Busan, Korea). Surface morphology was examined
using scanning electron microscopy (SEM; Nova 230 Nano SEM; FEI, Hillsboro, Oregon).
The hydrophilicity/hydrophobicity of titanium surfaces with and without UV treatment
was evaluated by measuring the contact angle of 3 mL of ddH2O.

4.2. Methylene Blue as a Model Organic Molecule and Containers

Methylene blue was used as a model organic molecule to decompose using UV light.
A 0.002% stock solution was prepared. Quartz ampoules in hollow cylinder form (10 mm in
diameter, 25 mm in height, 1 mm thick) made from synthetic quartz glass (Figure 10B) and
laboratory-grade 1.5 mL plastic tubes (Fisher Scientific, Pittsburgh, PA, USA) (Figure 10C)
were prepared as containers for methylene blue solution during UV treatment. Quartz
ampoules or plastic tubes were filled with 750 mL of methylene blue stock solution for
UV treatment. UV treatment was administered with and without a titanium specimen in
each container.

4.3. UV-Mediated Decomposition of Methylene Blue

Methylene blue in quartz and plastic containers was treated with four different UV
light sources (Figure 11): (i) UVC from a commercially available low-pressure mercury
lamp (1.2 mW/cm2; Iwasaki Electric, Tokyo, Japan); (ii) high-energy UVC (HUVC) from a
commercially available UV device for dental implants (TheraBeam Affiny, Ushio, Tokyo,
Japan); (iii) a commercially available UV device for dental implants with a proprietary
protocol (PUV) (SuperOsseo, Ushio, Tokyo, Japan); and (iv) 172 nm vacuum UV (VUV;
~60 mW/cm2) (DIO, Busan, Korea). UVC and VUV were irradiated at 6 mm and HUVC
and PUV following the manufacturers’ instructions. The treatment time was 1 min for
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most experiments and was varied for dose-dependency experiments. The methylene blue
concentrations in the original solution and after UV treatment were measured using a
microplate reader at 650 nm (Synergy H1; BioTek Instruments, Winooski, VT, USA), and
remnant methylene blue was calculated as a percentage relative to the original solution.

 

Figure 10. The titanium specimens and containers used in this study. (A) Test specimens made of
different materials and surface topographies. (B) An ampoule made of synthetic quartz. A titanium
specimen is placed in the quartz ampoule (right panel). (C) A laboratory-grade clear plastic tube. A
titanium specimen is placed in the plastic tube (right panel).

4.4. Statistical Analyses

Three test specimens were used for all methylene blue decomposition experiments
(n = 3). One- or two-way ANOVA was performed to examine the effect of different
UV light sources, the presence or absence of a titanium specimen, and treatment time.
The Bonferroni test was used as a post hoc multiple comparison test where appropriate.
p-values < 0.05 were considered to be statistically significant. Regression analysis was
applied to determine the associations between methylene blue decomposition parameters
and UV treatment factors.
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Figure 11. Photographs of UV devices used in this study. (A) UVC device (UVC). (B) High-energy
UVC (HUVC). (C) UV device with a proprietary protocol (PUV). (D) 172 nm vacuum UV (VUV).

5. Conclusions

Here, we determined the capability of a novel xenon excimer-generated VUV light
source to decompose organic molecules around titanium, with a view to optimizing the
photofunctionalization or activation of titanium implants for clinical use. VUV decomposed
methylene blue molecules in a quartz ampoule significantly faster and with greater efficacy
than other UV light sources, including low-pressure mercury-generated UVC and commer-
cially available UV devices for dental implants. We achieved >90% VUV-mediated organic
decomposition in one minute. Load testing revealed that VUV light decomposed more
methylene blue as it was more concentrated, whereas there was a limit to the decomposing
capacity of other UV light sources. All UV light sources tested here generated hydrophilic
titanium surfaces after one minute of treatment. Thus, the ability and capacity of different
UV light sources to induce organic decomposition varied considerably, with the fastest and
most effective decomposition being achieved with VUV, paving the way for VUV-mediated
photofunctionalization protocols and devices in clinical practice.
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Abstract: The formation of biofilms on the surface of dental implants and abutment materials may
lead to peri-implantitis and subsequent implant failure. Recently, innovative materials such as
polyether-ether-ketone (PEEK) and its modifications have been used as abutment materials. However,
there is limited knowledge on microbial adhesion to PEEK materials. The aim of this in vivo study
was to investigate biofilm formation on the surface of conventional (titanium and zirconia) and PEEK
implant abutment materials. Split specimens of titanium, zirconia, PEEK, and modified PEEK (PEEK-
BioHPP) were manufactured, mounted in individual removable acrylic upper jaw splints, and worn
by 20 healthy volunteers for 24 h. The surface roughness was determined using widefield confocal
microscopy. Biofilm accumulation was investigated by fluorescence microscopy and quantified by
imaging software. The surface roughness of the investigated materials was <0.2 μm and showed
no significant differences between the materials. Zirconia showed the lowest biofilm formation,
followed by titanium, PEEK, and PEEK-BioHPP. Differences were significant (p < 0.001) between
the investigated materials, except for the polyether-ether-ketones. Generally, biofilm formation was
significantly higher (p < 0.05) in the posterior region of the oral cavity than in the anterior region. The
results of the present study show a material-dependent susceptibility to biofilm formation. The risk
of developing peri-implantitis may be reduced by a specific choice of abutment material.

Keywords: implant abutment; dental biomaterial; biofilm; in vivo study; zirconia; PEEK; titanium;
peri-implantitis; biofilm management

1. Introduction

The human oral cavity harbors a diverse and unique variety of more than 700 different
microorganisms that normally organize themselves in complex structured biofilms [1,2].
These oral biofilms form immediately on any natural or artificial surface exposed to saliva
and other oral fluids, which in turn serve as reservoirs for bacterial, viral, and fungal
cells [3]. The eubiosis within biofilms may shift towards a predominance of disease-causing
strains [4]. As a consequence, pathological biofilms attached to dental implants and
implant-prosthetic abutments may, in the long term, lead to destructive inflammation of
the peri-implant soft and hard tissues (i.e., peri-implant mucositis and peri-implantitis [5]),
and in the worst case can result in the loss of the implant and the corresponding prosthetic
superstructure [6–8]. Peri-implantitis, by definition associated with irreversible loss of sur-
rounding bone, occurs frequently (overall implant based prevalence > 20%) [9,10] and is the
main reason for serious complications in implant-retained prosthetic restorations [11–15].

Prosthetic materials used for implant abutments and removable or fixed reconstruc-
tions are of particular importance in the pathogenesis of peri-implant inflammation, because
they are directly located at the biological weak point of the implant at the transition from
peri-implant hard to soft tissue above the implant shoulder [16,17]. These parts of the
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implant superstructure are not enclosed by the alveolar bone like the implant itself, but
directly exposed to the biological emergence profile, which additionally is the predilection
site for the adhesion and accumulation of peri-implant biofilms [16,18–22]. Prosthetic abut-
ments have a much more complex geometry than conventional tooth-supported prosthesis
and are, therefore, even more difficult to access for oral hygiene by the patient, which in
turn increases the potential of biofilm-associated infections [23–25]. Therefore, the develop-
ment of novel anti-microbial and anti-adhesive implant abutment surfaces seems not only
desirable, but essential [15,26–29].

In recent years, two biomechanically stable and biocompatible materials, in particular,
have proven their worth as gold standard materials in implant-prosthodontics, namely
titanium and zirconium oxide [30–35]. Both show reduced biofilm accumulation com-
pared to other dental materials, mainly due to their bioinert properties and excellent
polishability [17,31,36,37]. The urge of innovation by implant manufacturers and dedicated
scientists to simultaneously improve osseointegration and reduce biofilm accumulation
has led to an above-average number of promising novel implant-(prosthetic) materials and
surfaces [38–40]. Polyether-ether-ketone (PEEK), a thermoplastic biocompatible polymer,
has prevailed over other new developments in respect of mechanical/chemical resistance,
biocompatibility, and low plaque affinity [41–43]. Therefore, PEEK has already been used
commercially for some years in a wide variety of dental indications, and as an alternative to
titanium and zirconia in clinical implantology [41,44–46]. Regarding biofilm accumulation,
and apart from a small number of in vitro studies, surprisingly, no conclusive in vivo or
clinical studies on microbial adhesion to PEEK are available [28,46–48].

Therefore, in the present study, we investigated the in vivo biofilm accumulation
on four different implant abutment materials. In particular, the initial accumulation of
microorganisms in the human oral cavity on two novel PEEK surfaces should be com-
pared with that on titanium and zirconia, two well-proven implant-prosthetic materials
(gold standards).

2. Results

2.1. Characterization of Test Surfaces

No statistically significant differences in surface roughness values Ra (p = 0.197) and
Sa (p = 0.116) were found between any of the tested materials after high polishing (Table 1).

Table 1. The arithmetic mean roughness (Ra) and the area-related mean arithmetic height (Sa) of the
test materials (medians and 25/75 percentiles); no significant differences were found.

Surface Roughness [μm]

Material Ra Sa

PEEK-BioHPP 0.099 (0.086/0.114) 0.133 (0.114/0.152)
PEEK-VestaKeep DC4430R 0.100 (0.085/0.121) 0.130 (0.108/0.168)

Titanium 0.114 (0.087/0.128) 0.130 (0.111/0.150)
Zirconia 0.100 (0.090/0.112) 0.117 (0.103/0.130)

Widefield confocal micrographs also did not reveal any significant morphological
differences between the four test substrata in the two- and three-dimensional display of
both PEEK, the zirconia, or the titanium surfaces (Figure 1a,b).
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(a) (b) 

Figure 1. (a). Widefield confocal micrographs of the test materials, 3D-profile (500 × 500 μm2).
(b). Widefield confocal micrographs of the test materials, 2D-profile (40 mm).

2.2. In Vivo Biofilm Formation

The highest quantity of dental biofilms on the tested implant abutment surfaces was
found for PEEK-BioHPP, where 19.7% (9.4%/25.3%; median and 25/75 percentiles) of the
material surface was covered by oral biofilms, followed by PEEK-VestaKeep DC4430R
with 17.81% (12.1%/24.1%), titanium with 11.1% (5.9%/15.7%), and zirconia with 6.5%
(2.9%/9.6%) (Figure 2). Statistical analysis (linear mixed effect model) revealed signifi-
cant differences in biofilm accumulation between titanium and the other three materials
(p < 0.001). Subsequent post hoc analyses indicated statistically significant differences in
microbial colonization between all tested materials (p < 0.001, respectively), except for the
comparison between both PEEK materials (PEEK-BioHPP and PEEK-VestaKeep DC4430R,
p = 0.953). Figure 3 shows representative fluorescent micrographs of the in vivo biofilm
accumulations on the tested materials.

Figure 2. Coverage [% of the of specific standard microscopic fields (500 μm × 750 μm] with in vivo
biofilm after 24 h on four test implant abutment materials (medians and 25/75 percentiles), ns = not
significant, *** = p < 0.001.
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Figure 3. Exemplary fluorescence micrographs of titanium (a), zirconia (b), PEEK-BioHPP (c), and
PEEK-VestaKeep DC4430R (d) after 24 h of in vivo biofilm formation and fluorescence staining
(Hoechst 33342), scale bar equals 250 μm.

The multiple linear mixed effects model revealed significant differences in biofilm
accumulation between the different intraoral localizations (canine vs. first molar) of the
test specimens (p = 0.0123). Specimens located in the posterior region of the splints showed
significantly higher overall biofilm adhesion (18.8%, median) than those positioned in the
anterior region (8.9%). These differences were observed for all tested materials. Trend
differences in overall biofilm accumulation were found between men and women, but they
were not statistically significant (p = 0.079, Table 2).

Table 2. Biofilm formation [% of the area] on four different test materials (medians and 25/75
percentiles) in correlation with the localization of the test specimens and the gender of the subjects.
Significant differences (p < 0.05) are indicated by equal letters.

Intraoral Position Gender

Canine First Molar Female Male

Titanium 5.3 (1.5/12.8) a 11.6 (6.3/24.3) a 15.1 (10.6/20.6) 7.7 (5.4/13.2)
Zirconia 1.9 (1.1/5.6) b 5.4 (3.5/18.0) b 8.6 (3.2/15.1) 3.6 (3.0/8.4)

PEEK-BioHPP 14.2 (3.8/19.4) c 19.6 (9.0/44.9) c 21.5 (14.9/34.9) 17.7 (9.3/23.4)
PEEK-VestaKeep DC4430R 8.7 (4.2/19.3) d 22.5 (10.7/38.8) d 21.2 (17.0/25.3) 15.5 (11.4/21.5)

3. Discussion

Microbial adhesion on implant-prosthetic substrata may cause peri-implant inflamma-
tion and therefore compromise long-term implant survival. This clinical trial investigated
the in vivo plaque accumulation on four different implant abutment materials, with two
established standard materials (titanium, zirconia) and two novel PEEK materials. To our
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knowledge, the present study is the first prospective clinical trial that compares initial
in vivo biofilm accumulation between these implant abutment materials [30–35]. Previ-
ously conducted studies on biofilm accumulation on PEEK materials were performed
in vitro throughout, and therefore significant clinical data are still missing. Although
in vitro biofilm models may be used to generate initial indications of varying degrees of
biofilm accumulation on different surfaces in a reproducible and manageable setting, it
is not possible to simulate realistic conditions of a complex microflora or an interacting
immune system of the host [49–51]. Therefore, in vitro results should always be verified by
subsequent in vivo testing in the best case [52]. Due to the heterogeneous study setups and
varying specimen preparation, existing in vitro studies on biofilm accumulation on PEEK,
zirconia, and titanium led to deviating results [47,48]. Hahnel et al. showed significantly
lower in vitro biofilm accumulation on PEEK than on titanium and zirconia abutments,
whereas Barkarmo et al. did not find any significant differences in bacterial accumulation
between PEEK and titanium [47,48].

Only for titanium, a surface roughness value of 0.2 μm (Ra) has been established
as a threshold below which no further influence of Ra on microbial accumulation is ob-
served [53,54] In the present study, the surface roughness values (Ra and Sa) of all tested
material were below this threshold, with no statistically significant differences in all com-
parisons; therefore, the influence of roughness on biofilm formation in our clinical trial
setup was eliminated. In biofilm testing, significant differences between the four implant-
prosthetic materials were found, with the lowest biofilm accumulation on zirconia spec-
imens (median covered surface: 6.5%), followed by titanium (median covered surface:
11.1%), and both PEEK materials (median covered surface PEEK-VestaKeep DC4430R:
17.51%; median covered surface PEEK-BioHPP: 19.7%). The differences between PEEK-
VestaKeep DC4430R and PEEK-BioHPP were not significant. PEEK materials chemically
belong to the polyaryletherketones (PAEK) and present favorable clinical properties such
as high mechanical stability, biocompatibility, and chemical inertness [55,56]. Therefore,
the application range of PEEK in restorative dentistry is growing rapidly and more and
more clinical applications are being developed. In the present study, one conventional
PEEK material (PEEK-VestaKeep DC4430R) and one PEEK material reinforced with 20%
ceramic fillers (PEEK PEEK-BioHPP) were investigated, which represent the two most
significant material specifications of PEEK. The addition of ceramic fillers is supposed to
improve mechanical and aesthetic properties [57]. However, regarding biofilm accumu-
lation, no significant difference between both materials was found. There are countless
modifications of PAEK; therefore, the results of the present study cannot be applied to
all materials, especially in comparison to titanium and zirconia, without any limitations.
For example, in a recent in vivo study by Zeller et al., similar biofilm accumulation on a
titanium-modified PAEK and zirconia were found [58]. In contrast, there are already some
clinical investigations that compare microbial adhesion on titanium and zirconia. In most of
these studies, no difference is found between titanium and zirconia, and if there is, zirconia
seems to have a slightly lower potential for the accumulation of oral biofilms [31,59–62].

Additionally to the comparison between different implant-prosthetic substrata, we
investigated the influence of the intra-oral localization of the specimens on biofilm forma-
tion. A significantly elevated biofilm accumulation in the posterior region was observed
when compared to the canine position. These results agree with data from the recent
literature [63,64]. The higher quantity of biofilm adhesion in the posterior regions of the
oral cavity is associated with the localization of the excretory ducts of the large salivary
glands, and a reduced manual cleaning by the soft tissue of the oral cavity [65,66].

Within the limitations of this study, we conclude that biofilm accumulation on implant-
abutment substrata is material-dependent. The area covered by biofilm decreased in
the following order: PEEK-BioHPP > PEEK-VestaKeep DC4430R > titanium > zirconia.
All differences, except those found between both PEEK materials, were significant. In
contrast to previous studies, this study is a prospective clinical trial using specimens with a
standardized surface roughness below the threshold of 0.2 μm, and therefore the measured
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differences in biofilm formation are most likely influenced by the material and not by
general surface characteristics. The risk of developing peri-implantitis may be reduced
by a specific choice of abutment material. Future research could focus on biomaterials as
such, or the direct alteration of the oral microbiome. The former might be achieved by
the development of abutment materials with active antimicrobial effects that can inhibit
bacterial growth, the latter by the domiciliary use of pro- or postbiotics and ozonized water
to alter or to eradicate biofilms [67–69].

4. Materials and Methods

4.1. Preparation and Characterization of the Test Specimens

In order to achieve a high level of comparability between the four implant abutment
materials in biofilm testing, special split specimens were developed. Firstly, square rods
(height/length/width = 30.0/2.0/2.0 mm3) were produced from the test materials (titanium,
zirconia, PEEK-BioHPP, and PEEK-VestaKeep DC4430R, see Table 3) strictly according to
the manufacturer’s instructions. These rods were bonded together on their long sides with
a dental luting composite (Panavia 21, Kuraray Noritake Dental Inc., Okayama, Japan)
and sawed into specimens of equal height (height/length/width = 1.0/4.0/4.0 mm3, see
Figure 4) with a diamond saw (Exakt 300, Exakt GmbH, Norderstedt, Germany).

Table 3. Test implant abutment materials used in this study.

Class of Material No. Test Material Manufacturer

Titanium
(grade 2) 1 Zenotec Ti pur Wieland Dental + Technik GmbH & Co. KG,

Pforzheim, Germany
Zirconia

(zirconium dioxide) 2 Cercon base Dentsply Sirona, Charlotte, NC, USA

PEEK (polyetheretherketone) 3 BioHPP Bredent GmbH & Co. KG, Senden, Germany
4 VestaKeep DC4430R Evonik Industries AG, Essen, Germany

Figure 4. Split specimens consisting of four implant abutment test substrata (each 4 mm × 4 mm):
titanium (a), zirconia (b), PEEK-BioHPP (c), and PEEK-VestaKeep DC4430R (d).

Specimens (n = 80) were polished to a high gloss in order to reduce the influence
of surface morphologies on biofilm formation by using a standardized polishing process
with silicon carbide grinding paper with descending abrasiveness (500, 800, 1200, and
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4000) and an automated polishing machine (Exakt 400 CS, Exakt GmbH, Norderstedt,
Germany). The arithmetic mean roughness (Ra) and the area-related mean arithmetic
height (Sa) were calculated via widefield confocal microscopy (Zeiss Smartproof 5, Carl
Zeiss, Jena, Germany) and automated software analysis (ConfoMap ST 7.4.8076, Carl Zeiss,
Jena, Germany).

Specimens were disinfected by ultrasonication in 3% sodium hypochlorite for 20 min
and then washed in distilled water before further processing. For each study object, four
split specimens were fixed to an individual removable acrylic upper jaw splint (Figure 5)
used to position the specimens in the buccal region of the canines and first molars (teeth 13,
16, 23, and 26, respectively).

 

Figure 5. Individual splint in situ with two split specimens on the canine and first molar of the left
side of the upper jaw.

4.2. In Vivo Biofilm Formation

The present study was conducted as a prospective clinical trial. The subject collective
included ten women and ten men (age 22 to 34 years, mean 25.7 years, all healthy and
non-smokers). The cohort size was chosen according to a prior in vivo study of our research
group [70]. None of the volunteers had used antibacterial mouth rinses or systemic antibi-
otics in the two months prior to the start of the study. All participants had excellent oral
hygiene and no periodontal diseases (plaque indices < 15%, sulcus bleeding indices < 10%)
and no caries lesions. The oral examination was carried out by an experienced dentist.
Informed written consent had been given by all subjects, and the study had been approved
by the Ethics Committee of the Faculty of Medicine, University Medical Center Göttingen
(application number 17-7-15).

The subjects were instructed to insert and remove their splint only for oral hygiene
measures and food or beverage intake. The splints were worn for 24 h. Then, the plaque-
covered specimens were carefully detached under sterile conditions and immediately
processed for fluorescence staining.

4.3. Visualization and Quantification of Adhering Biofilms

Specimens were transferred to 24-well-plates, fixed in the wells by duplicating silicone
(Z-Dupe Shore A-20, Henry Schein Inc., Melville, NY, USA) and washed threefold in PBS to
remove non-adhered cells. The fluorescence dye Hoechst 33342 (Sigma-Aldrich, St. Louis,
MO, USA) was used to quantify adhering biofilms (fluorescence emission maximum for
approximately 461 nm; excitation maximum of 355 nm). The fluorescence staining solution
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was prepared by diluting 5 μL of the fluorescence stain (1 mg/mL) in one milliliter of sterile
0.85% sodium chloride (Merck KGaA, Darmstadt, Germany) for each well. The specimens
were incubated in the staining solution for 13 min. After washing with 1 mL of sterile 0.85%
sodium chloride, the stained biofilms were fixed with 2% paraformaldehyde (PFA) (Sigma
Aldrich, St. Louis, MO, USA). Each specimen was carefully positioned on a coverslip and
stored in the dark at 4 ◦C until further processing.

Fluorescence emission was determined with a fluorescence microscope (Keyence
BZ-X710, Keyence Corporation, Osaka, Japan) in combination with an image processing
software (BZ-X Analyzer, Keyence Corporation, Osaka, Japan). In each specimen, the
fluorescent microscopic images of three randomly selected sites on each of the four test
substrata were captured (20× magnification). Thus, 12 images were obtained for each
specimen and with a number of 20 subjects, a total of 960 images were obtained. The
areas covered by cells were calculated as the percentage of specific standard microscopic
fields (500 μm × 750 μm = 0.375 mm2) with the image analysis software Image J 1.51k Fiji
(National Institute of Health, MD, USA).

4.4. Statistical Analysis

Calculations were performed with statistical software R (version 3.4.0, The R Founda-
tion of Statistical Computing, Vienna, Austria). The significance level was set to α = 0.05%.
A Box–Cox transformation was applied to the dependent variable ‘area in percent’. Tita-
nium was set to be the reference material. A linear mixed effect model was used to assess
the influence of material, intraoral position, as well as participants’ gender and age on the
quantitative plaque accumulation. To determine topographical differences in the specimens’
surfaces, data from the roughness measurements were analyzed using a two-way ANOVA.
Subsequently significant differences were calculated using post hoc analyses by Tukey.
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Abstract: This study aimed to elucidate the physicochemical properties of copolymers comprising
40 wt.% bisphenol A glycerolate dimethacrylate (Bis-GMA), 40 wt.% quaternary ammonium urethane-
dimethacrylate analogues (QAUDMA-m, where m corresponds to the number of carbon atoms in
the N-alkyl substituent), and 20 wt.% triethylene glycol dimethacrylate (TEGDMA) copolymers
(BG:QAm:TEGs). The BG:QAm:TEG liquid monomer compositions and reference compositions
(40 wt.% Bis-GMA, 40 wt.% urethane-dimethacrylate (UDMA), 20 wt.% TEGDMA (BG:UD:TEG) and
60 wt.% Bis-GMA, 40 wt.% TEGDMA (BG:TEG)) were characterized in terms of their refractive index
(RI) and monomer glass transition temperature (Tgm) and then photocured. The resulting copolymers
were characterized in terms of the polymer glass transition temperature (Tgp), experimental polymer-
ization shrinkage (Se), water contact angle (WCA), water sorption (WS), and water solubility (SL).
The prepared BG:QAm:TEG liquid monomer compositions had RI in the range 1.4997–1.5129, and
Tgm in the range −52.22 to −42.12 ◦C. The BG:QAm:TEG copolymers had Tgp ranging from 42.21 to
50.81 ◦C, Se ranging from 5.08 to 6.40%, WCA ranging from 81.41 to 99.53◦, WS ranging from 25.94 to
68.27 μg/mm3, and SL ranging from 5.15 to 5.58 μg/mm3. Almost all of the developed BG:QAm:TEGs
fulfilled the requirements for dental materials (except BG:QA8:TEG and BG:QA10:TEG, whose WS
values exceeded the 40 μg/mm3 limit).

Keywords: quaternary ammonium methacrylate; urethane-dimethacrylate analogue; dimethacrylate-based
dental material; photocured copolymer; physicochemical property

1. Introduction

Over the past three decades, quaternary ammonium methacrylates (QAMs) have
attracted the attention of scientists in the field of antibacterial dimethacrylate-based den-
tal composites [1,2]. This is due to the fact that QAMs show high antibacterial activity
caused by the presence of quaternary ammonium (QA) moieties in their structures. As
the QA moiety contains a positively charged quaternary nitrogen atom, it can adsorb on
the negatively charged bacteria cell surface. As a result, the long alkyl chain attached
to the quaternary nitrogen can interact with the lipid chains in a cell wall and disturb
the cell’s electric balance. This causes an increase in the bacteria cell osmotic pressure
which leads to its death [3]. What is more, QAMs can be permanently embedded into
composite matrices via copolymerization of their double bonds with double bonds of other
dimethacrylates constituting the composite matrix [4]. Thus, QAMs may offer long-term
antibacterial activity [5,6]. Various QAMs have been described in the literature, including
2-(dimethylamino)ethyl methacrylate derivatives with chloride [7–9], bromide [10–15],
and iodide [16,17] counter ions, quaternary ammonium derivative of bisphenol A glyc-
erolate dimethacrylate [18], and fully aliphatic [19] and cycloaliphatic [20,21] urethane-
dimethacrylates. Such QAMs represent potential antibacterial components of dental com-
posites because they offer high antibacterial activity against various strains, including
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Streptococcus mutans [4,5,10,13–15,18,20,21], Staphylococcus aureus [5,18], and Escherichia
coli [18]. However, the well-known QAMs induce a loss of mechanical properties and
an increase in the amount of water absorbed by the material and in residual fraction re-
lease [4,5,10,13–15,18,19,21,22]. Nevertheless, the field of antibacterial dimethacrylates has
continued to evolve, and there are still many possibilities to design new compounds with
chemical structures that are suitable for obtaining dental composites with appropriate
physicochemical, mechanical, and antibacterial characteristics.

This study provides insights relevant for preparing bioactive dimethacrylate matrices
for dental composite restorative materials. Our proposal is based on the utilization of
quaternary ammonium urethane-dimethacrylate analogues (QAUDMA-m, where m is
number of carbon atoms in the N-alkyl substituent) (Figure 1) [23]. These compounds
comprise a 2,2,4-trimethylhexamethylene diisocyanate (TMDI) core and two methacrylate-
terminated wings. The quaternary ammonium groups, each substituted with an N-alkyl
chain of 8, 10, 12, 14, 16, or 18 carbon atoms, are located in the middle of each wing.
Because the QAUDMA-m monomers were viscous resins with suitable physicochemical
parameters (refractive index (RI) from 1.50 to 1.52, monomer glass transition temperature
(Tgm) from −31 to −15 ◦C, degree of conversion (DC) from 0.53 to 0.78, experimental
polymerization shrinkage (Se) from 1.24 to 2.99%) [23], we evaluated them in the con-
text of their copolymers with common dental dimethacrylates: bisphenol A glycerolate
dimethacrylate (Bis-GMA), urethane-dimethacrylate monomer (UDMA), and triethylene
glycol dimethacrylate (TEGDMA) (Figure 1).

Figure 1. Chemical structures of dimethacrylate monomers used in this study.

First, the physicochemical, mechanical, and antibacterial properties of QAUDMA-m
copolymers with 40 wt.% TEGDMA (QAm:TEGs) were characterized [24,25]. The uncured
QAm:TEGs had appropriate transparency (RI from 1.4895 to 1.5001) and molecular mo-
bility (Tgm from −33.82 to −25.84 ◦C). The QA:TEG copolymers were characterized by
low volumetric contraction (Se from 6.4 to 6.9%), high polymerization efficiency (DC from
84.0 to 88.7%), high stiffness (polymer glass transition temperature (Tgp) from 60.33 to 66.32 ◦C),
suitable surface properties (water contact angle (WCA) from 82.1 to 98.7◦), and high antibac-
terial activity against S. aureus (number of adhered bacteria from 0 (no adhered bacteria)
to 4.84 log(CFU/mL), inhibition zone from 6 to 19 mm), and E. coli (number of adhered
bacteria from 0 (no adhered bacteria) to 3.34 log(CFU/mL), inhibition zone from 6 to
10 mm) [24]. However, they showed excessively high water sorption (WS from 116.08 to
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148.31 μg/mm3) and solubility (SL from 12.67 to 52.39 μg/mm3) [25]. These properties
excluded them from potential use as matrices for dental composites.

Therefore, the present study aimed to achieve and characterize the novel copoly-
mers comprising 40 wt.% Bis-GMA, 40 wt.% QAUDMA-m, and 20 wt.% TEGDMA
(BG:QAm:TEGs).

Proper functioning and longevity of dental restorations equally depends on the physic-
ochemical properties and mechanical performance. The most important physicochemical
properties of dental materials’ matrices include (i) DC—which should exceed 0.55 to pro-
vide clinical efficacy [26]; (ii) Se—which should be as low as possible, because the lower the
Se, the narrower the marginal gaps between the reconstruction and adjacent tooth tissue,
and therefore, the smaller the area privileged for bacteria growth [27]; (iii) Tgp—which
should be higher than 40 ◦C, ensuring that the material is in a glassy state in a temperature
range occurring in the oral cavity [28]; (iv) WS—which should not exceed 40 μg/mm3 [29],
because the excess of water absorbed by the material can cause its swelling and decrease its
mechanical properties [30]; and (v) SL—which should not be higher than 7.5 μg/mm3 [29],
because usually, the higher the SL, the lower the mechanical stability of the restoration [31].

Despite the crucial role of the dental composites’ physicochemical properties in gov-
erning their stability, longevity, and functionality, these aspects are rarely examined. In
most cases, studies on dental composite matrices modified with QAMs are only limited to
the examination of their antibacterial activity, DC, and mechanical properties.

The aim of this study was the preliminary assessment of the applicability of
BG:QAm:TEGs as matrices for dental dimethacrylate-based composites from the perspec-
tive of their physicochemical properties. These evaluations were based on measurements
of the RI and Tgm of liquid monomer compositions and the Tgp, Se, theoretical polymer-
ization shrinkage (St), WCA, WS, and SL of corresponding copolymers. The DC [32] was
also discussed.

2. Results

In this study, eight compositions of dimethacrylate monomers were prepared. Six
of them consisted of 40 wt.% Bis-GMA, 40 wt.% QAUDMA-m, and 20 wt.% TEGDMA
(BG:QAm:TEGs). For comparison, the 40 wt.% Bis-GMA, 40 wt.% UDMA, 20 wt.%
TEGDMA (BG:UD:TEG), 60 wt.% Bis-GMA, and 40 wt.% TEGDMA (BG:TEG) compo-
sitions were also prepared. Liquid monomers were characterized in terms of density (dm),
RI, and Tgm, and the corresponding polymers were characterized in terms of density (dp),
St, Se, Tgp, WCA, WS, and SL.

In the BG:QAm:TEG notation, the m still corresponds to the number of carbon atoms
in the N-alkyl substituent. Later, Cm is used to denote the length of the N-alkyl substituent
in QAUDMA-m and BG:QAm:TEG.

2.1. Properties of Liquid Monomer Compositions

Table 1 summarizes the RI and dm values of the studied liquid monomer compositions.
The RI of BG:QAm:TEGs ranged from 1.4982 to 1.5129. The BG:QAm:TEGs with Cm

of C8 and C10 had lower RI than BG:TEG (RI = 1.5048) (p ≤ 0.05), while BG:QAm:TEGs
with Cm from C12 to C18 had higher RI (p ≤ 0.05). The BG:QAm:TEGs with Cm of C12
and C14 had RI values similar to that of BG:UD:TEG (RI = 1.5127; p > 0.05), whereas the RI
values of the remaining BG:QAm:TEGs were lower than those of BG:UD:TEG (p ≤ 0.05).

The dm of BG:QAm:TEGs ranged from 1.099 to 1.154 g/cm3 and decreased as Cm
increased. Specifically, BG:QAm:TEGs with Cm from C8 to C12 had higher dm values than
the reference copolymers (dmBG:UD:TEG = 1.115 g/cm3, dmBG:TEG = 1.102 g/cm3) (p ≤ 0.05),
whereas the remaining BG:QAm:TEGs had dm values similar to the reference copolymers
(p > 0.05).
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Table 1. The properties of studied monomer compositions: the length of the N-alkyl substituent
in QAUDMA-m (Cm), molecular weight (MW), double-bond concentration (xDB), refractive index
(RI), and density (dm). Lowercase letters indicate statistically insignificant differences with a column
(p > 0.05, non-parametric Wilcoxon test).

Sample Name Cm
MW

(g/mol)

xDB
(kg/mol) RI 1

dm (g/cm3)
Average SD

BG:QA8:TEG C8 528.74 3.78 1.4997 1.154 0.005
BG:QA10:TEG C10 535.11 3.74 1.4982 1.142 0.006
BG:QA12:TEG C12 540.95 3.70 1.5128 a,b 1.127 0.005
BG:QA14:TEG C14 546.33 3.66 1.5129 a,c 1.116 a–d 0.007
BG:QA16:TEG C16 551.29 3.63 1.5099 1.113 a,e–g 0.010
BG:QA18:TEG C18 555.89 3.60 1.5097 1.099 b,e,h,i 0.013

BG:UD:TEG - 389.27 5.14 1.5127 b,c 1.115 c,f,h 0.007
BG:TEG - 429.39 4.66 1.5048 1.102 d,g,i 0.005

1 The standard deviation of RI was 0.0001 in each case.

The Tgm of BG:QAm:TEGs ranged from −52.22 to −42.12 ◦C and decreased as Cm
increased. Almost all of the investigated BG:QAm:TEGs had lower Tgm than BG:UD:TEG
(Tgm = −44.89 ◦C) (p ≤ 0.05), except BG:QA10:TEG and BG:QA8:TEG. BG:QA10:TEG had
a similar Tgm (p > 0.05), whereas BG:QA8:TEG had a higher Tgm (p ≤ 0.05) compared with
that of BG:UD:TEG. All BG:QAm:TEGs had higher Tgm than BG:TEG (Tgm = −56.45 ◦C)
(p ≤ 0.05). Representative differential scanning calorimetry (DSC) thermograms of liquid
monomer compositions are shown in Figure 2.

Figure 2. Results of DSC experiments involving the investigated liquid monomer compositions,
revealing their glass transition temperatures. Lowercase letters indicate statistically insignificant
differences (p > 0.05, non-parametric Wilcoxon test).

2.2. Properties of Copolymers

Table 2 summarizes the dp, St, and Se of the studied copolymers.
The dp of BG:QAm:TEGs ranged from 1.174 to 1.216 g/cm3 and decreased as the

Cm increased. BG:QA8:TEG had a higher dp than BG:TEG (dp = 1.206 g/cm3) (p ≤ 0.05),
while BG:QA10:TEG and BG:QA12:TEG had dp values similar to that of BG:TEG (p > 0.05).
The remaining BG:QAm:TEGs had dp values lower than those of BG:TEG (p ≤ 0.05). The
BG:QAm:TEGs generally had lower dp than BG:UD:TEG (dp = 1.215 g/cm3) (p ≤ 0.05),
except for BG:QA8:TEG, which had a similar dp (p > 0.05).
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Table 2. The properties of studied copolymers: density (dp), experimental (Se), and theoretical (St)
polymerization shrinkages, and degree of conversion (DC). Lowercase letters indicate statistically
insignificant differences with a column (p > 0.05, non-parametric Wilcoxon test).

Sample Name
dp (g/cm3) Se (%)

St (%) DC [32]
Average SD Average SD

BG:QA8:TEG 1.216 a 0.007 5.08 0.40 9.81 0.59
BG:QA10:TEG 1.208 b 0.004 5.48 a 0.37 9.60 0.60
BG:QA12:TEG 1.200 c 0.002 6.07 a–d 0.49 9.38 0.61
BG:QA14:TEG 1.189 d 0.002 6.14 b,e,f 0.41 9.18 0.63
BG:QA16:TEG 1.186 d 0.005 6.24 c,e,g 0.54 9.04 0.66
BG:QA18:TEG 1.174 0.004 6.40 d,f,g 0.48 8.90 0.68

BG:UD:TEG 1.215 a 0.002 8.35 h 0.23 12.90 0.64
BG:TEG 1.206 b,c 0.003 8.07 h 0.80 11.61 0.68

The St of BG:QAm:TEGs ranged from 8.90% to 9.81% and decreased as the Cm in-
creased. All of the studied BG:QAm:TEGs had lower St values compared with the reference
samples (StBG:UD:TEG = 12.90%, StBG:TEG = 11.61%) (p ≤ 0.05). The opposite relationship
was observed for Se. Specifically, the Se of BG:QAm:TEGs ranged from 5.08% to 6.40% and
increased as the Cm increased. Compared with the reference samples (SeBG:UD:TEG = 8.35%,
SeBG:TEG = 8.07%), all of the studied BG:QAm:TEGs had lower Se (p ≤ 0.05).

The Tgp of BG:QAm:TEGs ranged from 42.21 to 50.81 ◦C and increased as the Cm
increased. All of the studied BG:QAm:TEGs had lower Tgp values compared with the refer-
ence copolymers (TgpBG:UD:TEG = 55.90 ◦C, TgpBG:TEG = 61.46 ◦C) (p ≤ 0.05). Representative
DSC thermograms of the copolymers are shown in Figure 3.

Figure 3. Results of DSC experiments involving the studied copolymers revealing their glass tran-
sition temperatures. Lowercase letters indicate statistically insignificant differences (p > 0.05, non-
parametric Wilcoxon test).

The WCA results are presented in Figure 4. The WCA of BG:QAm:TEGs ranged from 81.41◦
to 99.53◦ and increased as the Cm increased. Compared with BG:UD:TEG (WCA = 80.76◦),
all studied BG:QAm:TEGs had higher WCA values. Almost all of these differences were
statistically significant (p ≤ 0.05), except that for BG:QA8:TEG, which was statistically in-
significant (p > 0.05). Notably, BG:QA8:TEG had a lower WCA than BG:TEG (WCA = 86.57◦),
whereas the BG:QAm:TEGs with Cm of C10, C12, and C14 had similar WCA (p > 0.05). The
remaining BG:QAm:TEGs had higher WCA (p ≤ 0.05) than BG:TEG.
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Figure 4. Images captured with the goniometer camera showing droplets of deionized water on the
surfaces of the studied copolymers. Lowercase letters indicate statistically insignificant differences
(p > 0.05, non-parametric Wilcoxon test).

The WS and SL results are presented in Figure 5a,b, respectively.

(a) (b) 

Figure 5. (a) Water sorption and (b) water solubility of the studied copolymers. Lowercase letters
indicate statistically insignificant differences (p > 0.05, non-parametric Wilcoxon test).

The WS of BG:QAm:TEGs ranged from 25.94 to 68.27 μg/mm3 and decreased as the
Cm increased. All BG:QAm:TEGs had higher WS (p ≤ 0.05) than the reference copoly-
mers (WSBG:UD:TEG = 11.71 μg/mm3, WSBG:TEG = 18.31 μg/mm3). The SL values of
BG:QAm:TEGs were similar (p > 0.05) and ranged from 5.15 to 5.58 μg/mm3. Compared
with the reference copolymers (SLBG:UD:TEG = 1.12 μg/mm3, SLBG:TEG = 1.56 μg/mm3), all
of the studied BG:QAm:TEGs had higher SL (p ≤ 0.05).
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3. Discussion

In this study, novel dimethacrylate liquid monomer compositions and their corre-
sponding copolymers consisting of 40 wt.% Bis-GMA, 40 wt.% QAUDMA-m, and 20 wt.%
TEGDMA (BG:QAm:TEGs) were prepared, and their physicochemical properties were
discussed. It is essential to understand these fundamental properties in order to assess the
potential applicability of such copolymers in newly designed dental composite matrices;
however, they are rarely studied.

The organic matrix in a dental composite is responsible for the proper functioning
and longevity of dental restoration materials. This matrix sticks the filler particles together,
transfers stress to those particles, and gives shape to the restoration. Therefore, the matrix
should have adequate physicochemical properties and should be stable over the entire
desired service time and intraoral temperature range.

3.1. Properties of Liquid Monomer Compositions

The RI defines the optical properties of a composite matrix, which should provide
similar transparency to enamel [33]. All of the prepared BG:QAm:TEGs met the require-
ments for dental materials, according to which the RI should be within the range from
1.46 to 1.55 [34]. These results suggest that all tested BG:QAm:TEGs have suitable aes-
thetic properties.

The Tgm of BG:QAm:TEGs ranging from −52.22 to −42.12 ◦C indicates that all the
monomeric systems exist in a liquid state at working temperatures. The Tgm values were
analyzed to assess the molecular mobility of liquid monomers; the higher the Tgm, the
lower the molecular mobility [35]. The lowest Tgm was recorded for BG:QA18:TEG, which
had the highest Cm; its Tgm value was 4.23 ◦C higher than that of BG:TEG and 7.33 ◦C
lower than that of BG:UD:TEG. In contrast, BG:QA8:TEG, which had the shortest Cm, was
characterized by the highest Tgm; its Tgm value was 14.33 ◦C and 2.77 ◦C higher than those
of BG:TEG and BG:UD:TEG, respectively. In general, all of the studied BG:QAm:TEGs were
characterized by higher Tgm values than BG:TEG (Figure 2). Relative to the BG:UD:TEG
reference, BG:QA8:TEG had a higher Tgm, BG:QA10:TEG had a similar Tgm, and the remain-
ing BG:QAm:TEGs had lower Tgm. These results suggest that the prepared BG:QAm:TEG
monomeric systems had lower molecular mobility than BG:TEG. Accordingly, relative to
the BG:UD:TEG reference, BG:QA8:TEG showed lower molecular mobility, BG:QA10:TEG
showed similar molecular mobility, and the remaining BG:QAm:TEGs showed higher
molecular mobility. These distinctions can be explained by differences in the character
and the resulting strength of intermolecular interactions between the monomer molecules.
Among the two references, BG:UD:TEG had a lower molecular mobility than BG:TEG
(i.e., Tgm BG:UD:TEG > Tgm BG:TEG) because of the presence of urethane groups in the UDMA
monomer. These moieties are willing to form strong hydrogen bonds with the hydroxyl
groups of Bis-GMA, which are also stronger than any other hydrogen bonds occurring
in systems comprising Bis-GMA, UDMA, and TEGDMA [36]. Owing to the fact that
QAUDMA-m molecules can form strong hydrogen bonds with the hydroxyl groups of
Bis-GMA as well as UDMA, all of the BG:QAm:TEG liquid monomer compositions were
characterized by lower molecular mobility than BG:TEG. Analysis of the Tgm values fur-
ther revealed that the Cm affects the Tgm. Specifically, Tgm decreased (i.e., molecular
mobility increased) as Cm increased. This relationship can be attributed to the increasing
distance between monomer molecules caused by the increasing Cm, which weakens the
intermolecular interactions.

3.2. Properties of Copolymers

The polymerization shrinkage (S) was determined to be a factor influencing the
restoration shrinking [37]. This phenomenon results from double-bond polymerization,
whereby the van der Waals forces between the monomer molecules are replaced by much
stronger covalent bonds. As a result, the entire system shrinks, and marginal gaps are
formed between the tooth filling and adjacent tissue [38]. The higher the S value, the greater
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the marginal gap; therefore, the S should be as low as possible to enable optimal restoration
implantation. In addition, the narrow space between the restoration and the tooth tissue
creates an environment that is extremely conducive to bacteria colonization, which can
lead to secondary caries or gum inflammation [27].

The St can be calculated considering that (i) shrinkage results from the polymerization
of the methacrylate group and (ii) the reduced molar volume of methacrylate groups is
equal to 22.5 cm3/mol [39]. The St values of all studied BG:QAm:TEGs were lower than
those of the reference copolymers and decreased as Cm increased (Table 2). The highest
St was recorded for BG:QA8:TEG, which was 15.50% and 23.95% lower than those of
BG:TEG and BG:UD:TEG, respectively. In contrast, BG:QA18:TEG had the lowest St, which
was 23.34% and 31.01% lower than those of BG:TEG and BG:UD:TEG, respectively. Thus,
all tested BG:QAm:TEG liquid monomer compositions theoretically shrink less than the
reference compositions. In addition, increasing the Cm reduced the degree of shrinking
because increasing the MW of the QAUDMA-m decreased the xDB (Table 1).

In practice, St is always higher than Se because polymerization is never complete. The
Se was calculated according to the dm (Table 1) and dp (Table 2). Similar to St, the Se values
of BG:QAm:TEGs were lower than those of the reference copolymers owing to the higher
MW of BG:QAm:TEG monomer systems. In contrast to St, the Se values of BG:QAm:TEGs
increased as Cm increased (Table 2). The highest Se was recorded for BG:QA18:TEG, which
was 20.69% and 23.35% lower than those of BG:TEG and BG:UD:TEG, respectively. The
BG:QA8:TEG had the lowest Se, which was 37.05% and 39.16% lower than those of BG:TEG
and BG:UD:TEG, respectively. These relationships can be explained based on the DC.
Table 2 indicates that the DC values of BG:QAm:TEGs increased as Cm increased; therefore,
Se also increased.

The Tgp is related to the stiffness of dimethacrylate polymer networks that create the
dental composite matrix; the higher the Tgp, the stiffer the polymer network [40]. The Tgp
values of BG:QAm:TEGs were lower than those of the reference copolymers and increased
as Cm increased (Figure 3). The reduction in BG:QAm:TEG stiffness in comparison to
the reference copolymers can be attributed to the presence of long N-alkyl chains that
act as pendant groups and loosen the polymer network structure. The lowest Tgp was
recorded for BG:QA8:TEG, which was 19.25 ◦C and 13.69 ◦C lower than that of BG:TEG and
BG:UD:TEG, respectively. In contrast, BG:QA18:TEG had the highest Tgp, which was only
10.65 ◦C and 5.09 ◦C lower than that of BG:TEG and BG:UD:TEG, respectively. Considering
the target applications of these materials (dental restorations), the Tgp should be higher
than the maximum intraoral temperature to ensure that the material will be in a glassy
state, with stable mechanical properties over the entire range of working temperatures [28].
For this reason, the Tgp should not be lower than 40 ◦C because the temperature of the oral
cavity during a fever usually does not exceed 39 ◦C [41]. Therefore, it can be concluded
that the Cm did not negatively affect the Tgp to a significant extent because the Tgp values
of all studied BG:QAm:TEGs were higher than 40 ◦C.

The WCA was measured to assess the hydrophilicity of the copolymer surfaces. Com-
mon dental composite fillers [42,43] and dental tissues [44] are both highly hydrophilic.
Therefore, the higher the matrix hydrophilicity, the greater its ability to physically bond
with the filler and tissue adjacent to the restoration. The hydrophilicity can be expressed
according to the WCA, i.e., if WCA < 90◦, the surface is hydrophilic, and if WCA > 90◦,
the surface is hydrophobic [45]. The WCA values of the studied BG:QAm:TEGs increased
as Cm increased. As shown in Figure 4, increasing the Cm from C8 to C14 caused only
a slight increase in WCA, which remained lower than 90◦. Therefore, the surfaces of
these polymers could be classified as hydrophilic. Further lengthening the Cm to C16
and C18 significantly increased the WCA, thereby changing the nature of the surface from
hydrophilic to hydrophobic. These results suggested that the main factor influencing the
WCA was the length of the N-alkyl substituents. The trend observed for WCA is consistent
with published reports, which indicate that the hydrophobic character of the alkyl chains
increases with their length [46]. The slower increase in WCA among BG:QAm:TEGs with
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C8 to C14 relative to those with C16 and C18 was attributed to the dominant influence
of the hydrophilic quaternary ammonium group [47] in the BG:QAm:TEGs with shorter
Cm. In the remaining BG:QAm:TEGs, the hydrophobic nature of the N-alkyl chains played
a key role. The lowest WCA was recorded for BG:QA8:TEG, which was 5.96% lower
than that of BG:TEG and 0.80% higher than that of BG:UD:TEG. The BG:QA18:TEG was
characterized by the highest WCA, which was 14.97% and 23.24% higher than that of
BG:TEG and BG:UD:TEG, respectively. These results confirm that the surfaces of all studied
BG:QAm:TEGs were less hydrophilic than that of BG:UD:TEG. Compared with BG:TEG,
only the surfaces of BG:QA16:TEG and BG:QA18:TEG were more hydrophobic, whereas
the remaining BG:QAm:TEGs were more hydrophilic.

Dental materials are constantly exposed to moisture, which results in their swelling
due to water absorption [30]. This can compensate for the decrease in material volume
caused by polymerization [48]. However, excessive WS leads to excess swelling, which may
deteriorate the restoration’s mechanical properties, and in extreme cases, cause mechanical
damage [49]. Therefore, according to the standard, ISO 4049, the WS of dental materials
should not exceed 40 μg/mm3 [29]. The WS values of the studied BG:QAm:TEGs were
higher than those of the reference copolymers and decreased as Cm increased. The lowest
WS was recorded for BG:QA18:TEG, which was 41.67% and 121.52% higher than that
of BG:TEG and BG:UD:TEG, respectively. The BG:QA8:TEG was characterized by the
highest WS, which was 272.86% and 483.01% higher than that of BG:TEG and BG:UD:TEG,
respectively. The BG:QAm:TEG copolymers with Cm from C12 to C18 met the requirements
for dental materials because their WS values were lower than 40 μg/mm3. The high WS
of studied BG:QAm:TEGs can be explained based on several factors. The most influential
factor is likely the presence of two quaternary ammonium groups in the QAUDMA-m,
which are primed to absorb water [20]. Additionally, as the MW of QAUDMA-m increased
(i.e., with increasing Cm), the molar ratio of QAUDMA-m in the BG:QAm:TEG decreased;
therefore, the proportion of hydrophilic quaternary ammonium groups in the BG:QAm:TEGs
decreased, thereby reducing the WS. The reduction in WS as the Cm increased can be ex-
plained by the increasing hydrophobicity of the longer N-alkyl chains [46]. It is also possible
that the longer N-alkyl chains can shield the positively charged quaternary nitrogen ion,
thus limiting its ability to absorb water [50].

Leachability of the residual monomers to water (SL) is another parameter that should
be controlled when considering materials for dental applications. The SL should be as low
as possible because excessive leaking decreases the restoration’s lifetime and promotes
the deterioration of its mechanical properties [31]. Therefore, according to the standard,
ISO 4049, the SL of dental materials should not exceed 7.5 μg/mm3 [29]. The SL values
of the studied BG:QAm:TEGs were higher than those of the reference copolymers and
were unaffected by the Cm. The lowest SL was recorded for BG:QA8:TEG, which was
230.13% and 359.82% higher than that of BG:TEG and BG:UD:TEG, respectively. In contrast,
BG:QA14:TEG had the highest SL, which was 257.69% and 398.21% higher than that of
BG:TEG and BG:UD:TEG, respectively. However, all of the studied BG:QAm:TEGs met the
requirements for dental materials because their SL values were lower than 7.5 μg/mm3. The
significantly higher SL of BG:QAm:TEGs can be explained by the presence of quaternary
ammonium groups in QAUDMA-m. As previously stated, these groups have a high affinity
to water; therefore, they can easily migrate through the polymer network with water.

4. Materials and Methods

4.1. Chemicals and Reagents

The QAUDMA-m analogues were synthesized from 2-(methacryloyloxy)ethyl-2-
hydroxyethylmethylalkylammonium bromides (QAHAMAs) TMDI (Tokyo Chemical In-
dustry, Tokyo, Japan). The QAHAMAs were synthesized from N,N-(2-hydroxyethyl)me-
thylaminoethyl methacrylate (HAMA) and alkyl bromides with chain lengths of 8, 10, 12,
14, 16, or 18 carbon atoms (all purchased from Acros Organics, Geel, Belgium). The HAMA
was synthesized from methyl methacrylate (MMA; Acros Organics, Geel, Belgium) and
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N-methyldiethanolamine (MDEA; Acros Organics, Geel, Belgium). All syntheses were
performed following the procedures described in a previous report [23]. Camphorquinone
(CQ), 2-dimethylaminoethyl methacrylate (DMAEMA), Bis-GMA, TEGDMA, and UDMA
were purchased from Sigma-Aldrich, St. Louis, MO, USA and used as received.

4.2. Sample Preparation

In total, eight compositions of dimethacrylate monomers were prepared, six of
which comprised 40 wt.% Bis-GMA, 40 wt.% QAUDMA-m, and 20 wt.% TEGDMA
(i.e., BG:QAm:TEGs). For comparison, compositions of 40 wt.% Bis-GMA, 40 wt.%
UDMA, 20 wt.% TEGDMA (i.e., BG:UD:TEG), and 60 wt.% Bis-GMA, 40 wt.% TEGDMA
(i.e., BG:TEG) were also prepared.

The homogenous mixtures of monomers were enriched with a photoinitiating system
comprising 0.4 wt.% CQ (initiator) and 1 wt.% DMAEMA (accelerator). The mixtures were
poured into Teflon disc-like molds (diameter × thickness = 15 mm × 1.5 mm), covered
with a PET film, and subjected to irradiation with a UV-Vis lamp (Ultra Vitalux 300, Osram,
Munich, Germany, 280–780 nm wavelength range, radiation exitance = 2400 mW/cm2) for
1 h at room temperature.

4.3. Refractive Index

The RI of the liquid monomer compositions was determined according to the standard,
ISO 489:1999 [51], using a DR 6100T (Krüss Optronic, Germany) refractometer. Briefly,
2 mL of each liquid monomer composition was placed on the refractometer plate, and the
measurement was performed at 20 ◦C.

4.4. Density and Polymerization Shrinkage

The dm was determined according to the standard, ISO 1675 [52], using a 1 mL py-
knometer. The dp was determined using an analytical balance (XP Balance, Mettler Toledo,
Greifensee, Switzerland) equipped with a density determination kit, which operated on the
basis of Archimedes’ principle.

The Se was calculated using Equation (1),

Se(%) =

(
1 − dm

dp

)
× 100 (1)

where dm is the liquid monomer composition density, and dp is the copolymer density.
The St was calculated using Equation (2),

St(%) =

(
f × ΔV × dm

MW

)
× 100 (2)

where f is the methacrylate functionality (f = 2), ΔV is the decrease in molar volume
attributable to the polymerization of one mole of methacrylate (ΔV = 22.5 cm3/mol [39]),
dm is the liquid monomer composition density, and MW is the liquid monomer composition
molecular weight.

4.5. Glass Transition Temperature

The Tgm and Tgp were determined using a differential scanning calorimeter (DSC 3,
Mettler Toledo, Greifensee, Switzerland) according to the standard, ISO 11357-2:2020 [53].
Briefly, 2 mg of sample were placed in a standard aluminum crucible and heated in air
within the temperature range from −90 to 200 ◦C, with a heating rate of 10 K/min.

The Tg was taken as the midpoint of the transition region.

206



Int. J. Mol. Sci. 2023, 24, 1400

4.6. Water Contact Angle

The WCA was determined using an OCA15EC goniometer (Data Physics, Filderstadt,
Germany) via the sessile drop method. Briefly, 4 μL of deionized water were dropped on
the surface of disc-shaped copolymer samples (diameter × thickness = 15 mm × 1.5 mm).

4.7. Water Sorption and Solubility

The WS and SL were determined according to the standard, ISO 4049 [29], using
disc-shaped copolymer samples (diameter × thickness = 15 mm × 5 mm).

Initially, the samples were dried at 100 ◦C in a conditioning oven until they reached a
constant weight (m0), which was usually achieved after 72 h. Then, samples were placed
in glass vials containing distilled water and stored for seven days at room temperature.
Next, samples were removed from the water, blotted dry, and weighted (m1). Finally, the
samples were once again dried to a constant mass (m2) at 100 ◦C in a conditioning oven.
Sample weights were measured using an analytical balance (XP Balance, Mettler Toledo,
Greifensee, Switzerland) with 0.01 mg accuracy.

The WS and SL were calculated using Equations (3) and (4), respectively,

WS (μg/mm3) =
m1 − m0

V
(3)

SL (μg/mm3) =
m0 − m2

V
(4)

where m0 is the initial mass of the dried sample, m1 is the mass of the swollen sample, m2
is the mass of the dried sample after storage in water, and V is the initial volume of the
dried sample.

4.8. Statistical Analysis

The experimental results reported herein were expressed as an average of five mea-
surements and presented with the associated standard deviations (SD). The data were
analyzed and compared using the non-parametric Wilcoxon test with a significance level
(p) of 0.05 using Statistica 13.1 software (TIBCO Software Inc., Palo Alto, CA, USA).

5. Conclusions

The physicochemical properties of six dimethacrylate-based compositions comprising
40 wt.% Bis-GMA, 40 wt.% QAUDMA-m, 20 wt.% TEGDMA, and their corresponding
copolymers mainly depended on the length of the N-alkyl substituent. It was observed that:
(i) Tgm decreased with increasing Cm, whereas the opposite trend was observed for Tgp,
(ii) Se increased with increasing Cm, (iii) hydrophobicity (determined from WCA) increased
with increasing Cm, and (iv) WS decreased with increasing Cm. Only RI and SL were
unaffected by the Cm.

In relation to the properties of the reference copolymers, the following conclusions
were drawn. All liquid BG:QAm:TEG monomer compositions had suitable RI and Tgm.
Moreover, all studied BG:QAm:TEG copolymers were characterized by low S values and
Tgp values higher than 40 ◦C, suggesting that they would have stable mechanical properties
over the working temperature range of dental restorations. The surfaces of two of the
BG:QAm:TEGs adopted a hydrophobic character (BG:QA16:TEG and BG:QA18:TEG),
whereas the remaining BG:QAm:TEGs had hydrophilic surfaces. All of the studied
BG:QAm:TEGs had higher SL than the reference copolymers; however, the obtained SL
values did not exclude their use as matrices of dimethacrylate-based dental composites.
Only BG:QA8:TEG and BG:QA10:TEG did not fulfill the WS requirements because their
WS values were higher than 40 μg/mm3; this feature would prevent their use as matrices
for dental composites.
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Abstract: The mechano-bactericidal action of nanostructured surfaces is well-documented; however,
synthetic nanostructured surfaces have not yet been explored for their antifungal properties toward
filamentous fungal species. In this study, we developed a biomimetic nanostructured surface inspired
by dragonfly wings. A high-aspect-ratio nanopillar topography was created on silicon (nano-Si)
surfaces using inductively coupled plasma reactive ion etching (ICP RIE). To mimic the superhy-
drophobic nature of insect wings, the nano-Si was further functionalised with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFTS). The viability of Aspergillus brasiliensis spores, in contact with either
hydrophobic or hydrophilic nano-Si surfaces, was determined using a combination of standard
microbiological assays, confocal laser scanning microscopy (CLSM), and focused ion beam scanning
electron microscopy (FIB-SEM). Results indicated the breakdown of the fungal spore membrane
upon contact with the hydrophilic nano-Si surfaces. By contrast, hydrophobised nano-Si surfaces
prevented the initial attachment of the fungal conidia. Hydrophilic nano-Si surfaces exhibited both
antifungal and fungicidal properties toward attached A. brasisiensis spores via a 4-fold reduction of
attached spores and approximately 9-fold reduction of viable conidia from initial solution after 24 h
compared to their planar Si counterparts. Thus, we reveal, for the first time, the physical rupturing of
attaching fungal spores by biomimetic hydrophilic nanostructured surfaces.

Keywords: antifungal surface; Aspergillus brasiliensis; nanopillar surface; biomimetic surface

1. Introduction

Synthetic nanomaterials with high-aspect-ratio nanoprotrusions that resemble the
epicuticle of insect wings like dragonfly and damselfly exhibit broad spectrum antibacterial
properties [1–4] The bactericidal activity of nanopillar surfaces is characterised by mechani-
cal lysis of the bacterial cell membrane as the cell contacts the surface [1–4]. This activity
also extends to bacterial endospores [4]. Nevertheless, the interactions between biomimetic
nanopillar surfaces and filamentous fungal conidia have not yet been characterised. While
bacteria demonstrate significant variation in their size, shape, and composition of the cell
wall, filamentous fungal spores exhibit even greater diversity. The size of filamentous
fungal spores can range from a few micron to tens-of-micron in diameter [5]. Furthermore,
spores are characterised by a resilient protective layer on their cell wall that makes them
impervious to multiple environmental stressors such as salts, UV, temperature, antifungal
molecules, and even physical disruption [6,7]. Therefore, filamentous fungal spores would
require a greater deformational stress to be susceptible to mechanical lysis or rupture.

Fungi are a diverse group of eukaryotic organisms that are widespread within nature.
Filamentous fungal species such as Aspergillus spp. including A. fumigatus, A. terreus, A
niger, A. brasisiensis and A. flavus have been identified as opportunistic pathogens that pose
a significant health risk to immunocompromised individuals [8]. These fungi can cause
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various diseases, and some have been detected in the water of dental equipment. This
environment offers suitable conditions for the emergence of fungal biofilms [9]. Antimi-
crobial resistance (azole resistance) in A. fumigatus has been reported to cause invasive
infections with high mortality rates [10,11]. This is particularly concerning as the incidences
of an invasive human fungal infection often result in a mortality rate greater than 50% [12].
Aspergillus spp. have been implicated in aspergillosis of the oral cavity after tooth extraction
or endodontic treatment [13–15]. Water flow through the tubes of dental units is known
to contain multiple microorganisms [16]. This water is a potential source of microbial
contamination and a potential threat to the patients’ and professionals’ health. The Ameri-
can Dental Association has established that the bacterial load in the water of dental units
must not exceed 200 CFU/mL, but the limit of fungal load has not been recorded [17].
During endodontic treatment, direct contact with contaminated water may cause various
respiratory infections, allergies, and infect wounds on the mucosal membranes [18]. Oral
aspergillosis is rare, and mandibular aspergillus osteomyelitis is even rarer; however, the
outcomes are severe and often involve invasive, multiple surgical debridement procedures
and resolution with dental implants [19]. Furthermore, Aspergillus spp. are known to
grow and proliferate on various bone substitutes [20], implicating the susceptibility of
dental biomaterials to contamination by environmental filamentous fungi that are also
opportunistic pathogens. In addition, the presence of zinc oxide endodontic sealers into
the maxillary sinus are known to increase the risk of filamentous fungal infection in im-
munocompromised individuals [21]. Thus, fungal contamination needs to be controlled on
the surface of dental biomaterials for the prevention of invasive fungal infections in both
immunocompromised and immunocompetent individuals.

Early research toward the development of antifungal coatings that could resist fila-
mentous fungi colonisation of surfaces involved the creation of nano-composite coatings
consisting of embedded nanosized metal oxide particles such as zinc oxide and copper
oxide [22–24]. Some other approaches include the surface immobilisation of biocides or
functionalised nanoparticles [25–29], the addition of photocatalytic materials, and the
physical-chemical modification of the surface [30,31] which we recently reviewed [32].

Surface nanotexturing may present a unique opportunity to develop surfaces that
exhibit robust and long-lasting antifungal activity. We recently showed that black damselfly
Calopteryx haemorrhoidalis wings can prevent the attachment of A. brasiliensis spores [33].
Like other Odonates (i.e., damselflies and dragonflies), C. haemorrhoidalis wings possess a
dense layer of crystalline wax over the surface that creates a characteristic dense nanopillar
topography. The combination of wax and surface nanoprotrusions facilitate the entrapment
of a layer of air that effectively repels attaching conidia [34–36].

In this work, we studied the cell-surface interactions between filamentous fungi A.
brasiliensis spores and nanotextured silicon surfaces. Herein, the mechanisms of filamentous
fungi spore adhesion to nanostructured surfaces were studied by investigating the role of
surface wettability on the resulting degree of attachment using a combination of electron
and fluorescent microscopy techniques. The cell-surface interface was characterised using
FIB milling to allow visualisation of the nanopillar-fungal spore bio-interface.

2. Results

2.1. Surface Characterisation of Nano-Si Surfaces

The nanopattern present on damselfly wings was replicated on silicon surfaces using
reactive ion etching method to create a substrate that contained dense high aspect ratio
nanoprotrusions, herein referred to as nano-Si (Figure 1A) [4]. Nano-Si surfaces were
further modified via silanisation to produce hydrophobic surfaces (nSi-H). Hydrophilic
planar silicon (Si) and silanised planer silicon (Si-H) surfaces were used as controls.
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Figure 1. Surface topographic analysis of nSi-H and nSi surfaces, which were synthesised to mimic
the nanotopography of damselfly wings. (A) The representative image of a damselfly wing and
representative SEM micrographs of nanopillars on damselfly wings, included for comparison. Drag-
onfly wing nanopillars are approximately 250 nm in height with interpillar spacing of 200 nm.
(B) Representative SEM micrograph of nano-Si surfaces, including top-view and titled micro-
graphs. Pillars were recorded to have a height of 796 ± 96 nm, and a tip-tip separation of 182 nm.
(C) Corresponding 3D visualisation of AFM micrographs of the surface topography of nSi and nSi-H.
(D) XPS survey scan results for surface chemical composition and wettability of nSi (left) and nSi-H
(right).
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The nanotopography of damselfly and dragonfly wings has been widely recognised to
possess broad-spectrum antimicrobial activity in that the nanopillars can not only rupture
and kill attaching bacteria, but also have the ability to repel fungal conidia, preventing
their attachment [2,4,33,37,38]. The efficacy of the mechano-bactericidal action of the wing
nanotopography is governed by a few factors; the nanopillar pattern, i.e., height, spacing
(density) and flexural rigidity of the nanopillars, and the cell surface characteristics of the
attaching microbe [2,3,39]. The nanopillar height must be such that the adsorbing cell wall
cannot reach the base of the nanoprotrusion before the elastic limit of the cell membrane is
reached [2]. Thus, for microbes in the order of 5 μm diameter, such as filamentous fungi
conidia, taller pillars were hypothesised to have the capacity to induce cell lysis. The
height of the nanopillars was controlled according to the period of the etching time, with a
greater etching time resulting in the development of taller pillars [37,40]. SEM imaging was
used to characterise the surface nanoarchitecture, including height, pillar-to-pillar spacing,
and pillar density. Plasma etching of silicon surfaces for 45 min resulted in fabrication
of nanostructured surfaces that possessed high aspect ratio nanopillars of approximately
800 nm in height with interpillar spacing of approximately 200 nm, and a pillar density
of approximately 5.5 μm−2, as determined from SEM imaging (Figure 1B). The typical
random distribution and pyramidal shape of nano-Si nanopillars is shown in the SEM and
AFM micrographs presented in Figure 1. The as-fabricated nano-Si surfaces were highly
wettable, exhibiting a water contact angle (WCA) of ~10◦ (Figure 1D). All surfaces had
a uniform black appearance due to the tapered Si pillars that render a gradual refractive
index change [41], hence, achieving anti-reflectivity. To simulate the superhydrophobic
properties of insect wings, the nano-Si surfaces were coated with an organofunctional
fluorosilane [37,42]. A hydrophobic self-assembled monolayer of silane was achieved, as
observed by a water contact angle (WCA) of ~160◦ and confirmed by XPS (Figure 1D). No
change in surface topography was identified, as confirmed through AFM characterisation
(Figures 1C and S1). Further AFM analysis and surface roughness parameters of newly
fabricated surfaces are included in Table 1. AFM surface roughness values report lower
Smax values that what is estimated from SEM images due to the highly dense nature of the
pattern which restricts the ability to scan the entirety of the high aspect ratio pillar.

Table 1. Surface roughness parameters as determined by AFM analysis.

Surface Roughness Parameters Sa Sq Smax

nSi-H 29.16 ± 0.42 36.97 ± 0.59 323.02 ± 10.71
Si-H 7.60 ± 2.50 9.64 ± 3.10 86.94 ± 32.75
nSi 35.03 ± 0.59 44.12 ± 0.56 380.18 ± 32.75
Si 14.25 ± 4.54 17.58 ± 4.31 130.52 ± 34.80

2.2. Interfacial Interactions of A. brasiliensis Spores with Hydrophilic and Hydrophobic
Nano-Si Surfaces

The spore-substratum interface between A. brasiliensis spores and the nanopillar sub-
stratum were investigated via FIB milling and SEM (Figure 2A). Analysis of tilted SEM
micrographs of spores on nSi-H (hydrophobic) surfaces revealed that the spores retained
their rounded morphology, and in most cases, the spore body was observed to be ‘hov-
ering’ above the surface. Cross-sections of the spore-nanopillar interface revealed that,
indeed, the spore was not in contact with the surface. Further examination revealed that the
spore coat and inner membrane were well-preserved. By contrast, the spore morphology
after attachment to the nSi (hydrophilic) surfaces appears compromised (Figure 2A), as
seen in the tilted SEM images. The FIB cross-sections show the nSi nanopillars were in
direct contact with the spore (indicated by the yellow arrows). Sequential milling of the
spore-nanopillar interface showed there was obvious damage sustained by the spore coat,
together with a loss of membrane integrity evidenced by the lack of defined continuous
inner and outer membranes and the incidence of airspace, or holes, between the cell wall
and the inner membrane that might point to a loss of turgor pressure and the leakage
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of the cytosolic content (Figure 3). Multiple points of nanopillar contact, and insertion,
are obvious in the SEM micrographs. Thus, we assume that the spore has been lysed by
increased contact between the nanopillar surface and spore coat. The super-wetting state of
the nano-Si surface would facilitate enhanced contact between the spore coat and nanopillar
surface [43]. Micrographs of consecutive milling through the spore-substratum interface
have been included in Supplementary Figures S2 and S3.

Figure 2. The interaction of A. brasiliensis spores with the nSi-H and nSi surfaces. (A) Representative
FIB-SEM micrographs of A. brasiliensis spores present on the nSi-H and nSi substrates. The nanopillars
of the hydrophilic nSi surface pierced the cell wall of the spores (yellow arrow), whereas the spores do
not appear in direct contact with superhydrophobic surfaces (cyan bracket). Spore-surface interface
is highlighted in white frames. (B) Representative high-resolution CLSM micrographs showing the
cell membrane status of A. brasiliensis spores when attached onto nSi and Si surfaces, as determined
by PI uptake. The conidia were stained with Calcofluor white (blue colour), which binds to cellulose
and chitin in fungal cell walls; Syto9 (green colour), which is a membrane-permeable nucleic acid
stain (green arrow); and propidium iodide (red colour), which also stains nucleic acids but is only
membrane-permeable to damaged cells (red arrow). Scale bars are 5 μm. (C) Graph showing the
percentage of spores that display internalised PI at day 1 incubation on studied surfaces (green colour)
versus the number of spores observed per mm2 (blue colour). Error bars are 1 standard deviation.
(D) CLSM micrographs of PI uptake in A. brasiliensis spores. Scale bars are 5 μm.
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Figure 3. Sequential FIB milling of the spore-nanopillar interface on hydrophilic nSi surfaces. SEM
micrographs show the adhesion of the spore coat to the nanopillars (orange arrows indicate direct
comtact). (A) Breakage of the cell wall and inner plasma membrane is evident at the points be-
tween spore coat adsorption to the substratum surface (blue arrows indicate the lack of contact).
(B–E) Consecutive micrographs show an increase in the number of nanopillars in contact with the
cell and consequently greater deterioration of the cell wall and plasma membrane. (F) Cell lysis is
confirmed by the occurrence of large holes in the body of the cell. Nanopillars are observed inside
the cell. Scale bars are 1 μm.

216



Int. J. Mol. Sci. 2023, 24, 1298

To confirm whether the interaction between the A. brasiliensis spores and hydrophilic
nSi surface led to membrane rupture, monitoring of propidium iodide (PI) uptake by
fluorescence microscopy was used to confirm cell membrane permeabilisation (Figure 2B,D).
PI can only be taken into cells that have become permeable through physical damage, or
otherwise [44]. Spores were also counterstained with calcofluor white (spore coat) and Syto
9® (nucleic acids). PI uptake was observed in approximately 55% of those non-germinated
(non-germinated spore size confirmed to be 5 μm, Figure S7) spores in contact with the
hydrophilic nanostructured surfaces (Figure 2C). By contrast, those spores attached onto
the planar Si control surfaces did not exhibit PI uptake (Figures 2C,D and S6). As PI is a
non-membrane permeable nucleic acid stain [45], evidence of PI uptake via red fluoresence
observed under confocal microscopy indicated that the nano-Si nanopillars were capable of
rupturing both the spore coating and the inner plasma membrane of the spores, as observed
in the FIB-SEM micrographs.

2.3. Assessment of the Structural Integrity, Morphology and Viability of the Fungal Spores during
Interactions with Nano-Si Surfaces

To study changes to the structural integrity of spores when they encounter the nano-Si
surfaces, an in-depth analysis of spore morphology was carried out using a combination
of electron and fluorescence microscopy (Figure 4). Analysis of the resulting SEM images
revealed that, over a 24 h incubation period under immersed conditions, the A. brasiliensis
spores maintained their typical spherical morphology on nSi-H, Si-H and Si surfaces similar
to that of spores as collected from the A. brasiliensis conidiophores after growth on potato
dextrose agar (PDA) plates (Figures 4D and S7). However, on hydrophilic nSi surfaces, an
altered spore morphology was clearly evident in the SEM micrographs (Figure 4D, false
coloured red). The spores appear lysed, having lost their structural integrity. Similarly,
CLSM imaging highlighted that the uniformity of the coat for spores attached to nSi surfaces
was also disrupted (Figure 4D, red arrow). Analysis of the morphology of A. brasiliensis
spores on nano-Si and control surfaces after a 3-day incubation period also highlights
that those spores attached on nSi surfaces appear to have deteriorated structural integrity
(yellow arrows).

Fluorescence microscopy was used to directly analyse the attachment of A. brasiliensis
spores to the nano-Si substratum (Figure S4). The number of spores attached to the
nano-Si surface was found to be approximately 140.2 ± 73.1 mm−2. These values were
approximately 5× lower than the number of spores attached to the planar control Si surface
(713.3 ± 267.0 mm−2) after the same 24 h incubation period (** p < 0.01) (Figure 4A). The
same trend in attachment patterns were observed after 3 days of incubation, indicating
that the fungal spores had a reduced ability to settle and germinate on the nano-Si surfaces
(Figure S5).

The metabolic activity of attached spores was also determined using an Alamarblue™

cell viability assay, which measures the reduction of resazurin to resofurin by the cell
(Figure 4B). Any decrease in the reduction of resazurin may indicate a disturbance in the
cellular metabolism [46]. Specifically, the data demonstrated that the spore metabolic activ-
ity of conidia attached to the nSi surface was markedly reduced after a 3-day incubation
period. These results are consistent with our investigation of the spore-nanopillar interface
using FIB-SEM that A. brasiliensis spores may be ruptured on nSi but not on nSi-H sur-
faces. Thus, the nSi surfaces may prevent the spore germination and proliferation through
physical rupturing of attached spores, whereas on the planar control Si surfaces, the A.
brasiliensis spores remained metabolically active and showed a marked increase in their
respiratory activity.

217



Int. J. Mol. Sci. 2023, 24, 1298

Figure 4. The density and morphology of A. brasiliensis spores when attached onto nano-Si and Si
surfaces after a 24 and 72 h incubation period. (A) Attachment density of A. brasiliensis on substrata
studied over a 1-day and 3-day incubation period. The number of attached spores was calculated
using CLSM images (n = 12). (B) Quantification of metabolic assay measured by AlamarblueTM assay
of attached A. brasilensis spores on Si, Si-H, nSi and nSi-H surfaces after a 1- and 3-day incubation
period. (C) The colony-forming units derived from attached spores on studies surfaces (n = 3).
Statistically significant differences were determined using a one-way ANOVA and Tukey’s multiple
comparisons post hoc test (* p < 0.05; ** p < 0.01). (D) Representative SEM and CLSM micrographs
showing the morphology of A. brasiliensis spores attached to nSi and Si surfaces. The cell wall of the
fungal spores was stained with Calcofluor white (blue colour). The red and yellow arrows indicate
the disruption of fungal spore coat. Scale bars on SEM and CLSM micrographs are 5 μm.
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A direct plate counting technique was used to assess the number of viable spores [47]
retrieved from the nano-Si surfaces, and this was compared to that obtained from spores
retrieved from the planar Si surface (Figure 4C). The hydrophilic nSi surface exhibited a re-
duction in the number of viable conidia (4.0 × 103 CFU mL−1), in comparison to Si surfaces
(3.5 × 104 CFU mL−1), corresponding to a ~9-fold reduction of viable conidia after 24 h
interaction with the nanopillar surfaces. By contrast, there were only 1.0 × 102 CFU mL−1

spores retrieved from the nSi-H surfaces, which is ~35× less than retrieved from Si-H
surfaces. By day 3, the number of viable spores retrieved from both nanostructured sur-
faces were similar to their planar counterparts. These data corroborate the (initial) lesser
attachment of A. brasiliensis spores to hydrophobised surfaces, as directly confirmed by
fluorescence microscopy.

3. Discussion

We recently demonstrated that the antifungal properties of Calopteryx haemorrhoidalis
damselfly wings was driven by the remarkable antiwetting properties exhibited by the
nanopillar array present on the wing epicuticle [33]. Sustainable air entrapment on the
nano-, micro-, and macro-scales facilitated spore-repellent behaviour that enabled the wings
to remain contamination free when immersed in a suspension of A. brasiliensis fungal spores.
To develop a synthetic substratum nanotopography that would show fungicidal propensity
toward large micro-organisms, such as filamentous fungi spores that possess a rigid, multi-
layered spore coat, we used etched silicon substrates possessing nanopillars ~800 nm in
height. The anti-wetting properties of insect wing surfaces were then mimicked by surface
functionalisation with a self-assembled monolayer of fluoro-silane molecules [37]. Analysis
of non-germinated A. brasiliensis spore interactions with both superhydrophobic and su-
perhydrophilic nanostructured surfaces was achieved using a combination of fluorescence
and electron microscopy, and classical microbiological techniques.

In order to form a biofilm, a microorganisms must first undergo attachment to a sub-
strate [48]. In case of filamentous fungi, initiation of the biofilm starts with the germination
of spores attached to a substrate surface. Recently the antifungal capabilities of nanos-
tructured surfaces toward Candida albicans and other yeasts were shown to result from a
purported physical mechanism, sometimes in addition to the toxic activity of generated
strong reactive oxygen species (ROS) [49–53]. For example, Xie et al. reported that C. albicans
cells were mechanically ruptured when interacting with ZnO nanostructured substrates
(a polygonal column structure with a height of 3–5 μm and a width of 100–200 nm) [54].
Upon interaction with ZnO-TiO2-nanostructured surfaces, it was discovered that the A.
flavus conidia lost their typical round morphology [55]. In addition to the intrinsic mech-
anism of the ROS-mediated antimicrobial effects, the physical orientation (an extended
tubular shape) of MoS2 has also been shown to play a substantial role in imparting the
fungicidal effects of these surfaces toward Alternaria alternata cells [56]. In another example,
the spores of the filamentous fungi A. fumigatus attached onto the nanopillar topography of
poly(methyl methacrylate) (PMMA) substrates were observed to have lost their structural
integrity, appearing either half or fully deflated [57]. Nevertheless, to the best of our knowl-
edge, the fungicidal action of nanostructured hydrophilic surfaces toward filamentous fungi
spores has never been previously demonstrated.

In this work, exposing A. brasiliensis fungal spores to hydrophilic nano-Si surfaces
achieved substantial reductions in spore viability as determined by assessment of cell
metabolic activity and plate counting technique (Figure 4B,C). Importantly, A. brasiliensis
conidia that were attached to nSi surfaces were found to be metabolically inactive. We
hypothesise that the hydrophilicity of the nano-Si surfaces led to an increased contact
between the spores and the nanopillar surface, resulting in the rupture of the spore coat
and inner membrane, leading to cell lysis and death (Scheme 1). The biointerface between
fungal conidia and surface nanopillars was evaluated using FIB-SEM in order to obtain
an insight into the fungicidal properties of the hydrophilic nanostructured surfaces. We
verified that a direct interaction took place between the spores and the nanopillars present
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on the nano-Si surface. The spore coat was adhered to the tips of the nanopillars and
the spore coat and membrane was ruptured at the points between nanopillar adhesion.
Top-view SEM morphological analysis of the spores adhering to the nano-Si revealed that
the spores appeared disturbed, with some displaying a flattened and stretched morphology
(Figure 2A, second panel and Figure 4D, false coloured red). The spore coat is composed
of glucans, glycoproteins, and chitin, with the rigidity of the cell wall resulting from the
unique composition of the β-1,3-glucan and chitin [58,59]. Both the outer spore coat, and the
inner membrane appeared to be compromised when in contact with the nano-Si substrate.
The loss of membrane integrity was corroborated by the uptake of PI by A. brasiliensis
spores attached to nSi surfaces (Figure 2B–D). Therefore, we hypothesise that the physical
contact between the Si nanopillars contributed to the lysis and death of A. brasiliensis
conidia attached to these surfaces (Figures 2 and 4D). These findings demonstrate that
surfaces containing high aspect ratio nanopillars can play a significant role in inhibiting the
degree of fungal attachment and also be fungicidal to the attaching cells through a physical
rupture mechanism, similar to what has been observed for bacteria attached on high aspect
ratio nanostructured surfaces [4].

Scheme 1. The antifungal modes of action of hydrophobic and hydrophilic nanostructured surfaces
toward A. brasiliensis spores. nSi-H surfaces were able to prevent A. brasiliensis spore attachment
by reducing attachment affinity through both surface chemistry and reduced attachment points,
effectively repelling the spores from the surface. By contrast, the nanostructured hydrophilic surfaces
were shown to rupture attaching fungal conidia upon contact.

Contrastingly, the antibiofouling characteristics of superhydrophobic nSi-H surfaces
were demonstrated by a reduction in the attachment of fungal spores; notably, the spore
density was found to be 5× lower than observed on planar Si surfaces (Figure 4A). The
spores displayed a reduced degree of interaction with the nanopillar surface, as evidenced
by the presence of an air layer underneath the cell body (Figure 2A).

The loose association of spores to the nSi-H surface may facilitate a self-cleaning effect
as A. brasiliensis spores may be easily displaced by an external force which is consistent with
the interfacial behaviour of A. brasiliensis spores observed by Ivanova et al. on damselfly
wings [33]. By contrast, the attachment propensity of spores on hydrophilic nSi surfaces was
found to be increased in comparison to the hydrophobised nanostructured Si but was still
lower than that observed for their respective planar Si counterparts. Our data agrees with
recent research that found that biomimetic chitosan hydrogel nanopillars, with an average
aspect ratio of 2.1, inhibited the attachment of the filamentous fungi Fusarium oxysporum
by 99% compared to that observed on a non-structured surface after a 24 h incubation
period [48]. Cell-surface interactions represent part of a very complex attachment process,
which is governed both by surface physicochemical characteristics and by the cell surface
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characteristics, i.e., hydrophobicity and surface charge. For example, more hydrophobic
cell walls may be more greatly attracted to hydrophobic surfaces [60]. However, as per our
previous experiments [33], A. brasiliensis spores have a zeta potential of −10.7 ± 1.5 mV
and a hydrophobicity index (HI) of 0.71 ± 0.07. WCA measurements of fungal conidia were
found to be 107.2 ± 5.4◦. These data suggest that the spore coat of A. brasiliensis conidia
is only moderately hydrophobic and, indeed, may not display an enhanced affinity for
hydrophobic surfaces.

4. Materials and Methods

4.1. Fabrication of Nano-Si Surfaces

P-type boron doped silicon wafers were rinsed in isopropanol and dried with nitrogen
gas before being subjected to mask-less plasma etching using a Samco RIE inductively
coupled plasma etching system (Model: RIE-101iPH, Samco Inc., Fushimi-ku, Kyoto, Japan).
Gases SF6 and O2 were set at flow rates of 35 and 45 sccm, respectively. ICP RIE power was
150 W and bias power was 15 W. Etch time was 45 min. Following etching, the surfaces
were cleaned with 10% H2SO4 sonication for 10 min.

Nano-Si surfaces were hydrophobised by first exposing to 1 min of O2 plasma to
generate hydroxyl (Si−OH) surface groups. Then, the substrata were placed in a glass
Petri dish inside a desiccator at room temperature, and 100 μL of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane was placed beside the samples. The desiccator was placed under
vacuum for 1 h. After venting, the samples were rinsed twice with chloroform, twice with
ethanol and then dried with gentle nitrogen gas flow.

4.2. Atomic Force Microscopy (AFM)

The surface topography of the substrata was characterised using a NanoWizard®4 tip
scanning AFM (JPK BioAFM Business, Bruker NanoGmbH, Berlin, Germany). The AFM
head was placed on an upright optical microscope (IX81, Olympus, Japan), and the tests
were conducted in an acoustic hood and on an active vibration isolation table (Accurion,
Goettingen, Germany). The scans were conducted in an air-conditioned environment at
a temperature of around 22 ◦C using an n-type antimony doped silicon probe (SICON,
AppNano, Mountain View, CA, USA) in the Quantitative Imaging™ (Qi) mode of JPK. The
cantilever’s spring constant ranged between 0.1 and 0.6 N m−1. Triplicate scans of each
surface were taken across scan regions of 10 × 10 μm2, and a set of roughness parameters,
including average roughness (Sa), root mean square roughness (Sq), and maximum height,
were then calculated (Smax). Gwyddion (ver. 2.53) was used to analyse the AFM images,
and Amira Avizo software (Thermo Fisher Scientific, Waltham, MA, USA) was utilised to
create the three-dimensional scans.

4.3. Surface Wettability

The static water contact angle was determined for each substrate using the sessile drop
technique. Contact angles were determined using a Phoenix-MT(T) instrument (SEO Co.,
Yongin, Gyeonggi, Republic of Korea) coupled with SurfaceWare 9 software. Static water
contact angles were measured within two seconds of the 10 μL droplet. The results are an
average of five independent measurements taken on each substratum.

4.4. X-ray Photoelectron Spectrometry

The elemental analysis of the sample surfaces was conducted using a Thermo Sci-
entific K-alpha X-ray photoelectron spectrometer (XPS) (Thermo Fischer Scientific, USA).
The K-alpha EPS instrument was equipped with a monochromatic X-ray source (Al Kα,
hν = 1486.6 eV) operating at 150 W. Photoelectrons emitted at 90◦ to the surface from an
area of 400 × 400 μm2 were analysed at 200 eV for survey spectra and then at 50 eV for
region spectra. Survey spectra were recorded at 1.0 eV per step, while the region spectra
were recorded at 0.1 eV per step. The relative atomic concentrations of elements obtained
by XPS were measured using the peak area in the specified high-resolution region and the
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instrument-specific sensitivity parameters. High-resolution scans were performed across
each of the titanium 2p, carbon 1s and oxygen 1s peaks.

4.5. Microorganism, Growth Conditions and Experimental Set-Up

Aspergillus brasiliensis ATTC 9642™ was acquired from the American Type Culture
Collection (ATCC, Manassas, Virginia, U.S.A.). The fungal stocks were prepared in 20%
glycerol nutritional broth (Oxoid - Thermo Fisher Scientific, Waltham, MA, USA) and
kept at −80 ◦C. Fungi from the glycerol stock were growth on potato dextrose agar (PDA)
plates (Neogen® Culture Media, Bundamba, QLD, Australia). These plates were incubated
at 27 ◦C for a week until the fungal spores were fully growth on top of the agar plates.
Sterilised MilliQ water (resistivity: 18.2 MΩ cm, 25 ◦C) was pour onto the fungal agar
plates and then the plates were shaken for removing spores from the top layer of the agar
plate. To obtain conidial suspension, this suspension was filtered using Whatman® Grade 1
filter paper (Sigma-Aldrich Pty Ltd., Melbourne, VIC, Australia). The final density of the
working conidial suspension was adjusted to 1 × 105 mL−1 using the TC20 Automated
Cell Counter (Bio-Rad, South Granville, NSW, Australia).

Hydrophobic nano-Si (nSi-H), hydrophobic Si (Si-H), hydrophilic nano-Si (nSi) and
hydrophilic Si (Si) were cut into 0.5 cm2 pieces using a diamond pen (ProSciTech Pty Ltd.,
Kirwan, QLD, Australia). Surfaces were sterilised by sequential sonication in 100% and
70% ethanol (EtOH) (Chem-supply, Gillman, South Australia, Australia) for 15 min each.
The studied surfaces were gently dried with nitrogen gas flow and placed in a desiccator to
prevent moisture adsorption until required.

The surfaces were immersed in a suspension of 1 × 105 of A. brasiliensis conidia and
incubated at 25◦ for 24 h. Afterward, samples were collected and analysed as outlined
below.

4.6. Confocal Laser Scanning Microscopy

A Zeiss LSM 880 Airyscan upright CLSM (Carl Zeiss Microscopy, Oberkochen, Ger-
many) operated with a 63× water-immersion objective (ZEISS 60x/1.0 VIS-IR) was used
for visualisation of A. brasiliensis attachment on surfaces after 1-Day and 3-Day incubation
period. The examined surfaces were carefully washed 3× with MilliQ water (2 mL each
time) to remove non-attached cells and then put in a 3.5 mm glass-bottomed Petri dish filled
with 3 mL MilliQ water. In terms of fungal attachment study, Calcofluor white (Biotium,
Fremont, CA, USA) (blue colour) was used to stain the fungal spores, which binds to
cellulose and chitin in fungal cell wall, and NucSpot (Biotium, Fremont, CA, USA) (green
colour) was used to stain the fungal nuclei containing DNA. The adhesion of A. brasiliensis
conidia to surfaces was quantified using 15 distinct fields of view of 135 × 135 μm2 for
each sample. The ImageJ 1.52a Cell Counter plugin was used to recognise and count cells
on CLSM micrographs. Results were derived from the average of at least 3 independent
experiments, containing two replicates for each experiment.

For assessment of cell viability, LiveDead staining was carried out using a combination
of Syto9 (Thermo Fischer Scientific, USA), a membrane permeable nucleic acid stain (green
colour) and Propidium iodide (PI) (Thermo Fischer Scientific, USA), a non-membrane
permeable nucleic acid stain (red colour). Cell membrane damage was determined by the
uptake of PI.

Regarding CLSM settings, ZEN Black software (Carl Zeiss Microscopy, Germany)
was used for CLSM imaging and operation. The information of the dyes used in this
investigation were selected from the Smart Setup database integrated in the software. In
addition, the Z-stack feature was enabled to capture the whole attached fungus spores and
adjustments were made to the laser’s intensity until neither blur nor noise were visible.
Scanning speed was maintained at 7 with the pixel dwell at 1.58 μs and the scan time at
7.75 s.
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4.7. Scanning Electron Microscopy (SEM)

The samples with attached A. brasiliensis spores were fixed with 2.5% glutaraldehyde
for 45 min and then washed 3× with 0.1 M cacodylate buffer containing 2 mM calcium
chloride. The surfaces were plunge-frozen in liquid nitrogen and then freeze-dried for SEM
imaging. Prior to imaging, 5 nm of iridium (Ir) was sputtered on the surface. Imaging was
performed using an FEI Nova NanoSEM at 5kV.

4.8. Focused Ion Beam SEM

FIB milling of A. brasiliensis spores incubated on the nano-Si surfaces was performed
using an FEI Scios dual-beam FIB system. The samples were fixed with 2.5% glutaraldehyde
for 45 min and then washed 3× with 0.1 M cacodylate buffer containing 2 mM calcium
chloride. The samples were post-fixed with 2% osmium tetroxide and 1.5% potassium
ferrocyanide for 1 h at room temperature and then washed extensively. Following this,
samples were incubated for 20 min with thiocarbohydrazide, used as a mordant. A second
staining was completed using 2% osmium tetroxide for 30 min. Afterwards, the samples
underwent ethanol dehydration over ice and drying using a critical point drying system,
the sample surfaces were finally coated with a Pt protection layer using an e-beam Pt
deposition process prior to milling.

4.9. Statistical Analysis

The data were examined to validate their normal distribution and homogeneity of
variance using the Shapiro–Wilk and Levene’s tests, respectively, using SPSS Statistics
26 software (IBM, New York, NY, USA). Values was given as the mean value ± one
standard deviation. Statistical data were evaluated using one-way ANOVA. Differences
between the mean values were evaluated using Tukey’s range test. Values were deemed
statistically significant differences if p-values were less than 0.05 (* p < 0.05, ** p < 0.01, and
*** p < 0.001).

5. Conclusions

In this study, the influence of hydrophilicity on the antifungal properties of nanostruc-
tured surfaces was revealed for the first time. Both superhydrophobic and superhydrophilic
nanostructured Si surfaces displayed antifungal behaviour; however, the behaviour ob-
served was distinct depending on the wettability of the substrate. The combination of
superhydrophobicity and high-aspect ratio nanopillar pattern on the surface of hydropho-
bised nanostructured Si was shown to play an essential role in determining its antifouling
capabilities, as it significantly reduced the extent of fungal adhesion in an aqueous envi-
ronment, leading to a marked reduction in spore association and/or attachment over a
several-day incubation period in comparison with control planar surfaces. By contrast,
the results obtained in this study revealed that the viability of A. brasiliensis spores were
directly affected by direct interaction with the hydrophilic nanopillar surface, whereby the
nanopillars were able to rupture the cell wall of conidia, leading to the uptake of propidium
iodide into the cells and reduced metabolic activity. This work demonstrates that nanopillar
surface hydrophilicity greatly contributes to the fungicidal activity of nano-Si surfaces. By
a combination of the superhydrophobicity and nanopillar surface topography, we have
duplicated the antibiofouling effect of damselfly wings toward A. brasiliensis conidia. Con-
versely, we have also determined that hydrophilic nanopillar-surfaces may achieve the
physical rupture and cell death of A. brasiliensis conidia attaching to these surfaces. This
study enhances the present understanding of the effects of surface nanotopography and
surface wettability on fungal spore attachment and proposes a potential surface that has
the potential to be applied to the development of antifungal biomaterials, including dental
biomaterials. Future work is necessary to apply the surface defined in the current study to
relevant biomaterials.
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Abstract: Silanized glass fibers are popular reinforcements of acrylic denture base materials. To in-
crease the number of surface hydroxyl groups and to improve interfacial adhesion between the
matrix and reinforcements, acid or base treatments of glass fibers are commonly performed before the
silanization. However, limited data are available on the effect of these treatments on the mechanical
properties of acrylic matrix composite materials used for denture base applications. In this work,
before the silanization of a woven glass fiber fabric (GF) with 3-(trimethoxysilyl) propyl methacrylate,
activation pretreatments using HCl and NH4OH aqueous solutions have been performed. To charac-
terize the glass surface, FTIR spectroscopy was used. Specimens of cured acrylic denture base resin
and composites were divided into five groups: (1) cured acrylic denture base resin-control group;
(2) composite with non-silanized GF; (3) composite with silanized GF; (4) composite with NH4OH
activated and silanized GF; (5) composite with HCl activated and silanized GF. The flexural and
impact properties of specimens were evaluated by means of three-point-bending tests and Charpy
impact testing, respectively. The residual reactivity of the samples was analyzed using differential
scanning calorimetry. The results of mechanical testing showed that acid and base pretreatments of
the glass fabric had a positive effect on the flexural modulus of prepared composites but a negative
effect on their impact strength. Possible interfacial adhesion mechanisms and the diffusion control of
isothermal cure reactions due to vitrification have been discussed.

Keywords: dentures; DSC; FTIR; glass fibers; mechanical properties; polymer composite;
polymethylmethacrylate (PMMA); treatments; acid; base; silane

1. Introduction

Despite advances in preventive dentistry, edentulism is still a big public health problem
worldwide [1]. Although there is a growing interest in dental implants, there is still a need
for mobile dentures, partial or complete. Materials for dentures must meet a number of
requirements since the denture in the oral cavity is exposed to chewing forces, changes
in temperature, and changes in pH, and saliva is rich in enzymes and bacteria. During
use, the material must remain inert, not dissolve in the oral cavity, have a neutral taste and
smell, and be dimensionally stable.

The most commonly used materials in prosthetic dentistry are those based on poly
(methyl methacrylate) (PMMA) owing to a reasonable cost, ease of processing and good
esthetic properties [2]. However, PMMA denture base is relatively brittle and easily
breaks if the patient applies high masticatory forces or if an accident happened (e.g.,
a denture has been dropped on a hard surface when cleaning, coughing or sneezing,
in traffic accidents, sports, etc.) [2–4]. Frequent fractures of the denture base represent not
only an inconvenience but also an additional cost to patients.
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In the past decades, extensive research efforts have been made to develop novel com-
posite materials. Polymer-matrix composites (PMC) have been reported as an excellent
alternative to metals and ceramics in automotive, aerospace, building or medical applica-
tions. The range of PMC applications continues to grow and increase in diversity with every
new development, as shown in recent review papers [5,6]. Fiber reinforcements are used
primarily to improve strength, stiffness, fracture resistance, impact and fatigue resistance
of PMC. The fiber surface conditions significantly influence the fiber-matrix interfacial
bond, which in turn, determines the mechanical properties of composites. The strength
properties achieved from fiber reinforcement depend also on fiber orientation [7]. To ob-
tain optimal composite structures, more efficient manufacturing processes, higher quality
products, advanced computational tools and artificial-intelligence modeling have been
applied [5,8,9].

The scientists have focused their attention on fiber-reinforced PMMA composite
materials to improve the denture base’s mechanical properties [10–15]. Among the available
fibers (glass, aramid, carbon, nylon, ultrahigh-modulus polyethylene), glass fibers are the
most popular due to their transparency and beneficial surface chemistry, which allows
their adhesion to the denture base resin [15]. The adhesion of fibers is primarily based
on the presence of hydroxyl groups on the surface of glass fibers and the reaction of the
groups with resin monomers via silane coupling agents [16,17]. Acid or base treatments of
glass substrates are commonly performed before the silanization to increase the number of
surface hydroxyl groups. Increased impact [18–20] and fatigue strengths [21] have been
reported with the use of woven glass fibers for the reinforcement of PMMA denture base
materials, compared to the unidirectional fibers.

Limited data on the acid or base surface treated glass fibers effects on the mechanical
properties of PMMA matrix composite materials used for denture base applications are
available. This work studied the activation pretreatments of a woven glass-fiber fabric,
using HCl and NH4OH aqueous solutions and their effects on mechanical properties of
PMMA/woven glass fibers composite materials. Possible interfacial adhesion mecha-
nisms and the diffusion control of isothermal cure reactions due to vitrification have been
discussed.

2. Results

2.1. FTIR Analysis

FTIR spectra of the pristine, NH4OH-treated, and HCl-treated woven glass-fiber fabric
are compared in Figure 1.

The FTIR spectrum of NH4OH-treated glass-fiber fabric is very similar to the FTIR
spectrum of untreated glass-fiber fabric, i.e., no changes in chemical bonds due to the base
treatment are observed. Compared to the FTIR spectrum of the pristine glass-fiber fabric,
the FTIR spectrum of HCl-treated glass-fiber fabric showed increased intensities of the
absorption band at 1633 cm−1 and the broad band, with a peak at 3335 cm−1, related to
the vibrations of OH bonds. This suggests that the glass surface is becoming increasingly
hydrated and hydroxylated due to the acid treatment [22]. The increased band intensity
at 1080 cm−1, related to the Si–O–Si siloxane bonds, and the decreased band intensity at
1437 cm−1 associated with other oxides (such as aluminum oxide, boron oxide, and so on,
present in E glass fibers), indicate the leaching of soluble oxides from the glass fibers [23].
Such leaching may be responsible for the generation of reactive hydroxyl ions at the fiber
surface, facilitating the formation of siloxane bonds.

The FTIR spectra of silanized NH4OH- or HCl-pretreated glass-fiber fabric were very
similar to the spectra of non-silanized NH4OH- or HCl-treated glass-fiber fabric. This may
indicate that the amount of the silane coupling agent on the glass surface is below the
detection limit of the equipment.
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Figure 1. FTIR spectra of the pristine, the NH4OH-treated, and the HCl-treated glass-fiber fabric.

2.2. Mechanical Testing

Specimens of cured acrylic denture base resin and composites were divided into five
groups: (1) cured acrylic denture base resin-control group (PMMA); (2) composite with non-
silanized glass fibers (PMMA/GF); (3) composite with silanized glass fibers (PMMA/GF_S);
(4) composite with NH4OH activated and silanized glass fibers (PMMA/GF_ NH4OH _S);
(5) composite with HCl activated and silanized glass fibers (PMMA/GF_ HCl _S).

Flexural and impact properties of specimens were evaluated by means of three-point-
bending tests and Charpy impact testing, respectively.

The appearance of the specimens after the three-point bending test is shown in Figure 2.
As shown in Figure 2, all the PMMA specimens had fractured into two pieces showing

a rectilinear and smooth fracture surface. Visual inspection of PMMA/GF specimens
indicated that only one layer of the matrix was broken, while the second matrix layer and
the glass fiber layer were preserved. In the vicinity of the rupture, the broken matrix layer
was partially separated from the fiber layer. Three of the five PMMA/GF_S composite
specimens had fractured into two pieces, and in the other two (marked as 2 and 4), two parts
of specimens are held together by some unbroken glass fibers. In two of the five specimens
of the PMMA/GF__NH4OH_S group, there was a complete fracture of the composite,
and in the other three there was a fracture of only one layer of the matrix, as seen in
the PMMA/GF group. All composite specimens of PMMA_/GF_HCl had fractured into
two pieces.

Photographs of the two groups of specimens after the impact testing are shown in
Figure 3.

During the impact testing, the PMMA specimens had fractured into two or three pieces.
The PMMA/GF_HCl_S photo illustrates the composite specimens’ typical appearance after
impact testing. In all composite specimens, only one matrix layer had fractured, at one or
more places, while the second matrix layer and the glass fiber layer were preserved. In the
vicinity of the ruptures, the broken matrix layer was partially separated from the fiber layer.
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Figure 2. The appearance of the specimens after the three-point bending test. PMMA-cured
acrylic denture base resin-control group; PMMA/GF -composite with non-silanized glass fibers;
PMMA/GF_S -composite with silanized glass fibers; PMMA/GF_ NH4OH _S -composite with
NH4OH activated and silanized glass fibers; PMMA/GF_ HCl _S composite with HCl activated and
silanized glass fibers.

Figure 3. The appearance of the specimens after impact testing. PMMA-cured acrylic denture
base resin-control group (specimens had fractured into two or three pieces); PMMA/GF_ HCl _S
composite with HCl activated and silanized glass fibers (only one matrix layer had fractured, at one
or more places, and the second matrix layer and the glass fiber layer were preserved). In the vicinity
of the ruptures, the broken matrix layer was partially separated from the fiber layer.
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The flexural strength, flexural modulus, and impact strength for tested groups are
compared in Figure 4a–c, respectively. The mean values and standard deviations of flexural
strength, flexural modulus, and impact strength of investigated groups of specimens are
presented in Table 1.

(a) (b) 

(c) 

Figure 4. Mechanical properties of the test specimens: (a) Flexural strength; (b) Flexural modulus;
(c) Impact strength. The significant difference between two groups is denoted by asterisk (*) with
p < 0.05.

Table 1. The mean values and standard deviations of flexural strength, flexural modulus, and impact
strength of investigated groups of specimens. The values followed by the same letter are not
significantly different from each other.

Title 1
Flexural Strength

(MPa)
Mean ± SD

Flexural Modulus
(GPa)

Mean ± SD

Impact Strength
(kJ/m2)

Mean ± SD

PMMA 91.9 ± 4.3 a 2.94 ± 0.10 a 8.68 ± 5.36 a
PMMA/GF 117.4 ± 39.5 a 3.01 ± 0.69 a 15.26 ± 5.36 a

PMMA/GF_S 135.1 ± 28.57 a 3.17 ± 0.33 a 24.31 ± 6.34 b
PMMA/GF_ NH4OH _S 117.0 ± 50.5 a 3.67 ± 0.40 b 12.37 ± 1.04 a

PMMA/GF_ HCl _S 129.3 ± 23.5 a 3.87 ± 0.34 b 13.85 ± 2.87 a
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The mean flexural strength values of all groups of the reinforced specimens were
higher, but not significantly, when compared to the unreinforced PMMA matrix. The high-
est value of flexural strength is shown in the PMMA/GF_S group, followed by the
PMMA/GF_ HCl _S group.

The mean flexural modulus values of reinforced specimens PMMA/GF and PMMA/GF_S
were higher, but not significantly, when compared to the unreinforced PMMA matrix.
The highest values of flexural modulus are shown in the PMMA/GF_ HCl _S group
(3.87 ± 0.34 GPa), which are significantly higher when compared to the unreinforced
PMMA matrix, and composite specimens PMMA/GF and PMMA/GF_S, but not sig-
nificantly different compared to the PMMA/GF_ NH4OH _S group (3.67 ± 0.40 GPa).
Further, there were statistically significant differences in the flexural modulus of the control
PMMA specimens and PMMA/GF_ NH4OH _S specimens.

The lowest mean impact strength value belonged to the control PMMA matrix,
which is not significantly different compared to PMMA/GF, PMMA/GF_ NH4OH _S and
PMMA/GF_ HCl _S. The highest mean impact strength (24.31 ± 6.34 kJ/m2) is shown in the
PMMA/GF_S group, which is significantly higher compared to the control PMMA matrix
and reinforced specimens PMMA/GF, PMMA/GF_ NH4OH _S and PMMA/GF_ HCl _S.
A comparison between the PMMA/GF_S and PMMA/GF_ HCl _S groups shows similar
values of flexural strength but superior values of flexural modulus for the PMMA/GF_ HCl
_S composite. On the contrary, the acid pretreatment of glass fabric has been associated
to a significant decrease in the impact strength of the PMMA/GF_ HCl _S composites,
compared to PMMA/GF_S.

2.3. DSC Analysis

Figure 5 shows dynamic DSC curves obtained for unreinforced acrylic systems (PM-
MAs), that were previously cured at room temperature (Figure 5a) or 55 ◦C (Figure 5b) for
2 h. The samples were heated to around 250 ◦C, then cooled down to room temperature
and immediately reheated to 150 or 200 ◦C.

Figure 5. Dynamic DSC curves obtained for unreinforced acrylic systems (PMMA), previously cured
at room temperature (a) or 55 ◦C (b) for 2 h. Heating/cooling rate: 5 ◦C/min.

DSC curves obtained during the first heating show glass transition as an endothermic
shift over a temperature interval between cca. 50 ◦C and 70 ◦C and an exothermic peak
between 110 ◦C and 170 ◦C, indicating residual reactivity of the system. As expected,
the area of the exothermic peak, corresponding to the residual heat of the reaction, is larger
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for the sample cured at room temperature compared to the sample cured at 55 ◦C. The DSC
curves obtained by cooling and reheating show only the glass transition of completely
cured material.

3. Discussion

The adhesion of glass fibers to the denture base resin is primarily based on the presence
of hydroxyl groups on the surface of glass fibers, and the reaction of the groups with resin
monomers via silane coupling agents. To increase the number of surface hydroxyl groups,
acid or base treatments of glass substrates are commonly performed before the silanization.

Possible trialkoxysilane surface modification reactions are illustrated in Figure 6.
During the treatment of glass fibers with the 3-(trimethoxysilyl) propyl methacrylate (3-
TMSPMA), the methoxy groups can hydrolyze in an aqueous environment, producing
silanol groups and liberating methanol. Silanol groups may self-condense, forming poly-
meric siloxane structures, and/or condense with hydroxyl groups present on the surface of
glass fibers to form a covalent bond to the substrate. On the other side, the methacryloyl
group of the silane coupling agent radically polymerizes with double bonds in the matrix
resin and chemically binds fibers with the matrix resin.

 

Figure 6. Hydrolysis of a trialkoxysilane and its reaction with a substrate with surface OH groups:
vertical condensation forming covalent bonds to the substrate, and horizontal condensation forming
polymeric siloxane structures.

The results of mechanical testing showed that acid and base pretreatments of the
glass fiber fabric had a positive effect on the flexural modulus of prepared composites
but a negative effect on their impact strength. The highest values of flexural modulus
are shown in the PMMA/GF_ HCl _S group (3.87 ± 0.34 GPa), which is significantly
higher when compared to unreinforced PMMA matrix (2.94 ± 0.10 GPa), and composite
specimens PMMA/GF (3.01 ± 0.69 GPa) and PMMA/GF_S (3.17 ± 0.33 GPa), but not
significantly different compared to the PMMA/GF_ NH4OH _S group (3.67 ± 0.40 GPa).
Additionally, there were statistically significant differences in the flexural modulus of the
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control PMMA specimens and PMMA/GF_ NH4OH _S specimens. The highest mean
impact strength (24.31 ± 6.34 kJ/m2) is shown in the PMMA/GF_S group, which is
significantly higher compared to control PMMA matrix (8.68 ± 5.36 kJ/m2) and reinforced
specimens PMMA/GF (15.26 ± 5.36 kJ/m2), PMMA/GF_ NH4OH _S (12.37 ± 1.04 kJ/m2)
and PMMA/GF_ HCl _S (13.85 ± 2.87 kJ/m2). The impact strength of PMMA/GF_S is an
order of magnitude larger than the values reported by Kanie et al. [24], and approximately
twice the value reported by Dikbas et al. [25]. The flexural strength (135.1 ± 28.57 MPa)
and flexural modulus (3.17 ± 0.33 GPa) of the PMMA/GF_S composite are comparable to
the values reported by Kanie et al. [24].

Many factors have an impact on the mechanical properties of composites and cannot be
considered in an isolated way. As seen from the FTIR results, the pretreatment of glass fibers
with HCl resulted in an increase of hydroxyl groups that may facilitate chemical bonding,
via silane coupling agents, and adhesion between the glass fibers and polymer matrix.
Furthermore, it can be assumed that HCl etching increases the surface roughness of the
fibers providing mechanical interlocking. However, the HCl pretreatment can also weaken
the structure of glass fibers due to the leaching ions from the fiber surface as well as from
the fiber bulk [22,23]. Our results suggest that the flexural modulus of composites depends
much more on the adhesion between the glass fabric and matrix, while the microstructure
of the fibers has a pronounced influence on the impact strength of composites.

Dynamic DSC characterization indicated a residual reactivity of the polymer matrix.
The incomplete curing obtained in isothermal conditions can be explained in terms of
diffusion control effects in the vicinity of isothermal vitrification. The structural changes
produced by the polymerization reactions are associated with an increase of the glass
transition temperature, Tg, of the reactive system. When the increasing Tg approaches
the isothermal cure temperature, the molecular mobility is strongly reduced, and the
reaction becomes diffusion controlled and eventually stops. Subsequent exposure to
temperatures greater than the previous isothermal cure temperature results in the increase
of the molecular mobility and further reaction.

The presence of unreacted residual monomers in denture base acrylic resins is unde-
sirable since they are leached out from the denture base into the saliva and transferred to
the oral structures, causing adverse allergic reactions [26]. Therefore, a post curing of the
denture base materials at a temperature slightly higher than the Tg of the completely cured
system (cca. 110 ◦C) can be recommended.

Our future research will be focused on optimizing the glass fiber pretreatments, using
different concentrations of HCl solutions with different time periods. The effect of post
curing on the mechanical properties of the acrylic matrix composite materials will be
evaluated, as well.

4. Materials and Methods

In this study, commercially available self-curing acrylic resin as a denture base material
(Meliodent® Rapid Repair, powder and liquid, Kulzer GmbH, Hanau, Germany) was used.
The composition of the material, as provided by the manufacturer, is presented in Table 2.

Table 2. Composition of denture base material (manufacturer information).

Material Composition

Meliodent® Rapid Repair Powder methacrylate copolymers

Meliodent® Rapid Repair Liquid

methyl methacrylate, >90%,
Tetramethylene dimethacrylate ≥ 1–≤5%

2-(2H-Benzotriazol-2-yl)-4-methylphenol, ≥0.25–<1%
N,N-Dimethyl-p-toluidine, <1%

Woven glass fibers (Satin Weave E Glass, density 163 g/m2, Kelteks, Karlovac, Croatia)
were used to reinforce the denture base material. 3-(trimethoxysilyl) propyl methacrylate
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silane (98%, Acros Organics, Geel, Belgium), hydrochloric acid (35%, LACH-NER) were of
reagent-grade quality and were used without further purification.

4.1. Surface Functionalization of Glass Fibers

A mat of woven glass fibers was cleaned by immersion in ethanol for 24 h. After drying
in air, the activation pretreatment of glass fiber mat was performed using hydrochloric
acid (HCl) and ammonium hydroxide (NH4OH) aqueous solutions, both of concentration
1 mol dm−3, for 24 h. Woven glass fibers were rinsed with deionized water (five consecutive
immersions for 15 min each) followed by drying at room temperature for 24 h. Dried fabric
was treated with a 2% (v/v) solution of 3-(trimethoxysilyl) propyl methacrylate silane
(TMSPMA) in ethanol for 24 h at room temperature.

4.2. FTIR Analysis

Diffuse reflectance Fourier-transform infrared (DRIFT) spectroscopy was performed
by Bruker Vertex 70 spectroscope. E-glass fibers were manually chopped, mixed with KBr
(Sigma-Aldrich, St. Louis, MO, USA) in the mass ratio 25/75, and placed in a sample
cup. Spectra were collected over the 4000 to 400 cm−1 range with 4 cm−1 resolution and
32 scans.

4.3. Preparation of Composite Materials

The preparation of composite materials turned out to be quite demanding because
curing reactions already took place at room temperature. Due to this, the mixing of denture
base materials and impregnating the fibers had to be fast, while the resin had a relatively
low viscosity. Meliodent resin denture base material was hand mixed, using a powder-to
liquid ratio of 10 g to 10 mL. Precut, single-layer woven glass fiber mat was placed in
a glass mold between two poured layers of resin. A brush was used to incorporate the
resin into the fibers and to remove air from the composite. The mold was covered with a
clean glass plate and kept at room temperature for 20 min under 9.8 N load, and then at
55 ◦C for 2 h. Specimens of cured acrylic denture base resin, without fiber reinforcement,
were also prepared as a control. Prepared materials were classified into five groups:
(1) control group-cured acrylic denture base resin, without fiber reinforcement (PMMA);
(2) composite with non-silanized glass fibers (PMMA/GF); (3) composite with silanized
glass fibers (PMMA/GF_S); (4) composite with NH4OH activated and silanized glass fibers
(PMMA/GF_ NH4OH _S); (5) composite with HCl activated and silanized glass fibers
(PMMA/GF_ HCl _S). A minimum of five rectangular specimens (1.2 × 10 × 80 mm) were
produced for each type of material.

4.4. Mechanical Testing
4.4.1. Flexural Strength Test

All groups of specimens were tested for flexural strength with a three-point bending
test with a universal testing machine (Inspekt Table Blue 20 kN, Hegewald and Peschke
Meß- und Prüftechnik GmbH, Germany) at a crosshead speed of 5 mm/min and a span
length of 20 mm. The flexural strength, Rmf, and the flexural modulus, E, were calculated
with the Equations (1) and (2), respectively:

Rm f =
3 · Fmax · L

2 · b · h2 (1)

E =
F1 · L3

4 · b · h3 · d
(2)

where Rmf is flexural strength (MPa), Fmax is the fracture load applied (N), L is the span
length (mm), b is the specimen width (mm), and h is the specimen thickness (mm). F1 is the
load at a point in the straight-line portion of the load/displacement curve [N], and d is the
deflection at load F1 [mm].
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4.4.2. Charpy Impact Test

The impact strength was evaluated using the Charpy method. The impact test was
performed with unnotched rectangular specimens at room temperature in an impact testing
machine (Karl Frank GmbH, Weinheim-Birkenau, Germany), with a pendulum energy
of 10 kpcm (approximately 1 J) at room temperature. The specimens were horizontally
positioned with a distance of 62 mm between the two fixed supports. The Charpy impact
strength of each test specimen was calculated using the Equation (3).

acU =
103Ec

b · h
(3)

where acU is Charpy impact strength of the unnotched specimen (kJ/m2), Ec is corrected
energy absorbed by breaking, or in some cases damaging the test specimen (J), h is thickness
of specimen (mm) and b is width of specimen (mm).

4.5. DSC Analysis

The dynamic DSC analysis of cured specimens was performed on DSC 3500 Sirius®

Differential Scanning Calorimeter (NETZSCH-Gerätebau GmbH, Selb, Germany) at a
heating/cooling rate of 5 ◦C/min in a nitrogen atmosphere.

4.6. Statistical Analysis

The data were statistically analyzed using a one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc method (p < 0.05).
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Abstract: The pre-heating of dental resin-based composites (RBCs) improves adaptability to cavity
walls, reducing microleakages. However, the rapid cooling of the pre-heated RBC may change the
polymerization kinetics, and thus the final network configuration of the RBC. It is well known that
unreacted monomers remaining in the set RBC can leach into the oral cavity. However, it is still
not clear how the pre-heating and cooling of RBCs alter monomer elution (ME). Thus, the purpose
was to determine the ME from room-temperature and pre-heated RBCs, in addition to determining
the closed porosity (CP) volume. Bulk-filled RBCs and layered conventional RBC samples were
prepared. The pre-polymerization temperature was set at 24 ◦C and 55/65 ◦C. The ME from RBC
samples was assessed with high-performance liquid chromatography using standard monomers. CP
was measured with micro-computed tomography. ME decreased significantly from bulk fills and
increased from layered samples as a result of pre-heating. Pre-heating was unfavorable in terms
of CP in most RBCs. Based on the effect size analysis, ME and CP were greatly influenced by both
material composition, pre-polymerization temperature, and their interaction. While the pre-heating
of high-viscosity bulk-fill RBCs is advantageous from a clinical aspect regarding biocompatibility, it
increases CP, which is undesirable from a mechanical point of view.

Keywords: resin composite; bulk fill; pre-heating; monomer elution; porosity

1. Introduction

As one of the most common dental restorative materials, resin-based composites
(RBCs) have been widely and effectively used in clinical practice [1]. Their gradual im-
provement in formulation, properties, and esthetics has made them popular among den-
tists [2]. In order to achieve durable and successful direct restoration, the most important
factors include the mechanical properties, degree of conversion (DC), polymerization stress,
handling characteristics, and marginal adaptation [3]. High viscosity and stickiness impair
the handling of the RBC, resulting in deficient adaptation to the cavity walls and margins
and potentially increasing void incorporation [4,5]. Flowable RBCs present significantly
lower viscosity, which can improve the adaptation through the increased wettability of
the walls [4]. Viscosity, among other things, is strongly dependent on the composition of
the resin matrix, filler size, distribution, and fraction [6]. A lower filler load is reflected in
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inferior functional wear and physical properties, and therefore are drawbacks of flowable
RBCs [7]. However, a significant reduction in viscosity can be achieved by the pre-heating
of condensable RBCs without compromising the mechanical properties [8]. At elevated
temperatures, thermal vibration allows the monomers to slide by each other more easily,
leading to decreased internal friction [9]. The increased flow of pre-heated condensable
RBCs improves the adaptation of the uncured material to the cavity walls, potentially
reducing microleakages [10]. In addition to good adaptation, other advantages of pre-
heated RBCs, such as a higher DC, increased surface hardness, and compressive and
diametral tensile strength, have made them popular among clinicians [10,11]. In addition,
flexural strength is unaffected, while polymerization shrinkage is adversely influenced by
pre-heating [12].

Since an inverse correlation was detected between the DC and unreacted monomer elu-
tion from RBCs by several investigations, the question arises as to how pre-heating affects
the biocompatibility of RBCs [13,14]. The DC expresses the extent of polymerization. A
higher DC corresponds to increased microhardness, flexural strength and modulus, fracture
resistance, tensile strength, dimensional and color stability, and decreased solubility and
monomer elution [15–18]. RBC polymers with similar DCs may exhibit distinct cross-link
densities due to the differences in polymerization kinetics [10,19]. The process of monomer-
to-polymer conversion and the properties of the set polymer network are influenced by the
polymerization temperature [10]. Pre-heating transfers heat energy to the system, which
changes the kinetics due to the reduction in viscosity and the promotion of reactive radical
mobility and collision frequency, which results in higher monomer-to-polymer conversion
and delayed autodeceleration [20]. This may alter the network configuration and may
influence the arrangement of polymerized, pendant, and free monomer molecules [21,22].
Several studies concluded that rapid cooling during removal from the heating device may
compromise the monomer-to-polymer conversion depending on the type of RBC [23–25].
In a recent study, pre-heating was not shown to influence the DC of a newly introduced
thermoviscous bulk fill; however, a decreased DC at the bottom surface of a contemporary
bulk-fill RBC was shown [26]. As a consequence of incomplete polymerization, the unre-
acted and also pendant monomers can reduce the physical properties of the RBCs, and
their detection plays an important role in the evaluation of RBC biocompatibility [27].

The amounts of leachable monomers could be higher in the presence of oxygen-
containing pores and voids since the oxygen-inhibited layer is similar to the unpolymerized
RBC and may potentially release unreacted monomers [28]. Upon investigating the impact
of different insertion techniques on internal pore and void formation, Demirel et al. found
that the application of a thermoviscous bulk-fill RBC with the utilization of the pre-heating
technique showed the lowest void percentage [29].

As the result of the above-referred studies, pre-heating and the consequential rapid
cooling may differently alter the polymerization kinetics of resin composites depending on
their composition and manipulation method. Thus, the final network configuration and
the arrangement of the connected and unconnected monomer units could be different. In
addition to the setting kinetics, the application technique may also influence pore formation,
leading to a change in the amount of leachable unreacted monomers. Although the release
of unreacted monomers from room-temperature conventional or bulk-fill RBCs has been
extensively investigated, there is no available literature about how pre-heating may change
monomer release and porosity, which are important factors with regard to biocompatibility.

Therefore, the purpose of the present study was to investigate the unreacted monomer
release from different types of restorative RBCs as a result of pre-heating, using reversed-
phase high-performance liquid chromatography (RP-HPLC). A further aim was to evaluate
the effect of pre-heating on the closed porosity of RBCs with the help of micro-computed
tomography (micro-CT) measurements. The null hypotheses were: (1) pre-heating has no
effect on the porosity of RBCs, and (2) pre-cure temperature does not affect the amount of
released unreacted monomers.
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2. Results

The maximum radiant exitance of the LED LCU measured by the radiometer was
1250 ± 15 mW/cm2. The delivered radiant exposure was 25 ± 3 J/cm2.

2.1. Micro-Computed Tomography Measurements

According to the 3D evaluation, the volume of internal voids relative to the total
volume of the RBC sample was higher in pre-heated samples compared to the room-
temperature samples for each material (Figure 1). The differences found to be significant
according to the independent t-test were FOB: t(4) = −6.26; p < 0.001; VCB: t(4) = −2.99;
p < 0.02; FZ: t(4) = −4.46; p = 0.002; GP: t(4) = −16.37; p < 0.001; EP: t(4) = −6.3; p < 0.001,
except ESQ t(4) = −2.09; p = 0.07.

Figure 1. Closed-porosity volume (%) of the room temperature and pre-heated samples analyzed
with micro-computed tomography. Different letters denote statistically significant differences among
the materials analyzed by one-way analysis of variance (ANOVA) and Tukey’s post hoc test. The
* mark indicates statistically significant differences between the room-temperature (RT) and pre-
heated (PH) groups according to the independent two-tailed t-test.

Among the investigated materials, the lowest porosity was detected in the bulk-fill
samples (FOB and VCB), while the highest values were found in EP, especially in its pre-
heated form. The order of measured porosities among RBCs was: FOB < VCB < ESQ < FZ
< GP < EP.

The general linear model revealed that both the Material (p = 0.001) and Temperature
(p = 0.001) factors have a significant effect on closed porosity and the effect size was
considered to be large (Material ηp2 = 0.38; Temperature ηp2 = 0.18).

2.2. Reversed-Phase High-Performance Liquid Chromatography Measurements

Bisphenol A-glycidyl methacrylate (BisGMA), urethane-dimethacrylate (UDMA),
trietylene-glycol-dimethacrylate (TEGDMA), 1,12-dodecanediol-dimethacrylate (DDMA),
and tricyclodecane-dimethanol-dimethacrylate (TCDDD) standard monomers were se-
lected to detect the elution of these monomers from the investigated bulk-fill and layered
contemporary RBCs. In addition to the monomers specified by the manufacturers, other
methacrylates were also detected from FOB (BisGMA), VCB (TEGDMA), and EP (DDMA)
RBCs. Although TCDDD is a component of GP, the free monomer was not released in a
detectable amount.
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Depending on the brand, and thus the composition of the RBC, the detected monomer
elution varied extensively. The highest amount of monomer was released from GP (UDMA),
followed by VCB (BisGMA), then EP (DDMA, UDMA), and ESQ (BisGMA, TEGDMA).
Less than 1 nmol/1 mg RBC monomer elution was detected from both the conventional
(FZ) and bulk-fill (FOB) Filtek RBCs. Figures 2–7 show the chromatograms and the amount
of identified eluted monomers from the investigated room temperature and pre-heated
RBCs. Several chromatograms show peaks of eluted, but not identified substances besides
the monomers identified as standard dimethacrylates.

Figure 2. Comparison (A) of the amount of eluted monomers from room-temperature (blue bars)
and pre-heated (orange bars) Filtek One Bulk Restorative samples. The * mark indicates statistically
significant differences between the groups according to the independent two-tailed t-test. The chro-
matogram (B) shows the detected monomers eluting from room-temperature (black chromatogram)
and pre-heated (blue chromatogram) Filtek One Bulk Restorative (FOB) and their retention times
based on the standard monomers, evaluated at a 205 nm wavelength. (Abbreviations: UDMA,
urethane-dimethacrylate; BisGMA, bisphenol A-glycidyl methacrylate; DDMA, 1,12-dodecanediol-
dimethacrylate; mAU, milli-Absorbance Units).
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Figure 3. Comparison (A) of the amount of eluted monomers from room-temperature (blue bars)
and pre-heated (orange bars) VisCalor Bulk samples. The * mark indicates statistically significant
differences between the groups according to the independent two-tailed t-tests. The chromatogram
(B) shows the detected monomers eluting from room-temperature (black chromatogram) and pre-
heated (blue chromatogram) VisCalor Bulk and their retention time based on the standard monomers,
evaluated at a 205 nm wavelength. (Abbreviations: BisGMA, bisphenol A-glycidyl methacrylate;
TEGDMA, trietylene-glycol-dimethacrylate; DDMA, 1,12-dodecanediol-dimethacrylate; mAU, milli-
Absorbance Units).
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Figure 4. Comparison (A) of the amount of eluted monomers from room-temperature (blue bar) and
pre-heated (orange bar) G-aenial Posterior samples. The * mark indicates statistically significant
differences between the groups according to the independent two-tailed t-test. The chromatogram
(B) shows the detected monomers eluting from room-temperature (black chromatogram) and pre-
heated (blue chromatogram) G-aenial Posterior and their retention times based on the standard
monomers, evaluated at a 205 nm wavelength. (Abbreviations: UDMA, urethane-dimethacrylate;
mAU, milli-Absorbance Units).
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Figure 5. Comparison (A) of the amount of eluted monomers from room-temperature (blue bars) and
pre-heated (orange bars) Filtek Z250 samples. The * mark indicates statistically significant differences
between the groups according to the independent two-tailed t-test. The chromatogram (B) shows the
detected monomers eluting from room-temperature (black chromatogram) and pre-heated (black
chromatogram) Filtek Z250 and their retention times based on the standard monomers, evaluated at
a 205 nm wavelength. (Abbreviations: TEGDMA, trietylene-glycol-dimethacrylate; UDMA, urethane-
dimethacrylate; BisGMA, bisphenol A-glycidyl methacrylate; mAU, milli-Absorbance Units).
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Figure 6. Comparison (A) of the amount of eluted monomers from room-temperature (blue bars)
and pre-heated (orange bars) Estelite ΣQuick samples. The * mark indicates statistically significant
differences between the groups according to the independent two-tailed t-test. The chromatogram (B)
shows the detected monomers eluting from room-temperature (black chromatogram) and pre-heated
(blue chromatogram) Estelite ΣQuick and their retention times based on the standard monomers,
evaluated at a 205 nm wavelength. (Abbreviations: TEGDMA, trietylene-glycol-dimethacrylate;
BisGMA, bisphenol A-glycidyl methacrylate; mAU, milli-Absorbance Units).

 

Figure 7. Cont.
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Figure 7. Comparison (A) of the amount of eluted monomers from room-temperature (blue bars) and
pre-heated (orange bars) Enamel Plus HRi Bio Function samples. The * mark indicates statistically
significant differences between the groups according to the independent two-tailed t-test. The chro-
matogram (B) shows the detected monomers eluting from room-temperature (black chromatogram)
and pre-heated (blue chromatogram) Enamel Plus HRi Bio Function and their retention times based
on the standard monomers, evaluated at a 205 nm wavelength. (Abbreviations: UDMA, urethane-
dimethacrylate; DDMA, 1,12-dodecanediol-dimethacrylate; TCDDD, tricyclodecane-dimethanol-
dimethacrylate; mAU, milli-Absorbance Units).

The evaluated monomers from both the bulk-fill FOB and VCB showed a significantly
greater degree of elution when applied at room temperature compared to the pre-heated
samples. The monomer elution from the FOB_55 decreased by ~50%, while the elution
from VCB_65 was reduced by 15–20%. However, the opposite tendency was observed
in the case of the layered contemporary RBCs. Their monomer release was significantly
higher in the pre-heated groups (in GP_55, increased by 35%; in FZ_55 by 25–30%; in ESQ
_55 by 15–20%; and in EP_55 by 30–35%) (Table 1).

Table 1. Differences in mean values of eluted monomers (nmol/1 mg RBC) between room-
temperature (RT) and pre-heated (PH) resin-based composites. Data are provided using a two-tailed
independent t-test.

RBC Monomer Temp Mean (S.D.) t-Value p-Value
95% CI

Lower Value Upper Value

Enamel Plus
HRi

UDMA
RT 3.5 (0.13)

26.5 <0.001 1.37 1.66PH 5.02 (0.05)

DDMA
RT 4.89 (0.24)

10.1 <0.001 0.005 0.03PH 7.57 (0.24)

TCDDD
RT 0.05 (0.01)

19.1 <0.001 2.36 3PH 0.07 (0.01)

Estelite Σ
Quick

TEGDMA
RT 3.44 (1.13)

11.2 <0.001 −0.6 1.78PH 4.05 (0.1)

BisGMA
RT 4.06 (0.24)

7.9 <0.001 0.79 1.32PH 5.12 (0.09)

Filtek Z250

TEGDMA
RT 0.07 (0.01)

3.7 0.006 −0.003 0.02PH 0.06 (0.01)

UDMA
RT 0.62 (0.01)

9.6 <0.001 0.19 0.28PH 0.86 (0.04)

BisGMA
RT 0.27 (0.01)

15.2 <0.001 0.08 0.1PH 0.36 (0.01)
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Table 1. Cont.

RBC Monomer Temp Mean (S.D.) t-Value p-Value
95% CI

Lower Value Upper Value

Gaenial
Posterior

UDMA
RT 7.81 (0.3)

27.7 <0.001 3.66 4.57PH 11.93 (0.3)

Viscalor Bulk

TEGDMA
RT 0.53 (0.01)

6.7 <0.001 0.05 0.09PH 0.45 (0.02)

BisGMA
RT 8.6 (0.39)

10.5 <0.001 1.54 2.39PH 6.6 (0.14)

DDMA
RT 0.1 (0)

1.5 0.17 −0.003 0.02PH 0.1 (0)

Filtek One
Bulk

UDMA
RT 0.49 (0.02)

2.7 0.28 0.004 0.05PH 0.46 (0.01)

BisGMA
RT 0.59 (0.02)

2.5 0.04 0.003 0.07PH 0.55 (0.03)

DDMA
RT 1.21 (0.04)

3.9 0.004 0.03 0.13PH 1.13 (0.03)

Abbreviations: RBC: resin-based composite; Temp: temperature; S.D.: standard deviation; CI: confidence interval;
BisGMA: bisphenol-A diglycidil ether dimethacrylate; DDMA: 1,12-dodecane dimethacrylate; TCDDD: tricyclode-
cane dimethanol dimethacrylate; TEGDMA: trietylene glycol di-methacrylate; UDMA: urethane dimethacrylate.

The general linear model showed a statistically significant effect for both the Material
and Temperature factors and also for their interaction on BisGMA, UDMA, TEGDMA, and
DDMA elution. The partial eta-squared value was considered to be large for both factors
and their interaction, as well (Table 2).

Table 2. Relative effect size of Material (M) and Temperature (T) factors and their interaction (M × T)
on the amounts of released monomers. The general linear model and partial eta-squared statistics (η2)
show a large and significant effect of both the type of resin composite (M) and pre-polymerization
temperature (T) and their interaction on the release of those monomers that can be found in more
resin composites.

Factor

Monomer release

BisGMA UDMA TEGDMA DDDMA

p-Value η2 p-Value η2 p-Value η2 p-Value η2

Material <0.001 0.99 <0.001 0.99 <0.001 0.99 <0.001 0.99
Temperature <0.001 0.98 <0.001 0.98 <0.001 0.79 <0.001 0.93

M × T <0.001 0.98 <0.001 0.98 <0.001 0.92 <0.001 0.97

Abbreviations: BisGMA: bisphenol-A diglycidil ether dimethacrylate; DDDMA: 1,12-dodecane dimethacrylate;
TEGDMA: trietylene glycol di-methacrylate; UDMA: urethane dimethacrylate.

The TCDDD monomer was not included in the effect size analysis, since its release
was only detected from EP.

3. Discussion

In this in vitro study, the volume of the internal pores and the elution of the unreacted
monomers of room-temperature and pre-heated conventional layered and bulk-fill dental
resin composites were assessed using micro-computed tomography and high-performance
liquid chromatography.

It was assumed that (1) pre-heating has no effect on the porosity of RBCs and that
(2) the pre-cure temperature does not affect the amounts of unreacted monomers released.
However, both hypotheses should be rejected, since the pre-heating of the investigated
RBCs had a significant impact on internal pore formation as well as on monomer elution.

The accuracy of three-dimensional, high-resolution micro-CT allowed the detection of
small voids and air incorporation within the RBCs [30]. Although submicron pores are already
present in the material delivered by the manufacturer [31], further air bubbles are incorporated
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into the restoration during the clinical manipulation [32]. Porosity is an undesirable property
of the RBC, which can significantly decrease the strength, increase water solubility and
microleakages, and thus compromise the success of the restoration [33,34].

Porosity correlates with layer thickness, placement technique, and operator skill [35,36].
Our findings showed that the two bulk placements (FOB and VCB) resulted in less pore
formation compared to the ones that were layered (GP, FZ, ESQ, and EP); however, the
values do not differ in a statistically significant manner in every case.

Our findings are consistent with other studies that evaluated different techniques
of posterior RBC placement [35,37]. They found a high rate of air incorporation in the
examined samples, but a higher incidence of pores was found in the samples that were
layered in thicker increments [31].

A more pronounced effect was found on pore formation when the RBCs were pre-
heated. Compared to the room temperature samples, significantly higher closed porosity
values were measured as a result of pre-heating in all tested RBCs, except ESQ. Pre-heating
reduces the viscosity of RBC, which helps material handling as it flows into the cavity.
Although several studies showed that the use of high-viscosity RBCs increased the risk
of air incorporation, it was also detected that the use of flowable RBCs cannot eliminate
the risk of void formation [35,38]. However, Balthazard et al., through their investigation
into the porosity of RBCs, concluded, that the less viscous the material was, the greater its
porosity, regardless of the handling conditions [39]. Highly viscous RBCs need a higher
condensing force to adapt the material to the walls, which may squeeze out the air bubbles
from the material [39].

Furthermore, the vaporization of monomers also resulted in increased porosity. The
elevation of the pre-cure temperature increases the vaporization of the organic resin com-
ponents, especially the low-molecular-weight monomers [34].

Although porosity strongly depends on the consistency and handling conditions,
it is a multifactorial phenomenon and is also influenced by the polymerization of the
material. The curing protocol and the resin matrix composition have an impact on the
polymer network architecture, and its heterogeneity may lead to increased porosity [40]. In
contrast to studies reporting the improved monomer conversion of pre-heated RBCs under
isothermal conditions, in a clinical setting, the RBC shows rapid cooling after removal from
the warming device [41,42]. In a recent study, it was detected that the temperature of the
pre-heated RBC decreased by ~26 ◦C immediately after removal from the heating device
regardless of the pre-heating temperature. Further decreases by 1–2.6 ◦C were measured
during RBC application into the mold [26]. The equilibration of the pre-heated RBCs
and the ambient temperature resulted in faster cooling of the warmer RBCs, which may
compromise the polymerization kinetics [23]. The rapid temperature decrease results in
excess heat loss, which may deprive energy from the system, hinder the exothermic reaction,
and prevent a sufficient increase in polymerization reactivity. Since the exothermic reaction
during RBC polymerization reflects the extent of monomer-to-polymer conversion [10,43],
the hindered propagation with reduced exothermic reaction can lead to a decreased DC,
as was measured by Kincses et al. [26]. Moreover, the rapid cooling of the pre-heated
RBC before polymerization may contribute to the structural heterogeneity of the polymer
network [44]. A rapid decrease in temperature may lead to early vitrification, which
restricts molecular mobility and hinders the diffusion of air bubbles which will become
trapped in the material [40], resulting in higher porosity detected by micro-CT.

Among the above-mentioned phenomena, oxygen diffusion, as a side effect of ele-
vated RBC temperatures, may play a significant role in the increased porosity of pre-heated
RBCs [45]. As the temperature increases, the decrease in viscosity promotes oxygen pene-
tration into the RBC. Oxygen also reduces the extent of conversion by scavenging on free
radicals, resulting in less-reactive peroxy radicals and/or the quenching of the excited state
of the initiator [45].

Insufficient polymerization decreases the degree of conversion and, as a consequence,
might increase the released unreacted components from the RBC [15,17]. Unreacted
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monomers are not only the result of insufficient conversion. They are also present on
the inner surface of air inclusions—related to porosity formation—due to oxygen inhibi-
tion [34,46]. The above issues may compromise the biocompatibility of RBCs and create
favorable conditions for the proliferation of microorganisms [47]. The solubility of RBCs,
furthermore, can accelerate degradation, which adversely affects the physical properties of
the material [14].

RP-HPLC was used in this study to detect the released monomers, as it allows the
accurate quantitative detection of monomers of interest. The analysis of selected unreacted
dimethacrylates (BisGMA, UDMA, TEGDMA, DDMA, TCDDD) cannot provide an abso-
lute measure of the quality of released components, as the chromatograms demonstrated
other unidentified eluted ingredients. This can be considered a limitation of this study.
Furthermore, the literature regarding monomer release from pre-heated RBCs is limited;
hence, the discussion of this issue and subsequent comparisons to other results are also
restricted. The amounts of eluted monomers were given in the nanomolar range, which
was then converted to elution from 1 mg RBC to exclude the differences that arise from
distinct weights of RBC samples. In clinical situations, the local concentrations of leached
monomers can be in the millimolar range, which is considered to be high enough to induce
a variety of adverse biological effects [22].

A 75 vol% ethanol/water medium was applied to extract the unreacted monomers as
it is considered to be a good food simulator, and therefore clinically relevant according to
the US Food and Drug Administration (FDA) [48].

Regarding the monomer elution in this study, distinctive results were found in high-
viscosity conventional and bulk-fill RBCs. The former released 15–35% more monomer
from its pre-heated form, meanwhile the monomer elution from bulk fills was reduced by
15–20% (VCB_65) and 50% (FOB_55) when the RBC was warmed.

Bulk-fill materials have higher volume, which can keep the increased temperature
inside the material for a relatively prolonged period [49]. This can store enough energy in
the polymerizing system for a higher DC even if the system temperature decreases rapidly.
Additionally, high filler content can also contribute to the thermal storing capacity and
may delay autodeceleration, thereby prolonging the vitrification of the polymer mass [23].
The absolute filler content and thus the filler/matrix interface is also higher in thicker
restoratives. A possible role for the silane interface was suggested by Pluddemann, ac-
cording to which the coupling agent can create dynamic thermal equilibrium between the
organic matrix and inorganic filler, which results in a greater exothermic reaction during
polymerization [50]. The results of recent studies, however, only partially confirm the above
speculation regarding the DC of highly filled, pre-heated bulk-fill RBCs [23,26,42]. These
findings support the strong effect of RBC composition on the results, as was also detected
in our study [25]. Although the DC and monomer elution are inversely related [51], Kincses
et al. detected contradictory results, as such—that pre-heating not only decreased the DC of
FOB but also the monomer elution [26]. Chaharom et al. investigated the monomer release
of pre-heated bulk-fill RBCs and detected slightly lower, although not significantly, elution
from the pre-heated samples compared to the room-temperature specimens [52]. According
to our results, pre-heating significantly reduced the unreacted monomer release from both
bulk-fill RBCs. On the contrary, the monomer release was increased when the conventional
layered RBCs were pre-heated. A possible explanation may be that the above-mentioned
rapid cooling and, additionally, the cold-condensing instruments deplete more energy
from the thinner (2 mm) layers. This may accelerate the vitrification and, with that, the
termination of polymerization, leading to a decreased DC, a more heterogeneous network
formation, and, thus, a higher amount of unreacted monomers. In contrast, Deb et al.
found that increasing the pre-cure temperature to 60 ◦C in conventional RBCs caused a
significant increase in the DC [53]. However, as was mentioned above, monomer release
from RBC does not solely depend on the DC and the nature of the monomers but also may
be related to the chemical structure of the polymer network. In polymerized structures,
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monomers stuck in micro-porosities are more susceptible to elution during water sorption,
and heterogeneous materials have a higher volume of micro-pores [54].

In general, regardless of pre-cure temperature, a high amount of monomer was re-
leased from GP, followed by VCB, then EP, and ESQ; meanwhile, the monomer elution
from FOB and FZ was fairly small. Despite the reduced monomer elution seen with the
application of pre-heating, the absolute amount of BisGMA was still the highest from VCB
(6.6 nmol/1 mg RBC) compared to all the investigated BisGMA-based RBCs. VCB is a
BisGMA/aliphatic dimethacrylate-based thermoviscous RBC, according to the technical
product profile. Following HPLC measurements, small amounts of TEGDMA and DDMA
were detected as eluted aliphatic dimethacrylates. Strong intermolecular hydrogen bonds
make BisGMA the most viscous molecule among resin matrix monomers. The strong
bonding can decrease the reactivity and mobility of BisGMA during polymerization, which
may lead to a higher amount of unconverted monomers [55]. On the other hand, the
75% ethanol/water used as an extraction medium showed easy penetration, especially
in BisGMA-based RBCs. The resulting resin-softening expands the spaces within the
polymer, creating soluble units [56]. In support of the above hypotheses, other studies
also demonstrated elevated BisGMA, TEGDMA, and UDMA levels in the alcohol-based
medium [13,57]. Like VCB, ESQ is a BisGMA/TEGDMA-based system, and the detected
elution was high not only for BisGMA but also for TEGDMA. It can be assumed that the
higher TEGDMA ratio resulted in higher elution compared to VCB. Additionally, TEGDMA
is a low-molecular-weight monomer with higher mobility, which allows for a higher and
faster rate of elution [58]. The UDMA-based GP and EP released high amounts of UDMA
and diluting monomers, such as TEGDMA, DDMA, or TCDDD as well.

Although FOB is also a UDMA-based RBC and FZ is a BisGMA/UDMA/BisEMA-
based restorative material, the elution of different monomers from both RBCs was 10 to
70-fold lower compared to the other RBCs tested, regardless of pre-curing temperature.
One would assume that the similarly very low monomer dissolution is caused by the
identical composition of the two RBCs. However, neither the organic matrix nor the filler
content is the same. Moreover, FOB is a bulk fill, while FZ is a conventional RBC from the
same company. In addition to UDMA, AUDMA, and DDMA, FOB also released BisGMA,
although this monomer is not an officially listed constituent of this RBC. FOB contains
a so-called addition fragmentation monomer (AFM) which contains a complementary
internal double bond with a β-quaternary carbon center functional group. This provides
living polymerization where the active center effectively diffuses throughout the network,
simultaneously creating free radicals that initiate a new propagating radical and enable
bond rearrangement [59,60]. The benefits of AFM include a more homogenous polymer
network, increased DC, decreased shrinkage, stress, and increased toughness [59]. It is
assumed that the inclusion of AFM is responsible for the increased DC, leaving fewer
monomers unreacted. Furthermore, aside from aliphatic UDMA, aromatic UDMA is also
a component of FOB. The proximity of reactive groups facilitates the reaction diffusion,
which may lead to an increased DC, and the planar geometry of benzene rings allows for
the building of tighter structures [22]. The amount of free residual monomer, however, does
not necessarily correlate with the DC, since the carbon–carbon double bonds may remain
as pendant groups bonded to the polymer structure and are not free to be released [22]. It
is worth mentioning, as a limitation of this study, that the DC was not measured.

FZ composition differs from FOB; nevertheless, the monomer release was similarly
low. The copolymerization of BisGMA and TEGDMA with UDMA and BisEMA may result
in synergistic effects on double bond conversion and rotational freedom, thus increasing
polymer network homogeneity [22].

Supporting the above findings, the results of the general linear model and the partial
eta-squared statistics proved, that both Material and Temperature as influencing factors, as
well as their interaction, have a strong effect on monomer elution.
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4. Materials and Methods

4.1. Sample Preparation

During this in vitro study, six brands of high-viscosity RBC were analyzed. The brands,
the manufacturers, the acronym codes, and the chemical compositions are presented in
Table 3.

Table 3. Composition, manufacturers, codes, and pre-polymerization temperature of the investigated
resin-based composites.

Material Manufacturer PPT Acronym Code Matrix Filler Filler Load

VisCalor Bulk
Voco, Cuxhaven,

Germany
24 ◦C VCB_24 BisGMA,

aliphatic DMA
Nano-hybrid (not detailed

by the company) 83 wt%65 ◦C VCB_65

Filtek One Bulk
Fill Restorative

3M ESPE, St.
Paul, MN, USA

24 ◦C FOB_24 AFM, UDMA,
AUDMA, DDMA

20 nm silica, 4–11 nm Zr,
Zr-silica, 0.1 μm

ytterbium-trifluoride

58.5 vol%
76.5 wt%55 ◦C FOB_55

Filtek Z250
3M ESPE, St.

Paul, MN, USA
24 ◦C FZ_24

BisGMA,
BisEMA,

TEGDMA,
UDMA

0.01–3.5 μm (mean 0.6 μm)
silanated Zr-silica 60 vol% 82 wt%

55 ◦C FZ_55

G-ænial Posterior
GC, Leuven,

Belgium
24 ◦C GP_24 UDMA, TCDDD

DMA
F-Al-silicate, Sr-glass,

lanthanide-F 65 vol% 77 wt%55 ◦C GP_55

Enamel Plus Hri
Bio Function

Micerium S.p.A.,
Avegno, Italy

24 ◦C EP_24 UDMA, TCDDD
0.005–0.05 μm dispersed

SiO2, 0.2–3 μm glass particle 60 vol% 74 wt%55 ◦C EP_55

Estelite Sigma
Quick

Tokuyama, Tokio,
Japan

24 ◦C ESQ_24 TEGDMA,
BisGMA

0.2 μm spherical Si-Zr, TiO2 71 vol% 82 wt%55 ◦C ESQ_55

Abbreviations: PPT: pre-polymerization temperature; BisGMA: bisphenol-A diglycidil ether dimethacrylate;
DMA: dimethacrylate; AFM: addition fragmentation monomer; UDMA: urethane dimethacrylate; AUDMA:
aromatic urethane dimethacrylate; 1,12-DDMA: 1,12-dodecane dimethacrylate; BisEMA: bisphenol A ethoxylate
dimethacrylate; DUDMA: diurethane dimethacrylate; TEGDMA: trietylene glycol dimethacrylate; TCDDD:
tricyclodecane dimethanol dimethacrylate; BDDMA: 1,4-butanediol dimethacrylate; vol%: volume%; wt%:
weight%.

According to the pre-polymerization temperature of the RBC, specimens were divided
into two experimental groups. The pre-polymerization temperature of the RBC in the
first group was 24 ± 1 ◦C (room temperature—RT), while RBCs in the second group were
pre-heated (PH) before the sample preparation. The thermoviscous VCB was pre-heated by
VisCalor Dispenser (VOCO, Cuxhaven, Germany) using the T1 setting (30 s pre-warming
to 65 ◦C). This pre-heating dispenser uses near-infrared technology for rapid warming
and provides immediate application with the same device. The pre-warming of the other
RBCs was undertaken by the Ena Heat Composite Heating Conditioner (Micerium, Avegno,
Italy) using the T2 setting (55 min pre-warming of the device to 55 ◦C and 15 min pre-
warming of the RBC). Five specimens were prepared in each group from each material.
The specimens were prepared in a cylindrical polytetrafluoroethylene (PTFE) mold with
an internal diameter of 6 mm, an external diameter of 12 mm, and a height of 4 mm. The
mold was placed on a thermostatically controlled (30 ± 1 ◦C) glass slide to represent the
isolated tooth. The bulk-fill materials (VCB and FOB) were used in a 4 mm-thick bulk
layer; meanwhile, the contemporary RBCs were stratified in 2 × 2 mm layers. A room-
temperature hand instrument was used to perform the condensation of the RBCs. Before
light-curing, the sample was covered with a polyester strip to avoid contact with oxygen.
The 4 mm specimens and both layers of the 2 × 2 mm samples were irradiated with a
Light Emitting Diode (LED) curing unit (LED.D, Woodpecker, Guilin, China; average
light output given by the manufacturer 850–1000 mW/cm2; Λ = 420–480 nm; 8 mm exit
diameter fiberglass light guide) in full mode for 20 s, powered by a line cord. The tip of
the fiberglass light guide was centrally positioned and parallel to the mold and in direct
contact with the polyester strip, which covered the RBC. The irradiance of the LED unit
was monitored before and after polymerization with a radiometer (CheckMARC, Bluelight
Analytics, Halifax, Canada).
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4.2. Micro-Computed Tomography Measurements

To analyze the closed-pore volume, micro-computed tomography (micro-CT) scans
were performed (Skyscan 1176, Bruker, Kontich, Belgium) on the samples after 24 h follow-
ing polymerization. Each specimen was scanned for 36 min. The parameters (operating
energy: 80 kV, 350 μA; resolution: 8.74 μm/slice; rotation step: 0.7◦, exposure time: 1500 ms;
and the filter: Al 1 mm) for the micro-CT device were kept constant for all measurements.
The SkyScan reconstruction program (NRecon, v.1.7.4.2, Bruker, Kontich, Belgium) was
used to reconstruct the raw images and prepare for analysis. Images were converted to
1404 × 1404 pixel resolution in *.bmp format. The 3D microarchitecture analyses of the
images were performed according to the following workflow (Skyscan software CTAn,
v.1.20.8.0, Bruker, Kontich, Belgium): raw image acquisition, identification of the region
of interest, binary selection, morphometry, and custom processing. The region of interest
(ROI) included the entire RBC specimen. The pores were calculated using the grayscale
images processed with a Gaussian low-pass filter for noise reduction. A global threshold
was used to process the gray level ranges to obtain an imposed image of only black and
white pixels. The volume of internal voids relative to the total volume of the RBC samples
was calculated (%) by measuring the internal voids and specimen volumes of each RBC
specimen.

4.3. Reversed-Phase High-Performance Liquid Chromatography Measurements

The specimens were kept in separate glass vials, fully immersed in 1.0 mL of 75%
ethanol/water storage medium, and stored in a 37 ◦C incubator for 72 h. The qualitative
and quantitative analysis of the eluted unreacted monomers was performed from the
collected medium. Reversed-phase high-performance liquid chromatography (RP-HPLC)
measurement was used for the analysis. The RP-HPLC system (Dionex Ultimate 3000,
Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) consists of the following units: Dionex
LPG 3400 SD gradient pump, Rheodyne injector (Rheodyne, CA, USA), and a Dionex
DAD 3000 RS UV-VIS detector (Dionex GmbH, Germering, Germany). Chromeleon soft-
ware (version: 7.2.10) was used to collect the data. The separations were performed on
a Brisa “LC2” (Teknokroma, Sant Cugat del Vallés, Spain) C18 reversed-phase column
(250 mm × 4.60 mm; particle size: 5 μm) and a general reversed/apolar stationary phase
C18 with gradient elution. The more polar mobile phase, such as 100% bidistilled water,
was used as eluent “A”, whereas mobile phase “B” was 100% v/v acetonitrile (ACN) (VWR
International, Radnor, PA, USA). ACN as the mobile phase is advantageous because of its
high elution force and relatively low viscosity. Furthermore, it has lower self-absorption
at the detection wavelength used to detect the eluted monomers. During the 30 min
chromatographic separation procedure, the “B” eluent content was increased from 40% to
95%. The flow rate was 1.2 mL × min−1. The content of mobile phase B was decreased
from 95% to 40% in 1 min as the regeneration of the stationary phase (31–46 min), and
afterward, the system was washed with 40% “A”. Since the polarity of the monomers
varies, but not in such a wide range to reach the complete separation of the components,
the polarity of the mobile phase is continuously changed by varying its composition during
the chromatographic measurement.

Wavelengths of 205, 215, 227, and 254 nm were tested to detect the eluted monomers.
The evaluation relied on the data collected at a 205 nm wavelength, which was found to

be optimal for monomer detection. The amounts of the eluted monomers BisGMA, UDMA,
TEGDMA, DDMA, and TCDDD (Merck KGaA, Darmstadt, Germany) were calculated using
the calibration curve with the areas under the curve of peaks produced by the monomers,
respectively. The amounts of released monomers were calculated for every 1 mg of RBC.
TEGDMA, UDMA, BisGMA, TCDDD, and DDMA standard monomers had retention times
of 11.07, 16.10, 18.42, 23.39, and 29.20 min, respectively. The peaks were well separated
from each other.
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4.4. Statistical Analysis

Previous study results [26] and sample size formula were used to estimate sample
size [61]. Sample size formula:

n =

(
z1−α

2
+ z1−β

)2
(s1 + s2)

2

(M1 − M2)
2

where z = standard score; α = probability of Type I error at 95% confidence level = 0.05;
z1−α/2 = 1.96 for 95% confidence; β = probability of Type II error = 0.20; 1 − β = the
power of the test = 0.80; z1−β = value of standard normal variate corresponding to 0.80
value of power = 0.84; s1 = standard deviation of the outcome variable of group 1 = 0.01;
s2 = standard deviation of the outcome variable of group 2 = 0.08; M1 = mean of the
outcome variable of group 1 = 0.22; and M2 = mean of the outcome variable of group 2
= 0.08. The predicted sample size (n) was found to be a total of 3.24 samples per group.
According to the calculation, n = 5 per group sample size was selected.

The statistical analyses were performed with SPSS (Version 26.0; IBM, Armonk, NY,
USA). The Kolmogorov–Smirnov test was applied to test the normal distribution of the
data, followed by a parametric statistical test.

The closed-porosity volume of the investigated RBCs was compared with a one-
way analysis of variance (ANOVA). Tukey’s post hoc adjustment was used for multiple
comparisons.

A two-tailed independent t-test was applied to compare the difference in porosity and
monomer elution between the room temperature and pre-heated groups of the investigated
RBCs.

The general linear model and partial eta-squared statistics were used to test the
influence and describe the relative effect size for Material and pre-cure Temperature as
independent factors. p-values below 0.05 were considered statistically significant.

5. Conclusions

The elevated pre-polymerization temperature of the investigated bulk-fill and con-
ventional high-viscosity dental RBCs significantly increased the closed-porosity volume
relative to the total volume of the RBC samples. The evaluated monomers from the investi-
gated bulk-fill RBCs showed a significantly greater degree of elution when applied at room
temperature compared to the pre-heated samples. In contrast, the elution of monomers
increased from layered conventional RBCs, when their pre-polymerization temperature
was elevated. The absolute amount of released monomers was strongly dependent on the
material’s composition and not related to the bulk or layered application method.

As a future direction, a long-term clinical trial is necessary to clarify the effect of
pre-heating on the success and survival of RBCs.
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Abstract: The fibroblast-rich gingival tissue is usually in contact with or adjacent to cytotoxic polymer-
based dental restoration materials. The objective of this study was to determine whether the antioxi-
dant amino acid, N-acetyl cysteine (NAC), reduces the toxicity of dental restorative materials. Human
oral fibroblasts were cultured with bis-acrylic, flowable composite, bulk-fill composite, self-curing
acrylic, and titanium alloy test specimens. Cellular behavior and function were analyzed on and
around the materials. Impregnation of the bulk-fill composite and self-curing acrylic with NAC
reduced their toxicity, improving the attachment, growth, and function of human oral fibroblasts
on and around the materials. These mitigating effects were NAC dose dependent. However, NAC
impregnation of the bis-acrylic and flowable composite was ineffective, with no cells attaching to
nor around the materials. Although supplementing the culture medium with NAC also effectively
improved fibroblast behaviors, direct impregnation of materials with NAC was more effective than
supplementing the cultures. NAC-mediated improvements in fibroblast behavior were associated
with reduced production of reactive oxygen species and oxidized glutathione together with increased
glutathione reserves, indicating that NAC effectively directly scavenged ROS from materials and
reinforced the cellular antioxidant defense system. These results establish a proof of concept of
NAC-mediated improvements in biocompatibility in the selected dental restorative materials.

Keywords: fibroblast; composite; PMMA; reactive oxygen spices (ROS); glutathione

1. Introduction

Polymer- or resin-based materials are routinely used in various dental procedures,
including but not limited to filling cavities, making dentures, and fabricating provisional
crowns and implant provisional restorations [1–10]. All these procedures either pave the
way for final restorations or represent a transitional phase of treatment important for
successful restoration and clinical outcomes. These materials must therefore be fully bio-
compatible [9–12]. There are many different polymer-based restorative materials, including
self-curing poly(methyl methacrylate) (PMMA) acrylics, bis-acrylics, and composite resins.
These materials have fundamentally different compositions, i.e., self-curing acrylics are
based on PMMA, whereas bis-acrylics contain acrylates and methacrylates with silicate
glass filler particles. Composite materials consist of bisphenol A-glycidyl methacrylate
(Bis-GMA) and urethane dimethacrylate (UDMA). Furthermore, different materials use
different polymerization initiators. Unfortunately, although specific toxicities remain un-
quantified, there are general concerns that current polymer-based materials are all toxic to
some degree, compromising biocompatibility [3,8–10,12–21].

However, there is a critical knowledge gap regarding material biocompatibility, clinical
relevancy and impact, and the choice of material [21–29]. For instance, in dental implant
practice, where peri-implant gingival inflammation is a clinical problem, materials are
empirically chosen for implant provisional restorations with little consideration of their
biological properties. In cavity fillings, provisional crowns, and implant provisional restora-
tions, polymer-based materials are often in direct contact and/or close to the gingival
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tissue. For instance, provisional crowns and cavity fillings can be either sub-gingival or
supra-gingival, depending on the prosthetic strategy and extent of decay, while implant
provisional restorations are mostly placed sub-gingivally. Given these diverse clinical
situations, the biological impact of even a single material might be quite variable.

N-acetyl cysteine (NAC), the acetylated form of the amino acid L-cysteine, is a bio-
chemically safe molecule used in the management of various diseases such as pneumonia
and bronchitis [30–35]. Its thiol (sulfhydryl) group imparts a direct antioxidant effect and
neutralizes free radicals. NAC is also a precursor of glutathione, the strongest antioxi-
dant scavenger in the body. It has been shown that adding NAC into orthopedic acrylic
bone cement significantly mitigates its toxicity by effectively scavenging polymerization
radicals [36–39]. Functionally, osteoblasts can survive on NAC-impregnated bone cement
but not on control bone cement [38,40]. Orthopedic bone cement and dental materials
based on polymers differ with respect to their other ingredients and polymerization ini-
tiators [37,41], and of the many polymer-based materials available, most have not been
tested in the context of dental restorations [42–48]. In particular, dental restorative materials
with photoinitiators are empirically considered less toxic due to their presumed complete
polymerization, but this still requires biological proof.

Here, we quantified the biocompatibility of different dental restorative materials
(self-curing PMMA, bis-acrylic, and two types of composite resin, with titanium alloy
used as a biocompatible control) by examining their impact on the behavior and function
of human oral fibroblasts. Fibroblast functions were examined both in direct contact
with and in close proximity to the materials. Materials with low biocompatibility were
impregnated with NAC in an effort to decrease their toxicity. Subsequently, we explored the
mechanisms underlying NAC-mediated detoxification by examining intracellular reactive
oxygen species (ROS) production and glutathione redox system stimulation.

2. Results

2.1. Initial Cell Attachment

Initial cell attachment was evaluated after two days of culture in both contact (i.e.,
growing on the material) and proximity (i.e., growing around the material) assays. In
contact experiments, fibroblasts attached to the titanium alloy and minimally to the self-
curing acrylic, but not to bis-acrylic, flowable composite, or bulk-fill composite materials
(Figure 1A). In proximity experiments, fibroblasts survived and attached to the culture
dish around the titanium alloy and self-curing acrylic (to a greater extent than in contact
experiments; Figure 1B). There was also some fibroblast attachment to the culture dish
around the bulk-fill composite.

Figure 1. Initial attachment of fibroblasts to and around various dental restorative materials. Titanium
alloy was used as a control. Contact (A) and proximity (B) experiments were performed. The WST-1
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assay was performed on culture day two to quantify the number of cells attached to each material (A)
and in the culture well around each material (B): **** p < 0.0001.

2.2. Cell Proliferation

The number of fibroblasts cultured with different materials was measured after four
and six days of culture in contact and proximity assays. Cells were only detected on the self-
curing acrylic and titanium alloy in contact experiments (Figure 2A), increasing from day
four to six on the titanium alloy but not the self-curing acrylic. In proximity experiments,
more cells grew around the self-curing acrylic than in the contact experiment (Figure 2B),
increasing from day four to day six. A few fibroblasts grew around the bulk-fill composite
in the proximity experiment, but there was no cell growth on or around the bis-acrylic and
flowable composite.

Figure 2. Propagation of fibroblasts on and around various dental restorative materials.
Contact (A) and proximity (B) experiments were performed. The WST-1 assay was performed on
culture days four and six to quantify the number of cells propagated on each material (A) and in the
culture well around each material (B).

2.3. NAC-Dependent Improvements in Initial Cell Attachment

To determine whether NAC detoxifies or mitigates the toxicity of the materials, we
impregnated NAC into all the materials at two different concentrations, 3% and 6%. On day
two, no cells were observed on or around the bis-acrylic and flowable composite even when
impregnated with NAC at either concentration. However, there was significantly more
growth in and around the NAC-impregnated bulk-fill composite and self-curing acrylic
than native forms (Figure 3). Some cells survived and attached on the NAC-impregnated
bulk-fill composite (Figure 3A), with more cells attaching at the higher NAC concentration.
In the proximity experiment, there was a dose-dependent increase in the number of cells
around the NAC-impregnated bulk-fill composite (Figure 3B), while there was also a clear
dose-dependent increase in the number of cells around the NAC-impregnated self-curing
acrylic in both the contact and proximity experiments (Figure 3C,D). Of note, with 6% NAC,
the cell count was equivalent to that observed with the titanium alloy.
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Figure 3. NAC-mediated improvements in material biocompatibility. NAC was impregnated into the
materials at two different concentrations. Results of WST-1 assays performed on day two to quantify
the number of cells attaching to bulk-fill composite (A) and to the well around bulk-fill composite (B).
The number of cells attaching to self-curing acrylic (C) and to the well around self-curing acrylic (D):
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

2.4. NAC-Dependent Improvements in Cellular Propagation

Similar to day two cell attachment results, significantly more fibroblasts survived
and propagated after NAC impregnation at four and six days of culture. No cells were
quantifiable on or around the bis-acrylic and flowable composite after four and six days
of culture regardless of the NAC concentration. Therefore, only the bulk-fill composite
and self-curing acrylic results are presented (Figure 4A–D). In general, the number of cells
increased in an NAC dose-dependent manner. NAC more effectively reduced the toxicity
of the self-curing acrylic than the bulk-fill composite, with cellular proliferation on and
around the self-curing acrylic similar to the titanium alloy. However, NAC had a greater
relative effect on the bulk-fill composite than the self-curing acrylic, increasing proliferation
from a baseline of zero. Fluorescence microscopy with image-based cell counting confirmed
an NAC dose-dependent effect on the bulk-fill composite and self-curing acrylic (Figure 5).
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Figure 4. NAC-mediated improvements in material biocompatibility. WST-1 assays were performed
on days four and six to quantify the number of cells proliferating on bulk-fill composite (A) and
around bulk-fill composite (B). The number of cells proliferating on self-curing acrylic (C) and around
self-curing acrylic (D).

 

Figure 5. Fibroblasts visualized on materials with or without NAC impregnation. (A) Fluorescence
microscopy images of fibroblasts on culture day four stained for cytoskeletal actin filaments (red).
(B) Cell density was quantified based on the images.
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2.5. NAC-Dependent Changes in Fibroblast Gene Expression

We next examined the expression of fibroblast-related genes in fibroblasts grown on
and around the materials with or without NAC. Given that no cells were detected on
or around the bis-acrylic and flowable composite regardless of NAC impregnation, only
results for the bulk-fill composite and self-curing acrylic are presented (Figure 6). In contact
experiments, fibroblasts growing on the self-curing acrylic expressed significantly more
type 1 collagen alpha in an NAC dose-dependent manner (Figure 6A). Collagen type 3
alpha expression also increased in cells grown on the self-curing acrylic impregnated with
NAC, but to a much lesser degree than on the titanium alloy (Figure 6B). No collagen type 1
or 3 expression was detected in cultures with the bulk-fill composite with or without NAC
in contact experiments (Figure 6A,B). In proximity experiments, there were significant in-
creases in both collagen type 1 and 3 expression in the self-curing acrylic cultures with NAC,
but not in a dose-dependent manner (Figure 6A,B). In cultures with the bulk-fill composite,
the gene expression was exclusively detected in the presence of NAC impregnation.

Figure 6. NAC-mediated improvements in material biocompatibility. Real-time PCR for collagen
type 1 (A) and 3 (B) genes conducted on day four are shown. RNA was extracted from contact and
proximity experiments: ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.6. Effect of NAC Administration Type on Biocompatibility

We next examined the effect of NAC impregnation or culture supplementation on cell
counts on and around the self-curing acrylic on day two. In contact experiments, NAC
impregnation more effectively promoted cell attachment than supplementation (Figure 7A);
indeed, adding NAC to the medium failed to significantly increase the cell count compared
with control. Conversely, in proximity experiments, supplementing the medium with NAC
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was more effective than impregnation (Figure 7B), with an equivalent number of cells
counted around the self-curing acrylic as around the titanium alloy.

Figure 7. Effects of NAC administration methods. NAC was administered by material impregnation
or by supplementing in the culture medium. The WST-1 assay was conducted on culture day two to
quantify the number of cells attached to each material (A) and to the culture well around each material
(B). Note that the same amount of NAC was added between the impregnation and supplementation
methods. See the Materials and Methods sections for details: * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001.

2.7. NAC-Dependent Activation of the Antioxidant Redox System

To understand the mechanism underlying the NAC-mediated effects on fibroblast
viability and gene expression, we first assessed NAC-dependent changes in reactive oxygen
species (ROS) production by fibroblasts in proximity experiments around the bulk-fill
composite and self-curing acrylic. There was a clear trend in decreasing ROS production
with increasing NAC concentration for both materials (Figure 8A), especially for the bulk-
fill composite due to the higher baseline. ROS levels around the 6% NAC-impregnated
self-curing acrylic were nearly equal to those around the titanium alloy.

Finally, we examined reduced and oxidized glutathione (GSH/GSSG) levels in fibrob-
lasts in the proximity assay (Figure 8B–D). GSSG decreased around the bulk-fill composite
impregnated with NAC in a dose-dependent manner (Figure 8B), whereas GSSG levels
around the self-curing acrylic remained low and were not significantly affected by NAC.
Although GSH levels were low around the bulk-fill composite, NAC impregnation signifi-
cantly increased the levels (Figure 8C). NAC significantly increased GSH levels around the
self-curing acrylic in a dose-dependent manner, while the GSSG/GSH ratio decreased with
increasing NAC around both materials (Figure 8D).
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Figure 8. NAC-mediated improvements in antioxidant defenses. (A) ROS levels in fibroblasts
collected from the proximity experiment. (B) GSSG (glutathione disulfide, an oxidized form of
glutathione) levels in fibroblasts collected from proximity experiment. (C) GSH (a reduced form of
glutathione) levels in fibroblasts collected from proximity experiments. (D) GSSH/GSH in fibroblasts
collected from the proximity experiment.

3. Discussion

Here we show that NAC can mitigate against the adverse cytotoxic effects of polymer-
based dental restoration materials. There were, however, limits to the observed effect
at the NAC concentrations tested here; for instance, NAC did not significantly improve
the biocompatibility of the flowable composite to exert a biological impact. Self-curing
acrylic was most improved by NAC, with impregnation with 6% NAC producing similar
biocompatibility to the titanium alloy, i.e., improving the biocompatibility from biotolerant
to bioinert [49–55]. NAC impregnation of the bulk-fill composite resulted in some cell
attachment from a baseline of zero without impregnation, i.e., improving the material bio-
compatibility from lethal to biotolerant. Of note, the biological impact differed depending
on whether the fibroblasts were in contact with or in close proximity to the materials, with a
general trend of lower material toxicity in proximity experiments with fibroblast attachment
and gene expression even for the bulk-fill composite. In particular, initial cell attachment
in proximity to the NAC-impregnated self-curing acrylic was similar to that around the
titanium alloy, albeit with subsequently impaired proliferation and gene expression at later
time points.

Discriminating between the effects of NAC impregnation and supplementation pro-
vided important mechanistic insights. NAC impregnation of the material, but not the
medium, significantly improved cellular attachment to self-curing resin. However, adjacent
cells benefitted much more from NAC supplementation of the medium. These results
indicate that (1) the material was very toxic and treatment of the cells was not sufficient to

266



Int. J. Mol. Sci. 2022, 23, 15869

maintain cellular viability; (2) to rescue cells growing on materials, detoxification of the
material rather than the environment with NAC was necessary; (3) cells adjacent to the
material are subjected to less toxicity, so NAC treatment in the medium was more effective;
(4) nonetheless, impregnation of the material with NAC was effective both for contacting
and adjacent cells.

There are three possible pathways by which NAC might improve cellular function on
and around the materials. The first is NAC-mediated scavenging of free radicals, monomer
remnants, and other ROS within materials; NAC acts as a direct ROS scavenger due to its
redox potential as a thiol donor [38,39,43,44,56,57]. A significant reduction in polymeriza-
tion radicals and other oxidative stresses by NAC was demonstrated in bone cement [38,58].
This pathway could explain the considerable improvement in cellular function seen in both
contact and proximity experiments. Indeed, levels of GSSH (glutathione disulfide), the
oxidized form of glutathione, decreased with increasing NAC, indicating that glutathione
(GSH), a major redox system within cells, was not depleted. The second pathway is the
release of NAC from a material into the local environment, where it might permeate into or
be taken up by cells. In addition to direct scavenging, NAC is a precursor of glutathione, a
major antioxidant defense system, and it increases glutathione reserves. The third pathway
would be NAC scavenging ROS released from a material. The latter two pathways could in
part explain the biological improvements seen in proximity experiments. These two path-
ways were demonstrated in osteoblasts on NAC-impregnated bone cement [38]. Indeed,
this study demonstrated that the ROS in fibroblasts were inversely correlated with the
impregnated NAC dose. Furthermore, cellular GSH increased with NAC concentration in
the material, indicating that NAC was released from the materials and exploited to increase
cellular glutathione reserves. The plausibility of the second and third pathways playing a
role is also supported by the positive results from the experiment in which the medium
was supplemented with NAC.

For clinical correlation, it was necessary to examine both the effects of materials in di-
rect contact with and in close proximity to cells to simulate the clinical context. The marked
differences in the contact and proximity results suggest a need for separate assessments
depending on the biological and clinical contexts and validate the model used in this study.
Our model was also able to differentiate between different cellular responses caused by
different materials. The test specimens occupied a quarter of a 12-well culture dish well. A
very small specimen would be insufficient to count adherent or attaching cells and may not
have a sufficient biological impact. Conversely, a large specimen might prevent any cellular
growth. Other techniques exist to examine the biological effects of materials, such as the
use of extracts from materials; however, the concentration and quantity of extract to use in
culture are critical and difficult to optimize, and, more importantly, the contact effect cannot
be evaluated. Our optimized model has the advantages of using the actual test specimens
and the ability to test both contact and non-contact effects. Regarding the time points of
assays, cell attachment is usually assessed within one day of culture. However, this study
dealt with toxic materials, and the number of cells attached to the materials was anticipated
to be very low. The result of the WST-1 assay could be none, even though there were a few
cells that survived and attached, due to the value being lower than the detection limit of
the assay. Further, as mentioned above, the surface area of the test specimens was only a
quarter of a single well of the 12-well culture dish, which made the detection more difficult.
Therefore, considering the sensitivity and validity, we evaluated the cell attachment on day
2 in this particular culture model.

The negative impact of the materials tested was more than anticipated, with no
cells surviving and attaching to the bis-acrylic, flowable composite, or bulk-fill compos-
ite [24,56,59,60]. The self-curing acrylic was the most biocompatible material tested. The
composite materials used a photoinitiator, and polymerization is supposed to be complete
by the end of light irradiation. Of note, the composite materials were more cytotoxic than
the self-curing acrylic, which is considered to take longer to polymerize [3–5,61]. Our
results not only highlight some of the limitations of currently used dental restorative mate-
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rials but also provide a potential solution in exploiting the biocompatibility effects of NAC
to develop or improve future materials. In particular, the NAC-impregnated self-curing
acrylic reached (for some parameters) equivalent biocompatibility to the titanium alloy,
a bioinert material. Although we examined four different representative materials, other
commercial and experimental materials are available that would be worth studying, and
NAC concentrations could be further optimized. To date, there have been no comparative
studies of the effect of NAC in several materials, but here we report material-specific NAC
efficacy due to highly variable baseline biocompatibility and the behavior of polymerization,
suggesting the need for material-specific NAC optimization.

4. Materials and Methods

4.1. Material Preparation and Characterization

Five different test materials in rectangular plate form (6 mm × 14 mm, 2 mm thickness)
were prepared (Table 1, Figure 9A). Bis-acrylic, flowable composite, bulk-fill composite,
and self-curing acrylic were prepared using standardized silicone molds and according
to the manufacturers’ instructions. All acrylic plates were washed with a steam cleaner
and disinfected with 75% ethanol. Test plates impregnated with NAC were also evaluated.
NAC was prepared as a 2 M stock solution in HEPES buffer, pH 7.2–7.5. For self-curing
acrylic, the NAC solution was put into the monomer first and then mixed with the polymer
powders for polymerization. For composite materials, the NAC solution was spatulated
into the composite and light-cured according to the manufacturer’s instructions. The final
NAC concentrations impregnated in the materials were adjusted to 3% and 6% w/w. To
supplement NAC in the culture media, the amount of NAC corresponding to the above-
mentioned 3% and 6% w/w was added into the culture medium.

Figure 9. (A) Test specimens made of bis-acrylic (a), flowable composite (b), bulk-fill composite (c),
self-curing acrylic (d), and grade 5 titanium alloy (e). (B) Culture experiment design. The contact
and proximity experiments were conducted separately to differentiate the reaction of cells in direct
contact with and close to each material.
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Table 1. Materials used in this study.

Material Principal Ingredient

Bis-acrylic
(Integrity® Multi-Cure Temporary Crown and Bridge Material,
Dentsply Sirona Inc., Charlotte, NC, USA)

Acrylates and methacrylates (bis- and multifunctional)
Barium boro alumino silicate glass

Flowable composite
(Aelite™ Flo, BISCO Inc., Schaumburg, IL, USA) Bis-GMA

Bulk-fill composite
(Aelite™ Aesthetic Enamel, BISCO Inc.) Bis-GMA, UDMA

Self-curing acrylic
(UNIFAST™ Trad, GC corporation, Tokyo, Japan)

Liquid: MMA
Powder: PMMA

Ti alloy Ti-6Al-4V

Abbreviations: Bis-GMA, bisphenol A glycidyl methacrylate; UDMA, urethane dimethacrylate; MMA, methyl
methacrylate; PMMA, poly(methyl methacrylate).

4.2. Cell Culture

Human gingival fibroblasts were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA) and grown in a fibroblast medium supplemented with 5% FBS,
1% fibroblast growth supplement-2, and 1% penicillin/streptomycin solution. At 80%
confluence, cells were detached using 0.05% trypsin-EDTA and seeded onto subsequent
culture plates. Passage 5–8 cells were seeded onto each test material placed in a well (20 mm
diameter) of 12-well culture plates at a density of 4 × 104 cells/well. The culture medium
was renewed every three days. This study was approved by the UCLA Institutional
Biosafety Committee (BUA-2-22-036-001).

4.3. Quantification of Attached and Propagated Cells

The number of attached fibroblasts was counted in (i) contact and (ii) proximity
experiments, the former being the quantification of fibroblasts attached to test materials
and the latter quantification of fibroblasts attached to the wells around the materials
(Figure 9B). The water-soluble tetrazolium salt (WST-1)-based colorimetric assay was used
to quantify the cell number. Attached fibroblasts were measured two days after seeding,
while propagated fibroblasts were measured four and six days after seeding. The amount
of formazan product was measured at 450 nm using a microplate reader (Synergy H1
microplate reader, BioTek Instruments, Winooski, VT, USA).

4.4. Cell Visualization

Cells were visualized and observed using fluorescence microscopy (DMI6000B, Leica
Microsystems, Wetzlar, Germany) four days after seeding. Fibroblasts were stained with
rhodamine-phalloidin for actin filaments. The density of fibroblasts on each test material
was obtained by counting cells in the images.

4.5. Gene Expression Analysis

Total RNA was extracted from cells on day four attached to materials and the wells
around the materials using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and puri-
fied using the Direct-zol™ RNA MiniPrep kit (Zymo Research, Irvine, CA, USA) according
to the manufacturers’ protocols. RNA was quantified with a NanoDrop™ One (Thermo
Fisher Scientific, Waltham, MA, USA). Reverse transcription of total RNA was performed
with a SuperScript® VILO ™ cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA). Real-
time quantitative polymerase chain reaction (PCR) was performed with the QuantStudioTM

3 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) to quantify expression
of collagen type I alpha 1 (Col1a1; assay ID: Hs00164004_m1, Applied Biosystems) and
collagen type III alpha 1 (Col3a1; assay ID: Hs00943809_m1, Applied Biosystems) mRNA.
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Gene expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(Gapdh; Assay ID: Hs02786624_g1, Applied Biosystems) expression.

4.6. Intracellular ROS Detection

Intracellular ROS were detected using the OxiSelect™ Intracellular ROS Assay Kit
(Cell Biolabs, Inc., San Diego, CA, USA). Cells cultured for two days were incubated and
loaded with 1 mM 2′, 7′-dichlorodihydrofluorescin diacetate (DCFH-DA) for 60 min at
37 ◦C. Each test material was then placed in each well. Afterwards, excessive DCFH-DA
and test materials were removed and washed with PBS. Oxidized DCF was measured using
a microplate reader at excitation and emission wavelengths of 480 and 530 nm, respectively.

4.7. Intracellular Glutathione Detection

To quantify total intracellular glutathione, a 5,50-dithiobis(2-nitrobenzoic acid) (DTNB)-
based total glutathione quantification kit (Dojindo Molecular Technologies, Inc., Gaithers-
burg, MD, USA) was used. Oxidized glutathione (GSSG) was detected by masking reduced
glutathione (GSH) with a masking reagent. Three days after seeding on test materials,
the cells around materials were collected and lysed, and the supernatant was incubated
with DTNB and glutathione reductase for 10 min at 37 ◦C. Total glutathione and GSSG
concentrations were determined by measuring the absorbance at 405 nm.

4.8. Statistical Analysis

The results are expressed as means ± standard deviations (SD). Comparisons between
multiple groups, such as between 0% NAC, 3% NAC, and 6% NAC, were performed
with one-way analysis of variance (ANOVA) followed by the Tukey–Kramer post-hoc
test. Comparisons of two groups were performed using the unpaired Student’s t-test;
p-values < 0.05 were statistically significant.

5. Conclusions

NAC impregnation of bulk-fill composite and self-curing acrylic reduced their toxicity
and improved the behavior and function of human oral fibroblasts on and around the
materials. The mitigating effects were NAC dose dependent. However, NAC impregnation
was not effective for the bis-acrylic and flowable composite. Although supplementing the
culture medium with NAC also improved fibroblast behavior, direct NAC impregnation
into the materials was more effective. The NAC-mediated improvements in fibroblastic
behavior and function were corroborated by an observed reduction in cellular ROS and
an increase in cellular glutathione, indicating that NAC effectively scavenged ROS within
materials and reinforced the cellular antioxidant defense system. These results establish a
proof of concept of NAC-mediated improvements in biocompatibility of dental restorative
materials.
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Abstract: Periodontitis is a common oral disease mainly caused by bacterial infection and inflamma-
tion of the gingiva. In the prevention or treatment of periodontitis, anti-bacterial agents are used to
inhibit pathogen growth, despite increasing levels of bacterial resistance. Sapindus mukorossi Gaertn
(SM) seed oil has proven anti-bacterial and anti-inflammation properties. However, the possibility of
using this plant to prevent or treat periodontitis has not been reported previously. The aim of this
study was to evaluate the effects of SM oil on experimental periodontitis in rats by using micro-CT
and microbiota analysis. The distance between cementoenamel junction (CEJ) and alveolar bone crest
(ABC) on the sagittal micro-CT slide showed that total bone loss (TBL) was significantly lower in
CEJ-ABC distances between SM oil and SM oil-free groups on Day 14. Histology data also showed
less alveolar bone resorption, a result consistent result with micro-CT imaging. The microbiota
analyzed at phylum and class levels were compared between the SM oil and SM oil-free groups on
Day 7 and Day 14. At the phylum level, Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria were
the dominant bacterium. Firmicutes in box plot analysis was significantly less in the SM oil group
than in the SM oil-free group on Day 7. At the class level, Bacteroidia, Gammaproteobacteria, Bacilli,
Clostridia, and Erysipelotrichia were the dominant bacteria. The bacteria composition proportion of
Bacilli, Clostridiay, and Erysipelotrichia could be seen in the SM oil group significantly less than in t
SM oil-free group on Day 7. Overall, the present results show that topical application of SM oil can
reduce bone resorption and change bacteria composition in the ligature-induced periodontitis model.
According to these results, it is reasonable to suggest SM oil as a potential material for preventing
oral disease.

Keywords: Sapindus mukorossi; ligature-induced periodontitis rat model; micro CT; microbiota

1. Introduction

Periodontitis is a common chronic oral inflammatory disease that leads to the destruc-
tion of tooth-supporting tissues, which may be caused by genetic variations [1], imbalanced
oral microbiome [2], or elevated levels of systemic pro-inflammatory mediators in the
blood [3,4]. The occurrence of periodontal pathogens with persistent inflammation from
dental plaque destroys periodontal structures such as periodontal ligament, alveolar bone,
cementum, and soft tissue. Notably, over 10% of adults suffer from severe periodontitis,
making the condition a severe public health threat, with evidence from the 2019 Global
Burden of Disease (GBD) study indicating that global population growth accounted for
67.9% of the increase in severe periodontitis [5–7]. Commonly used and effective treat-
ment for periodontal disease are achieved through non-surgical approaches (i.e., scaling
and root planning (SRP), sonic/ultrasonic treatment, locally delivered antibiotic drugs [8],
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diode laser treatment, photodynamic therapy) and surgical interventions such as guided
tissue/bone regeneration (GTR/GBR), pocket reduction surgery, and osseous surgery (OS).

Natural plant-based products and traditional medicines have been considered promis-
ing candidates for the prevention and treatment of oral diseases. [9,10]. Sapindaceae (also
called “wu-huan-zi” in Chinese), a natural plant-based product used in traditional Chinese
medicine, has attracted increasing attention. Sapindus mukorossi (SM) Gaertn is one of the
more commonly used major species. SM can be easily found in tropical and sub-tropical
regions of the Pacific Rim [11]. Many studies have shown that the pericarp of the SM
fruit also has medicinal value and positive biological effects, including insecticidal, antitri-
chomonal, anti-cancer, hepatoprotective, anxiolytic, molluscicidal, fungicidal, free radical
scavenging, anti-inflammatory and anti-platelet aggregation activity [12,13]. More recent
studies have also indicated that SM extract exhibits significant anti-microbial activities
and could potentially be used as a source of agents to cure dental caries [14] and for skin
care [15]. These studies have clearly shown that SM’s major anti-bacterial effect is from
saponins extracted from the fruit’s pericarp [12,14,16].

Besides the pericarp, which makes up 56% of the SM fruit, SM contains a seed covered
by a hard, black shell with kernel pulp inside [17,18]. The kernel of the SM seed contains an
abundant amount of oil (23%), mainly composed of fatty acids and triglycerides [19]. While
the inedible SM seeds have been regarded as a useless waste product in the past [20,21],
possible dental applications of SM seed kernel have been recorded in the Compendium of
Materia Medica (Mandarin: Bencao Gangmou), a Chinese pharmaceutical volume written
almost 500 years ago. According to this work, the kernel of the SM seed can be used
to treat gingival swelling and reduce oral malodor. Since it is well known that bacteria
predispose the development of bad breath, the SM seed kernel is likely to provide anti-
inflammatory and anti-bacterial effects, thus reducing periodontal disease and oral caries.
An interesting modern in vivo experiment by Chen and colleagues concluded that SM
oil could potentially promote the healing of skin wounds through anti-inflammatory and
anti-microbial activities [13].

A report demonstrated that SM fruit pericarp extract could inhibit the growth of
bacteria associated with oral diseases, including P. gingivalis, A. odontolyticus, F. nucleatum
and C. albicans [22]. However, whether SM seed oil can be used to treat periodontal
disease remains unknown. Since the bacterial communities that cause periodontitis are
complex [23–26], clarifying the changes in the composition of microbiota associated with
infected periodontal tissue will be the first step toward understanding the treatment effect
of SM oil on periodontitis and to establish therapeutic strategies.

Accordingly, this study used a ligatured animal model of periodontal disease to
determine correlations between microbiota and periodontitis, as well as to assess SM oil
application through micro-CT and histological analysis during the progress of periodontal
disease in rats. In addition, 16s rRNA sequencing techniques were used to gain deeper
insights into inflammatory and microbiota changes in periodontitis after SM oil treatment.

2. Results

2.1. Micro-CT Analysis of Bone Resorption

The typical reconstructed micro-CT images and analysis of the bone resorption, such
as CEJ-ABC distance and subsequent bony changes around CEJ, are shown in Figure 1.
Compared to the blank control (Figure 1a), distances between CEJ and ABC in w/o oil
groups on Day 7 (Figure 1b) and Day 14 (Figure 1c) were visibly increased. These results
indicate that induction of periodontitis in the experimental animal model was effective.
However, when the silk ligatures tied on the rat’s maxillary molar were pre-immersed with
SM oil, the CEJ-ABC distance decreased on Day 7 (Figure 1d) and Day 14 (Figure 1e).
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Figure 1. Micro CT images showing bone loss measurements for each group at Day 0 (a), Day 7 (b,d)
and Day 14 (c,e). On the sagittal side, radiographic bone loss was detected from CEJ to ABC (white
arrow). The bone loss for SM oil samples (b,c) were lower than the oil-free groups (d,e).

Figure 2 shows total bone loss (TBL) and furcation bone loss (FBL). These figures
show that the change in furcation bone loss level showed no significant difference during
the entire experimental period (p = 0.891 and 0.284 for Day 7 and Day 14, respectively)
(Figure 2a). Nevertheless, a significant difference for TBL was seen in CEJ-ABC distances
between sample teeth ligated with and without SM oil on Day 14 (p < 0.05) (Figure 2b).

Figure 2. Influence of SM oil on alveolar bone loss at (a) furcation area and (b) total surrounding
bone area. Quantitative analyses of bone loss were obtained by measuring CEJ-ABC distance w/ oil
and w/o oil represented tooth samples ligated with or without SM oil pre-immersion, respectively.
Significant differences between w/ and w/o oil groups were observed on Day14. * denotes p < 0.05.

2.2. Histologic Analysis of Periodontitis Progression

Figure 3 shows typical histopathologic images of the periodontitis progress of the
experimental samples. Periodontal tissue in sample teeth tied with ligatures had obvious
pouch-like periodontal pockets on Day 7 (Figure 3b) and Day 14 (Figure 3d). In addition,
compared with the blank control group (Figure 3a), apical migration of the epithelium
along the tooth surface was apparent on the exposed cementum when SM oil-free liga-
tures were used. When ligatures were pre-immersed with the SM oil, no visible change
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in inflammatory infiltration was found during the 14-day period (Figure 3c,e). However,
we found that samples ligatured with SM oil-immersed silk had less alveolar bone re-
sorption (Figure 3c,e) as compared with teeth ligatured with SM seed oil-free silk at both
Day 7 (Figure 3b) and Day 14 (Figure 3d). In addition, unlike samples treated with SM
oil-immersed ligature that showed thick and continuous epithelium, samples in the SM
oil-free group exhibited thin and discontinuous epithelium (Figure 3f), and looser lamina
propria and submucosa on Day 14 (Figure 3g).

Figure 3. Histological results of tested molars at Day 0 (a), Day 7 (b,c) and Day 14 (d,e) with
a magnification of 40×. Images of bone-surrounding tissue interface (black box) of oil-treated
(d) and oil-free (e) samples on Day14 were enhanced by higher magnification micrographs of
400× (f,g, respectively). Blue arrows indicate cemento-enamel junction (CEJ). Green arrows in-
dicate the most coronal level of the alveolar bone crest (ABC). * and # signs identify the epithelium
and lamina propria, respectively. Scale bar is 1 mm for (a–c), and 100 μm for (f,g).

2.3. Microbiota Investigation of Periodontitis Progression

In Figure 4, the overall heatmap distribution shows that microbial species become more
diverse in the SM oil-free group at all time points. Compared to the oil-free group, sample
teeth tied with SM oil-immersed ligatures had lower diversity at the family (Figure 4a) and
genus (Figure 4b) levels.

Bacterial communities were compared between samples ligated with SM oil pre-
immersed and SM oil-free silk ligature at phylum (Figure 5a) and class (Figure 5b) levels. As
shown in Figure 5a, we found that Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria
were dominant both in SM oil (w/ oil) and SM oil-free groups (w/o oil). Proteobacteria
was the most dominant bacterium in all samples. On Day 7, the relative abundance of
Proteobacteria in the SM oil group was 50.41%, approximately 1.34 fold higher than the
oil-free group (37.58%). After a 14-day experimental period, the proportions of the two
groups became similar (Figure 6b). Firmicutes had significantly less relative abundance in

278



Int. J. Mol. Sci. 2022, 23, 8560

the SM oil group (32.16%) compared to the oil-free group (45.68%) on Day 7 (Figure 6a).
As with Proteobacteria, the proportion of Firmicutes detected in the two groups became
similar on Day 14 (Figure 6a). The relative abundance of Bacteroides in samples ligated with
SM oil pre-immersed ligature was 1.79%, slightly lower than in the SM oil-free ligature
samples (2.26%) on Day 7. However, this result reversed on Day 14 (Figure 6a). The
relative abundance of Bacteroides in SM oil and SM oil-free groups were 4.73% and 2.82%,
respectively. The relative abundance of Actinomycetes detected in sample teeth tied with
SM oil and oil-free samples were 15.41% and 14.42% on Day 7, respectively. These values
increased to 32.95% (SM oil group) and 31.50% (SM oil-free group) on Day 14 (Figure 6d).

Figure 4. Heatmaps from microbiota analysis of samples treated with or without SM oil at (a) family
and (b) genus levels during the experimental period. Values are presented in percentages.

Figure 5. Relative abundance of bacteria in (a) phylum and (b) class levels on Day 7 and Day 14,
when the tested teeth were treated with and without SM oil.
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Figure 6. Tested teeth were subjected to ligature-induced periodontitis. Data from samples treated
with and without SM oil were compared. Sub-figures show box plot analysis in the phylum of
(a) Firmicutes, (b) Bacteroidetes, (c) Proteobacteria and (d) Actinobacteria.

At the class level, Bacteroidia, Gammaproteobacteria, Bacilli, Clostridia, and Erysipelotrichia
were the dominant classes found in the samples. Gammaproteobacteria was the dominant
bacterium in both groups (Figure 5b). The proportion of Bacilli bacteria on Day 7 in the SM
oil group (w/ group) was 25.72%, lower than samples treated with SM oil-free ligatures
(w/o group) (33.93%). These values became similar by the end of the 14-day experimental
period (Figure 7a). A similar tendency was found for Clostridiay (Figure 7b). During the
entire experimental period, the relative abundance of Erysipelotrichia for the SM oil-free
group was higher than in samples tied with SM oil ligature (Figure 7c). Interestingly, on
Day 14, the value for SM oil-free group (1.87%) was almost 4.2 fold higher than in samples
tied with SM oil pre-immersed silk ligatures (0.45%) (Figure 7c). On Day 7 the proportion of
Bacterodia in the SM oil group was 1.78%, lower than in the SM oil-free samples (2.26%). This
tendency had reversed by Day 14 (Figure 7d). For Gammaproteobacteria, the composition
proportion for the SM oil group was higher than the SM oil-free group on Day 7 and
Day 14 (Figure 7e).

Figure 7. Tested teeth were subjected to ligature-induced periodontitis. Data from samples treated
with and without SM oil were compared. Sub-figures showed the box plot analysis in the class of
(a) Bacilli, (b) Clostridia, (c) Erysipelotrichia, (d) Bacteroidia and (e) Gammaproteobacteria.
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2.4. Firmicutes/Bacteroidetes (F/B) Ratio

F/B ratio was considered to assess alternating inflammatory phases when SM oil
pre-immersed ligatures were used to produce periodontitis. Figure 8 shows that on
Day 7 the acute inflammatory phase for sample teeth treated with SM seed oil-free liga-
tures was obviously lower than in samples ligated with SM oil-free silk ligatures. How-
ever, the difference in the F/B ratio had fallen sharply by the end of the experimental
period (Figure 8).

Figure 8. Firmicutes/Bacteroidetes (F/B) ratio from the median on Day 7 and Day 14 between samples
treated with and without SM oil.

3. Discussion

Ligature-induced periodontitis was used in the present study to evaluate the treatment
efficiency of SM oil in an animal model. This model is one of the most widely used
methods to assess the relationship between periodontal disease and potential treatment
materials [27,28]. Our micro-CT results (Figures 1 and 2) showed that total bone loss (TBL)
was significantly lower in the seed oil group than the oil-free group on Day 14 (Figure 2b).
SM oil can reduce bone resorption in a ligatured animal model and maintain a healthy
periodontal environment, suggesting that SM oil is a potential material for inhibiting the
progression of periodontitis. Although a previous study by Goncalves-Zillo et al. found
that Bdkrb1-/- mice with ligatured-induced periodontitis had increased bone loss in the
furcation area [28], there is no significant difference in bone resorption found between SM
oil-treated and oil-free samples in the root furcation area (Figure 2a) in this study. This
phenomenon is due to the SM oil applied at the CEJ surface not reaching the furcation area.

Typically, burst-destruction bone loss occurs within two weeks [29,30], which was
confirmed by our histological experiments in which pouch-like surrounding bone was
observed on Day 7 and Day 14 (Figure 3). However, the inflammatory response in ligated
teeth was not apparent during the experimental period, possibly due to the sulcular
epithelium of tested rats being keratinized (Figure 3f,g) [31]. From Figure 3g, thicker
keratinized epithelium and dense lamina propria of the SM-oil treated sample were found
when compared to the oil-free group (Figure 3f). Since a thickened keratinized epithelium
acts as a barrier that provides more efficient resistance to bacterial invasion, it is reasonable
that there is no obvious inflammatory response found in our experimental model [32,33].
This provides histological evidence to support SM oil’s action against periodontitis by
maintaining the healthy status of surrounding soft tissue.

The positive effect of SM oil on bone growth was first reported by Shiu et al. (2020) [34],
which showed that SM oil exhibits a significant effect on dental pulp stem cells via alkaline
phosphatase gene expression and extracellular matrix vesicle secretion, identifying the
possible active component of SM oil for maintaining bone quality as β-sitosterol found
in seed kernel pulp. In 2019, Yildirim et al. reported that β-sitosterol contained in morus
nigra (known as the black mulberry) inhibited regional alveolar bone resorption in a rat
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periodontitis model via a reduction in MMP-8 expression [35]. MMP-8 has been reported
as a collagenase that can destroy the extracellular matrix [36] in the soft tissue around
teeth, which results in periodontitis [37,38]. In 2019, Mahmoudi et al. reported that a
plant seed oil (Alyssum homolocarpum) promoted stem cell proliferation and differentiation
through β-sitosterol inside the oil [39]. It was reported that SM oil also contains abundant
β-sitosterol in the seed kernel pulp [13]. Since β-sitosterol exhibits various pharmacological
and biological activities during bone regeneration [40], it is reasonable to speculate that
β-sitosterol in SM oil plays an important role in preventing bone loss during the progression
of periodontitis.

With bacteria known to be the major factor inducing bone loss in periodontitis [28,30]
and the ability to accumulating commensal microbial biomass to trigger a switch from
homeostasis to inflammation [41], SM oil’s anti-bacterial properties suggest the material as
a potential periodontitis inhibitor. Increased microbial diversity is characteristic of disease
development in the root apex, and the increased specific bacterial communities are closely
associated with disease progression [42]. The heatmap in Figure 4 shows that samples tied
with SM oil-immersed ligatures exhibited lower diversity at both family and genus levels
(Figure 4). These results provide another piece of evidence to strengthen the hypothesis
that SM oil exhibits anti-periodontitis qualities.

According to a study by Abe et al. [30], bacteria constitution is the major factor in the
induction of bone loss in ligature-induced periodontitis. As shown in Figure 5, Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria were dominant phyla in both ligated molars tied
with oil-immersed and oil-free ligatures. This population is similar to microbiota found in
the analysis of saliva, pulp chamber, and root apex [42] and is often identified in healthy
subjects [43]. However, our results demonstrated that the microbial community of ligated
molars changed after SM oil treatment. This result is consistent with previous findings
that also showed a similar change in microbiota results among healthy and diseased
periodontal tissues [44–47]. Previous reports have also indicated that Proteobacteria and
Actinobacteria decreased in abundance while Bacteroidetes and Firmicutes increased during
oral disease [48,49]. Although SM oil seemed not to influence Actinobacteria in our animal
study (Figure 6d), we found that Firmicutes and Bacteroidetes had decreased in the SM
oil group on Day 7 (Figure 6a,b). Our results also show that the average abundance of
Proteobacteria, the most prevalent species in the blood [50,51] and gut [52], was higher in
the SM oil-treated sample than in oil-free teeth on Day 7 (Figure 6c). Since Proteobacteria
have been reported to be more abundant in healthy human sub-gingiva [24], this can be
considered evidence that SM oil exhibits a positive effect on maintaining healthy bacteria
populations at phylum level.

At the class level, Bacilli, Clostridia, and Erysipelotrichia were inhibited by SM oil
on Day 7 (Figure 7a–c), and Erysipelotrichia remained lower in the SM group on Day
14. These reduced bacterial populations would inhibit alveolar bone resorption [53] and
periodontitis [54–56]. At the same time, SM oil’s positive effect on Gammaproteobacteria
(Figure 7e) was more pronounced, confirming that SM oil tends to maintain the health of
silk-ligated molars [49]. These results suggest that SM oil exhibits a positive effect on tooth
health by maintaining a normal microbial community at the class level.

F/B ratio identified in the inflammatory phase is a good indicator of microbiota
dysbiosis in the oral cavity [57,58]. In our study, the F/B ratio was lower in the SM oil
group compared to the oil-free group (Figure 8) due to SM oil’s inhibition of Firmicutes
overgrowth, also indicating that SM oil reduces the burst process of the inflammatory
condition [59]. Our present results thus prove the beneficial effect of SM oil in preventing
ligature-induced periodontitis and improving periodontal tissue health at an early stage.

The advantages of using SM oil over conventional agents as a treatment for periodon-
titis are that the product is a safe, natural, and sustainable. However, this study has several
limitations. First, SM oil was applied only once at the initial stage. Because not providing a
continuous application of the oil prevents observations of long-term effects, future studies
could evaluate the effect of SM oil on chronic periodontitis across a longer timeframe. In
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addition, the main etiological agents of periodontal disease are different between humans
and animals. For example, Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans,
Prevotella intermedia and Tannerella forsythia play an important role in periodontal disease in
humans. However, according to previous reports, these bacteria were only rarely detected
in animals with periodontitis [60]. Because the periodontal microflora of the rat is still
unclear, and because over 50% of common oral bacterial species have not been formally
named [61], microbiota analysis at the species level was difficult in this experiment. Since
the major impetus of this study was to evaluate the effect of SM oil on periodontitis, and
because Qian et al.’s results indicate that microbiota analysis at the phylum level represent
the health status and treatment efficiency in apical periodontitis [24], though species-level
bacterial populations in periodontitis are well known in humans, microbiota analysis was
not performed at this level in the current animal study.

4. Materials and Methods

4.1. Preparation of SM Oil

SM used in the experiment was obtained from a company (He-He Com. Ltd., Taipei,
Taiwan). After removing fruit pulp and pericarp, seeds were washed under running water
and then sterilized in distilled water before oil extraction. After drying in a cabinet drier
(40 ◦C for 72 h), the seeds were milled to separate kernels. The cold-press extraction method
was used to extract seed oil following the procedure outlined by Chhetri et al. [11]. Finally,
the extracted oil was filtrated and stored in a freezer at −20 ◦C.

4.2. Animal Preparation and Experimental Design

The animal study procedure in this experiment was reviewed and approved by the
Institution Animal Care and Use Committee or Panel (IACUC Approval No. MI202001-01).
All efforts were made to minimize the number of animals used and reduce any suffering
while producing reliable scientific data. A total of 15 pathogen-free eight-week-old SD rats
were randomly and evenly assigned to two experimental groups and one blank control
(five rats for each group). Rats in the two experimental groups were sacrificed on Day 7
and Day 14, respectively. The blank control was sacrificed on Day 0. In order to ensure a
randomized experimental design, different operators grouped the SD rats and conducted
the ligature experiment. During the experimental period, all animals were fed a standard
diet and kept independently in clean cages with adequate ventilation. The experimental
design is shown in Figure 9a.

Figure 9. (a) Ligature-induced periodontitis experimental design with sacrifice time points. Blank
control was the ligature-free samples at Day 0. In the ligature group, the second left molar was ligated
with silk pre-immersed with SM oil (w/ oil). The corresponding tooth on the right side was tied
with silk-free of SM oil (w/o oil) on Day 0. Rats were euthanized after 7 and 14 days. (b) Detailed
procedures and preparation of the periodontitis animals were ligated with 3-0 silk around the cervical
of the second molar of maxillary bone.
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4.3. Ligature-Induced Periodontitis Model

According to previous studies, the ligature method was used to prepare a periodontitis
model [19–22]. Under pentobarbital anesthesia, 3-0 silk ligatures were tied on the rats’
bilateral maxillary second molar areas. In the experimental group, ten rats had ligatures
pretreated with an immersion of SM oil (w/ oil) tied on their right side, while ligatures
free of SM oil (w/o oil) were tied on the left side to serve as a comparison group (w/o
oil) (Figure 9b). Five rats without ligatures served as the blank control group and were
sacrificed on Day 0 [62]. To ensure the experiment was performed under blind conditions,
different operators prepared ligature samples and ligatured the teeth of SD rats. Control
group samples (w/o oil) were only immersed in normal saline.

Silk ligatures are predicted to induce periodontal inflammation with pathological
biofilms forming both on ligatures and tooth surfaces [30,62]. According to a previ-
ous protocol, maxillary samples were collected at three time-points: Day 0, Day 7, and
Day 14 [63]. Animals were sacrificed under anesthesia, and their jawbones were collected
at the time or observation. After removing excessive soft tissue, preserved maxillary bones
from the experimental groups, including samples ligated both with oil pre-immersed and
oil-free silk, were split in half and collected in separate 1.5 mL test tubes, followed by
fixation and storage in 10% formalin. The periodontal status condition of these maxillary
bone samples was evaluated by micro-CT and histological images. Collected ligatures were
preserved in a freezer at −20 ◦C prior to 16s rRNA sequencing.

4.4. Micro-CT Analysis

Maxillary samples were collected on Day 0, Day 7, and Day 14 after surgery and
scanned with a SkyScan 1076 scanner (SkyScan, Bruker, Kontich, Belgium) with a reso-
lution of 35μm at 90 kV. 3D images of the buccal and palatal sides were reconstructed
using NRecon (version 1.7.4.2, Bruker). For bone loss evaluation, distances between the
cemento-enamel junction (CEJ) and alveolar bone crest (ABC) were analyzed using CTAn
(version 1.19.4.0, Bruker). Six sites, including BM (buccal-mesial), BF (buccal-furcation),
BD (buccal-distal), PM (palatal-mesial), PF (palatal-furcation), and PD (palatal-distal) from
each maxillary molar were chosen for measurement, and average distances were calculated.
In this study, total bone loss (TBL) was defined as the sum of measured data from six sites
(BM + BF + BD + PM + PF + PD). Furcation bone loss (FBL) was defined as the sum of
measured values at BF and PF.

4.5. Histological Analysis

In order to assess the samples’ periodontal conditions, maxillae were dissected at 0,
7, and 14 days and subsequently fixed with 10% formaldehyde. Demineralization was
performed according to Ayukawa et al. (1998) [64]. Briefly, both sides of each maxilla were
decalcified with 10% ethylene-diamine-tetra-acetic acid solution (pH 7.0) (Ajax Finechem,
Thermo Fisher Scientific; Taren Point, Australia) [65] for 4 weeks at 4 ◦C. Then tissue
blocks were embedded in paraffin and cut into serial mesial-distal sections (5 μm thick)
using an ultramicrotome (Bright 5040, Bright Instrument, Cambs, UK). After staining with
hematoxylin and eosin (H&E) (HD Scientific Supplies; Wetherill Park, Australia) [65],
histological images were acquired using a microscope slide scanner (OPTIKA, Ponteranica,
Italia) [63].

4.6. 16s rRNA Extraction, Sequencing, and Bioinformatics Analysis

For sequencing and bioinformatics analysis, ligature samples (n = 3) from Day 7 and Day
14 were selected. Biofilm was extracted from ligatures and plaque on the tooth surfaces at the
CEJ and furcation areas, and 16s genes on the ligatures were amplified by specific primers
341F-805R [5′-CCTACGGGNGGCWGCAG-3′ and 5′-GACTACHVGGGTATCTAATCC-3′].
All polymerase chain reactions (PCR) were performed in 25 μL reagents with 0.5 μL KAPA®

High-Fidelity PCR Master Mix (KAPA BIOSYSTEMS, Cape Town, South Africa). The
final regent amount was 0.5 μM of forward and reverse primers and 1 ng DNA template.
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Amplification was performed with 30 cycles of denaturation at 95 ◦C for 30 s, annealing
at 57 ◦C for 30 s, and elongation at 72 ◦C for 30 s, followed by 5 min extension at 72 ◦C.
The amplified gene samples were purified using a commercial extraction kit (QIAquick
Gel Extraction Kit, QIAGEN, Germantown, MD, USA). Purified gene sequences were
processed using V3-V4 genomics analysis (Illumina MiSeq platform, Genomics BioSci &
Tech Co., New Taipei City, Taiwan). The standard taxonomic identification procedure is
length > 150 bp, with a default error rate = 0.1% with minimal overlapping > 10 bp. Genes
with a similarity value of more than 97% were classified as the same operation taxonomic
unit (OTU) identity using an open-source software platform (Mothur) with SILVA database
(Microbial Genomics and Bioinformatics Research Group, Bremen, Germany) [66–70]. The
gathered data was analyzed using open-source microbial community analysis software
(QIIME, Quantitative Insights Into Microbial Ecology, ver. 1.9.0, Knight and Caporaso
labs, http://qiime.org/1.4.0/; assessed on 15 November 2020) to provide microbiome
information from raw DNA sequencing data [71]. Sequencing reads without ambiguous
reads (n = 3) and chimeric sequences were processed for the bioinformatics analysis as
previously described. Differences in bacterial community patterns among samples ligated
with and without SM oil for Day 7 and Day 14 were evaluated using median and percentage.

4.7. Statistical Analyses

Differences in bone loss between groups were evaluated using t-test analysis. Differ-
ences at p < 0.05 were considered significant. Statistical analyses were performed using
commercial software (SPSS Inc., Chicago, IL, USA). The groups’ differences in bacteria
composition were evaluated using box plot analysis with commercial software (Microsoft
Excel, Roselle, IL, USA).

5. Conclusions

This study demonstrates that SM oil can significantly decrease total bone loss (TBL)
and bone resorption in a ligatured animal model. Our results also show that SM oil inhibits
pathogenic bacteria associated with oral disease and suppress the F/B ratio. Therefore, SM
oil can potentially protect periodontal tissue by altering the microbiota composition in the
initial phase of periodontitis. The data shown in this study can be an important reference
for future studies that examine larger sample sizes and in clinical studies in humans.
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Abstract: Our objective was to determine and optimize the significant parameters affecting me-
chanical properties and mean fiber diameter (MFD) of a novel GTR/GBR membrane composed of
polycaprolactone (PCL) and chicken eggshell membrane (ESM). For this, we prepared electrospun
membrane specimens (n = 16) with varying concentrations of PCL, ESM, nano-hydroxyapatite (HAp),
and altered electrospinning parameters as generated by DOE++ software. After the determination
of MFD and mechanical properties for all specimens, Taguchi orthogonal array L8 design was used
to screen significant factors affecting the MFD and mechanical properties. PCL wt%, ESM wt%,
HAp wt%, applied voltage (AV), flow rate (FR), and spinneret-collector distance (SCD) were the
independent variables investigated. The response variables analyzed were MFD, tensile strength
(TS), and elastic modulus. ANOVA outlined ESM wt%, HAp wt%, AV, FR, SCD, and an interac-
tive effect between PCL wt% and AV to be the significant factors affecting modulus values of an
electrospun PCL/ESM membrane (p < 0.05). Furthermore, concentrations of PCL and ESM were
the significant factors affecting MFD (p < 0.05) and there were no significant factors affecting the
TS values. Optimization using DOE++ software predicted that the maximal TS of 3.125 MPa, modulus
of 278.168 MPa, and MFD of 882.75 nm could be achieved.

Keywords: eggshell membrane; electrospinning; guided tissue regeneration/guided bone regeneration;
nanofibers; polycaprolactone; Taguchi orthogonal arrays

1. Introduction

Guided tissue regeneration/guided bone regeneration (GTR/GBR) is a surgical regen-
erative approach that is widely employed in clinical practice for the treatment of periodon-
titis. Briefly, it involves the mucogingival flap elevation around affected teeth, followed by
the scaling and root planing procedures, and temporary positioning of a barrier membrane
beneath the gingiva [1,2]. The biological basis of this approach is to prevent the apical
migration of gingival epithelium to the space over the denuded root surface by using a
barrier membrane; thus, facilitating the formation of PDL tissues and alveolar bone by PDL
cells and osteoblasts, respectively [2–4]. The majority of commercially available resorbable
GTR/GBR membranes, which is a key component of the GTR/GBR technique, are either
polyester-based products (synthetic) or tissue-derived collagen-based products (natural).
The polyester-based synthetic membranes are biodegradable, allow tissue integration, and
are easier to handle surgically compared with non-resorbable membranes. However, their
poor cell response is a major limitation [4,5]. In contrast, collagen-based membranes have
shown favorable regenerative results due to their excellent cell affinity and biocompatibility.
Nevertheless, they demonstrated relatively poor mechanical properties and dimensional
stability due to their rapid degradation and early collapse. Additionally, the high cost,
availability, poor surgical handling abilities, and potential risk of disease transmission from
animal-based products limit their widespread clinical usage [3–7]. Thus, there is a need to
develop a novel economical GTR/GBR membrane that could assimilate the advantages of
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natural and synthetic biomaterials and promote effective bone regeneration even in cases
of moderate and severe periodontitis.

Natural chicken eggshell membrane (ESM) is a bilayered microporous structure that
lies in between eggshell and egg white. It is composed of highly cross-linked interwoven
protein fibers made up of collagen (Types I, V, and X), osteopontin, and sialoprotein, and is
functionally equivalent to the extracellular matrix in avian egg development. It acts as a
natural scaffold for biomineralization during the formation of an eggshell [8,9]. Addition-
ally, eggshell biomineralization occurs within 24 h and is the most rapid biomineralization
process ever known [9]. ESM has a unique fibrous structure on the outer and inner surfaces,
which facilitates the mineralization of eggshells on the outer side while preventing the
mineralization of egg yolk on the inner side. Owing to this unique barrier membrane
property coupled with the rapid biomineralization process, it has gained attention as a
potential natural biomaterial in GTR/GBR membrane applications [10].

Inspired by the unique natural bio-membrane-like structure and rapid biomineraliza-
tion process assisted by the ESM, coupled with the enormous clinical demand for GTR/GBR
membrane, we are developing this novel cost-efficient ESM-based fibrous GTR/GBR mem-
brane using a blend electrospinning process. It is a promising, environment-friendly, and
cost-effective alternative for commercial collagen-based GTR/GBR membrane products
because ESM comes from abundant industrial waste, unlike collagen. However, pure
ESM is a low molecular weight biodegradable polymer with poor mechanical properties,
which is the main limitation for GTR/GBR membrane application. Thus, usually, it is used
with another polymer either as a blend or by crosslinking or physical entrapment, etc., for
potential biomedical applications [10–21]. In this study, we blend electrospun ESM with
Poly (ε-caprolactone) (PCL), a synthetic biopolymer, and a bioceramic nano-hydroxyapatite
(HAp) to prepare a novel composite GTR/GBR membrane.

An ideal GTR/GBR membrane should fulfill all the desirable characteristics such
as mechanical properties including tensile strength (TS) and modulus, porosity, biocom-
patibility, and controlled biodegradation [2]. Thus, the membrane composition should
be optimized to achieve a compromise between the minimal requirements, target levels,
and relative importance of desired mechanical properties and mean fiber diameter (MFD).
Apart from the membrane composition (ESM wt%, PCL wt%, HAp wt%), other factors
such as electrospinning parameters (flow rate of solution (FR), spinneret-collector distance
(SCD), and applied voltage (AV)) also might have a significant effect on the physical, me-
chanical, and biological properties of this novel electrospun membrane. Thus, the Design
of Experiments (DOE++) approach using Taguchi orthogonal array design is an effective
tool to outline the significant factors and to further optimize the membrane composition to
achieve the desired outcomes.

Thus, the objectives of this study were to determine and optimize the significant factors
affecting the mechanical properties as well as the MFD of a novel biomimetic electrospun
composite GTR/GBR membrane, using Taguchi orthogonal arrays in DOE++ software.
The null hypothesis was that there was no significant difference in TS, modulus, and
MFD of PCL/ESM composite membrane with electrospinning parameters or the polymer
solution composition.

2. Results

The SEM images obtained for all 16 specimens are depicted in Figure 1a–p, respectively.
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Figure 1. Cont.
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(i) (j) 

(k) (l) 

(m) (n) 

(o) (p) 

Figure 1. SEM micrographs of 16 specimens (a–p) prepared for Taguchi orthogonal array analysis. All
the SEM micrographs were collected at 1500× magnification and at an accelerating voltage of 8 kV.
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The modulus, TS, and MFD values calculated for all 16 specimens were tabulated in
Table 1. The MFD, modulus, and TS values of tested specimens varied from 932 to 1925 nm,
16.62 to 207.3 MPa, and 1.2 to 3.5 MPa, respectively. ANOVA outlined ESM wt%, HAp wt%,
AV, FR, SCD, and an interactive effect between PCL wt% and AV to be the significant
factors affecting the modulus values of an electrospun PCL/ESM membrane (p < 0.05).
Furthermore, concentrations of PCL and ESM were the significant factors affecting MFD
values (p < 0.05). However, there were no significant factors observed to be affecting the
TS values.

Table 1. TS, modulus, and MFD values for all 16 specimens.

n # Tensile Strength (MPa) Elastic Modulus (MPa)
Mean Fiber

Diameter (nm)

1 3.5 128.678 1649

2 2.3 194.813 1459

3 1.7 31.578 1201

4 2.6 29.981 932

5 2.9 68.888 993

6 3.1 104.391 1925

7 3 32.196 1067

8 1.9 23.488 1261

9 1.3 89.305 1532

10 1.2 207.338 1311

11 0.8 20.061 1592

12 1.6 16.622 956

13 2.7 41.67 1258

14 3 115.557 1672

15 3.1 24.867 1259

16 1.7 16.749 1141

ANOVA outlined ESM wt%, HAp wt%, AV, FR, SCD, and an interactive effect between
PCL wt% and AV to be the significant factors affecting the elastic modulus values of
this GTR/GBR membrane (p < 0.05) as observed in the Pareto chart depicted in Figure 2.
However, there were no significant factors observed to be affecting the TS values as depicted
in the Pareto chart in Figure 3. Additionally, from the Pareto chart, as depicted in Figure 4,
PCL and ESM concentrations were observed to be the significant factors affecting MFD
values (p < 0.05).

The analytical quadratic model obtained by multiple regression analysis for variations
within response variables of this GTR/GBR membrane is shown in Equation (1). The
coefficients of the quadratic Equation (1) after fitting the data to analyzed response variables
are tabulated in Table 2.

Y = X + X1A + X2B + X3C + X4D + X5E + X6F + X7(A·D) (1)

Y is the response variable analyzed. A, B, C, D, E, and F are the coded values for PCL
wt%, ESM wt%, HAp wt%, AV, FR, and SCD, respectively. X, X1, X2, X3, X4, X5, X6, and X7
are the respective coefficients.
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Figure 2. Pareto chart depicting the significant factors affecting elastic modulus values of an electro-
spun composite membrane.

 

Figure 3. Pareto chart depicting the significant factors affecting TS values of an electrospun compos-
ite membrane.
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Figure 4. Pareto chart depicting the significant factors affecting mean MFD values of an electrospun
composite membrane.

Table 2. Regression information for analyzed response variables.

Y X/SE * X1/SE * X2/SE * X3/SE * X4/SE * X5/SE * X6/SE * X7/SE *

Elastic Modulus 97.4075/4.8274 −9.2295/6.8269 23.8167/4.8274 42.5065/4.8274 −30.7697/4.8274 45.1215/4.8274 22.2252/4.8274 51.5422/6.8269

Tensile Strength 2.425/0.2494 −0.15/0.3527 −0.0875/0.2494 −0.1125/0.2494 0.15/0.2494 0.3625/0.2494 −0.2375/0.2494 0.3/0.3527

Mean Fiber
Diameter

1313.25/54.094 213.75/76.5004 −115.625/54.094 −57.625/54.094 58 /54.094 51.875/54.094 12.875/54.094 −24.5/76.5004

* SE = standard error.

Additionally, optimization using DOE++ software predicted that the maximal TS of
3.125 MPa, modulus of 278.168 MPa, and MFD of 882.75 nm could be achieved using
12 wt% PCL, 6 wt% SEP, 2 wt% HAp, 13 kV AV, 1.4 mL/h FR, and 8 cm SCD with a global
desirability of 0.1025 as depicted in Figure 5.
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Figure 5. The optimal solution for maximizing the mechanical properties and MFD values of an
electrospun composite membrane.

3. Discussion

For GTR/GBR membrane applications, adequate mechanical properties are a primary
requisite to prevent collapse into the underlying alveolar bone defect region and to protect
the bone defect region for alveolar bone and periodontal ligament regeneration. Thus,
optimization of mechanical properties, by controlling various electrospinning parameters
and mean fiber diameter is necessary to obtain a durable GTR/GBR membrane with
maximum mechanical properties. In this study, there were six independent parameters
(PCL wt%, ESM wt%, HAp wt%, AV, FR, SCD) that could alter the desired responses
and each parameter had two levels (low and high). Hence, there could be 64 different
combinations of parameters per response variable for the preparation of this membrane,
using a full-factorial method. To avoid the cumbersome process of preparing 64 groups
of specimens and to save time and resources, the method of Taguchi orthogonal arrays
was used to generate a reduced set of combinations of independent factors to derive an
optimum combination of the parameters necessary for the preparation of this membrane.
Taguchi orthogonal array is a fractional factorial method that ensures equal consideration of
all the levels of all factors and evaluates the effects of individual parameters and the lower-
order two-way interactions [22]. Our experimental design strategy was based on the Pareto
principle, which advocates that 20% of the main factors and their lower-order interactions
account for 80% of the outcomes [23]. This also implies that the higher-order interactions
typically do not have a significant effect on the response, and hence was rational to use
a Taguchi orthogonal array design for this study. DOE++ generated 16 combinations of
parameters and thus 16 n specimens were used for analysis.

Bead-on-string fibers were usually considered a “by-product” of the electrospun fibers
and confer detrimental properties to the electrospun membrane by reducing the surface
area of the membrane [24,25]. Thus, the production of smooth bead-free uniform fibers
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is desirable. From the SEM micrographs (Figure 1a–p), we can observe that the bead-
free uniform fibers are formed for all the tested specimens. Furthermore, from the SEM
images (Figure 1a–p), we can observe the presence of HAp agglomerates. The presence
of agglomerates within nanofibrous scaffolds on the addition of bioceramics as HAp and
β-tricalcium phosphate was also previously reported by Castro VO et al. [26] and Santos
VI et al. [27].

From the results (Figures 2 and 5 and Table 2), we can observe that except for AV, the
rest of all significant factors, including ESM wt%, HAp wt%, SCD, FR, and interaction
between PCL wt% and AV have a positive correlation with an elastic modulus of this
membrane. Regarding TS of th membrane, the Pareto chart (Figure 3) showed that there are
no significant parameters affecting TS. However, from the regression information (Table 2),
we can observe that TS has a negative correlation with all tested parameters except for FR,
AV, and the interaction between PCL wt% and AV. The results observed in this study were
in contrast with the results reported by Xiong X et al. [13], Jia J et al. [14], and Qi Q et al. [28],
wherein they observed increased mechanical properties of ESM-based membranes on
incorporating increased amounts of the additive synthetic polymers and chitosan. This
might be due to the interaction with bioceramic, HAp in this composite and could also be
attributed to the difference in the processed commercially available ESM powder used in
this study.

Furthermore, PCL wt% and ESM wt% are the significant factors affecting the MFD
of the PCL/ESM membrane (Figure 3). Additionally, the optimal solution (Figure 5) and
regression information for MFD (Table 2) demonstrated that except for ESM wt%, HAp wt%,
and interaction between PCL wt% and AV, all other tested factors have a positive correlation
with the MFD of final nanofibers. The negative correlation of MFD with HAp wt% observed
in this study agrees with results reported by Doustgani A et al. [29], wherein they attributed
it to the increase in conductivity of the polymer solution and the surface charge density of
the solution jet with the addition of HAp. Furthermore, the negative correlation of MFD
with ESM wt% could also be attributed to the increased surface charge density of polymer
solution jet with increased ESM concentration.

Additionally, the optimization of the formulation to prepare an electrospun PCL/ESM
GTR/GBR membrane with global maximal mechanical properties such as TS, and elastic
modulus as well as to achieve the MFD close to the collagen fibers in the native extracellular
matrix, is completed with an optimization tool in DOE++ software. Since we have three
responses (TS, modulus, and MFD), the optimal setting of independent variables for one
of the responses may not be good for the other two. Therefore, a compromise should be
made and a balanced setting of independent variables that can optimize the overall desired
responses should be found. DOE++ software used in this study employed a statistical and
mathematical approach to efficiently optimize the mechanical properties including modulus
and TS, along with targeted MFD values for this electrospun composite membrane by a
compromise between the minimal requirements, target level, and relative importance of each
desired outcome. From Figure 5, we can observe that the PCL/ESM electrospun membrane
prepared using polymer solution concentrations of 12 wt% of PCL, 6 wt% of ESM, 2 wt%
of HAp, and electrospinning parameters of 13 kV AV, 1.4 mL/h FR, and 8 cm SCD will
have the predicted TS of 3.125 MPa with a desirability value of 0.025; predicted modulus of
about 278.168 MPa with a desirability value of 1; and a predicted MFD of 882.75 nm with a
desirability value of 0.0431. The achieved overall desirability value is 0.1025.

Apart from the parameters tested in this study, the effect of additional environmental
parameters such as temperature, relative humidity, and additional polymer solution pa-
rameters such as viscosity and solution conductivity could be investigated further. Future
studies correlating the effect of mechanical properties and MFD with degradation proper-
ties are necessary to determine the applicability of these nanofibers in various biomedical
applications. Additionally, characterization of the optimized GTR/GBR membrane to de-
termine the porosity, chemical structure, physical properties, and biocompatibility testing
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using cell culture studies are necessary to validate the applicability of these nanofibrous
GTR/GBR membranes in periodontal regeneration applications.

4. Materials and Methods

Poly (ε-caprolactone) (PCL, Mn:80,000), Chloroform (CF, ≥99.5%), and N, N-
Dimethylformamide (DMF, 99.8%) were procured from Sigma-Aldrich (Millipore Sigma,
St. Louis, MO, USA). Nano-Hydroxyapatite (HAp, particle size:100 nm) was purchased
from Berkeley advanced biomaterials (Berkeley, CA, USA). Natural eggshell membrane
powder was bought from Healthy Origins (Pittsburg, PA, USA). All reagents were used as
received without further purification.

4.1. Taguchi Orthogonal Array Study Design

In this study, the independent variables such as PCL wt%, ESM wt%, HAp wt%, AV,
FR, and SCD used for the preparation of electrospun membrane were considered as input
factors while, TS, elastic modulus, and MFD were measured as the three objectives or
response variables. A Taguchi orthogonal array L8 design (DOE folio, Weibull++ software,
Reliasoft, AZ, USA) using two levels of factors (low and high) was used to screen out signif-
icant factors affecting the MFD and mechanical properties of this electrospun membrane as
well as to obtain an optimum formulation of independent variables that could maximize the
modulus, TS, and MFD values. The range and levels of the independent factors which were
used in optimization are tabulated in Table 3. The minimum and maximum levels of the
independent factors were chosen by considering the preliminary studies, trial experiments,
practical limitations, and represent the attainable limits for nanofiber formation and/or
equipment operation. For instance, the polymer solution becomes highly viscous and could
not be electrospun at PCL concentrations greater than 18 wt%, particularly when used
together with ESM concentrations greater than 6 wt%. Furthermore, HAp concentrations
greater than 2 wt% resulted in agglomerate formation and precipitation of HAp powder
particles at the bottom of the test tube during polymer solution preparation. At PCL
concentrations lesser than 12 wt%, there are beads and spindle-shaped fiber formation
observed within the electrospun fiber mats, even with higher ESM concentrations.

Table 3. The range and levels of the independent variables used for Taguchi orthogonal array design.

Independent Variables Level 1 (Low) Level 2 (High)

PCL wt% 12 18

ESM wt% 1 6

HAp wt% 0.5 2

Applied Voltage (AV) (kV) 13 18

Flow Rate of Solution (FR) (mL/h) 0.4 1.4

Spinneret to Collector Distance (SCD) (cm) 8 13

Based on the range of input variables, no. of replicates, and desired response variables,
Taguchi orthogonal array design folio in DOE++ software generated 16 electrospun mem-
brane specimen combinations (two replicates of eight combinations of various independent
parameters (2n × 8 combinations)) with varying concentrations of PCL, ESM, HAp, and
altered electrospinning parameters needed to run the analysis.

4.2. Preparation of Electrospun Membrane Specimens

The 16 specimen combinations generated by DOE++ software as tabulated in Table 4
were prepared using the blend electrospinning technique. Polymer solution for the blend
electrospinning process was prepared by initially dissolving the premeasured quantity
of HAp powder (Table 4) in a mixture of CF and DMF (3:1) solvents for 30 min using a
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sonicator. Then, premeasured quantities of PCL and ESM as tabulated in Table 4 were
blended and dissolved in the HAp/CF/DMF mixture overnight using a bench rocker. The
resulting PCL/ESM solution was loaded into a syringe and an 18-gauge needle is attached
to it to carry out the electrospinning process using a custom electrospinning setup [30].
The same process was repeated with various polymer solution concentrations and altered
electrospinning parameters for the preparation of 16 specimens as tabulated in Table 4. All
16 specimens were collected after 10 h of electrospinning to obtain the desired thickness
range at the laboratory conditions of 23 ± 2 ◦C temperature and 50% ± 1% relative humidity
and left to dry overnight before analysis to allow for the residual solvent evaporation.

Table 4. The 16 specimen combinations of various input independent variables generated by DOE++.

n # PCL (wt%) SEP (wt%) HAp (wt%)
Applied

Voltage (kV)
Flow Rate (ml/h) S-C Distance (cm)

1 18 1 2 13 1.4 8

2 18 6 2 13 1.4 13

3 18 6 0.5 13 0.4 13

4 12 6 2 18 0.4 8

5 12 1 0.5 13 0.4 8

6 18 1 0.5 18 1.4 13

7 12 6 0.5 18 1.4 8

8 12 1 2 18 0.4 13

9 18 1 2 13 1.4 8

10 18 6 2 13 1.4 13

11 18 6 0.5 13 0.4 13

12 12 6 2 18 0.4 8

13 12 1 0.5 13 0.4 8

14 18 1 0.5 18 1.4 13

15 12 6 0.5 18 1.4 8

16 12 1 2 18 0.4 13

4.3. Mechanical Testing and MFD Assessment of PCL/ESM Membrane Specimens

The morphology of all the fibrous mats was characterized using Field-Emission Scan-
ning Electron Microscopy (SEM, Supra 40, Carl Zeiss, Germany). Specimens were sputter-
coated with Ag-Pd alloy using a sputter coater (Q150T, Carl Zeiss, Germany) to improve
the electrical conductivity, then observed using SEM at a voltage of 8 kV and 1500 X magni-
fication. ImageJ software (ImageJ, Version 1.53b, National Institute of Health, Bethesda,
MD, USA) was used to assess the MFD based on the obtained SEM images. Mean fiber
diameter was calculated as an average of fiber diameters measured at 30 different positions
on each SEM image of the specimen.

For the mechanical testing, all specimens were prepared to have a width of 13 mm
and further taped at both ends to prevent gripping failures. The VHX Digital Microscope
(Keyence Corp, Osaka, Japan) was used to precisely record the thickness (n ≥ 5) of the
electrospun membrane without any compression by mechanical instrumentation. Uniaxial
tensile testing was carried out according to ASTM D882 Standard test method using a
Sintech 2/G Materials Testing System (MTS, Eden Prairie, MN, USA) at an extension rate
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of 0.5 in/min as depicted in Figure 6a,b. Mechanical properties such as elastic modulus
and TS were calculated using MTS Testworks 4.0 software (MTS, Eden Prairie, MN, USA).

  
(a) (b) 

Figure 6. Electrospun membrane specimen (a) loaded onto the Sintech 2/G materials testing system
for uniaxial tensile testing, and (b) tested till failure.

4.4. Screening and Optimization of Significant Factors

After the determination of MFD, TS, and modulus values for all 16 specimens, the ob-
tained values were input into DOE++ software and Taguchi orthogonal array analysis was
run. From the Taguchi analysis, ANOVA was used to screen the independent parameters
that had significant effects on the MFD, TS, and elastic modulus of the final membrane
(α = 0.05). Furthermore, after finding the significant factors and interactions, optimization
was completed using the optimize feature in the DOE++ software to find the optimum
values of independent factors needed to maximize modulus and TS as well as to achieve
a maximum MFD of around 500 nm to resemble the MFD values of collagen fibers in the
natural extracellular matrix as reported in the literature [31,32].

5. Conclusions

To conclude, the results showed that the elastic modulus of this novel PCL-based
GTR/GBR membrane varies with the ESM wt%, HAp wt%, AV, FR, SCD, and an interactive
effect between PCL wt% and AV. However, there is no significant variation observed
with TS values with any of the parameters tested. Additionally, there is a significant
variation in MFD values observed with ESM and PCL polymer concentrations within the
electrospinning polymer solution. Thus, the null hypothesis stating that there was no
significant variation in mechanical properties and MFD of final membranes with altered
electrospinning parameters and polymer solution concentration was partially accepted.

Furthermore, the results show that the Taguchi orthogonal arrays and optimization by
Design of Experiments employed in this study are effective modeling tools for screening and
optimizing various parameters during the preparation of this novel GTR/GBR membrane.
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Abstract: Microbial infection and insufficient tissue formation are considered to be the two main
causes of dental implant failure. Novel studies have focused on designing dual-functional strategies
to promote antibacterial properties and improve tissue cell response simultaneously. In this study,
we investigated the antibacterial properties and cytocompatibility of silver nitrate (AgNO3) and
strontium acetate (SrAc) in a mono-culture setup for dental application. Additionally, we defined
the therapeutic window between the minimum inhibitory concentration against pathogenic bacteria
and maximum cytocompatible dose in the case of combined applications in a co-culture setup.
Antibacterial properties were screened using Aggregatibacter actinomycetemcomitans and cell response
experiments were performed with osteoblastic cells (MC3T3) and fibroblastic cells (NIH3T3). The
osteoinductive behavior was investigated separately on MC3T3 cells using alizarin red staining. A
therapeutic window for AgNO3 as well as SrAc applications could be defined in the case of MC3T3
cells while the cytocompatibility of NIH3T3 cells was compromised for all concentrations with
an antibacterial effect. However, the combined application of AgNO3/SrAc caused an enhanced
antibacterial effect and opened a therapeutic window for both cell lines. Enhanced mineralization
rates could be observed in cultures containing SrAc. In conclusion, we were able to demonstrate that
adding SrAc to AgNO3 not only intensifies antibacterial properties but also exhibits bone inductive
characteristics, thereby offering a promising strategy to combat peri-implantitis and at the same time
improve osseointegration in implant therapy.

Keywords: therapeutic window; silver; strontium; peri-implantitis; osseointegration; antibacterial;
cytocompatible

1. Introduction

Nowadays, dental implants represent a common treatment to replace missing teeth.
However, certain complications and challenges are associated with this treatment option.
The median prevalence of peri-implantitis, as the most frequent complication reported
in implant dentistry, ranged from 7% among healthy populations to 38.4% in subjects
with 10 year functional implants [1]. More severe risk factors such as smoking, systemic
diseases, and poor oral hygiene can negatively impact the peri-implantitis prevalence
rate [1]. Inflammatory processes caused by bacterial colonization damage both hard
and soft tissues at the implant’s site and have been described as a major contributor to
low success rates [2]. In addition, the success rate of dental implants further relies on
sufficient initial osseointegration that determines prolonged stability [3]. As a consequence,
optimized tissue integration as well as limited bacterial colonization are considered key
factors for a sustainable functional implant [4,5]. In an effort to reduce dental implant
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failure, mutual implant functionalization strategies should be considered which address
anti-bacterial properties as well as tissue regeneration at the same time.

Silver, as one of the most effective antimicrobial metals, has been extensively employed
in implant research due to its broad-spectrum activity and long-term stable antibacterial
ability [6]. Accordingly, until the year 2016, 37.8% of studies used different forms of silver
in antimicrobial dental implant functionalization strategies [7]. On the other hand, several
investigations have reported the dose-dependent toxic effect of silver not only on bacteria
but also on tissue cells [8,9]. The minimal inhibitory concentration (MIC) of silver towards
procaryotic cells usually overlaps with the acceptable biocompatible concentration for
eucaryotic cells, which limits any potential therapeutic window to a narrow range [10].
Currently, two different approaches are used in order to increase the therapeutic window
for silver administration: (i) changing the physicochemical properties of the applied silver
(e.g., shape, size, electrochemistry, and concentration) or (ii) incorporating a secondary ele-
ment or bioactive chemical to reduce cell toxicity of silver while enhancing tissue formation
but maintaining antibacterial properties [11]. Organic bioactive chemicals (e.g., hydroxyap-
atite (HA), chitosan (CS)), inorganic elements (e.g., zinc (Zn), copper (Cu), gold (Au), and
strontium (Sr)), or various combinations of them have been incorporated with different
chemical forms of silver in order to reach the optimal balance between antibacterial behav-
ior, chemical biocompatibility, and osteogenic response [12–20]. Among these elements,
strontium as an alkaline metal with a strong inductive effect on bone tissue appears to be
a particularly promising agent. It not only concurrently impedes bone resorption by sup-
pressing osteoclast activity but can also enhance bone formation by increasing osteoblast
function [21]. Several studies have already demonstrated the bone formative properties
of strontium-leaching biomaterials in clinical settings [22]. Additionally, some in vitro
investigations also reported an antibacterial impact of strontium; amongst them, one recent
investigation was carried out on bacteria associated with dental implant infections [23–26].

The combination of silver and strontium was previously assessed in some studies for
antibacterial activity and cytocompatibility when applied as surface coating [16,20,24,27–29].
Although the majority of these investigations reported good antibacterial effects and bio-
compatibility, their application of coated surfaces did not include the definition of the opti-
mum concentrations of both metals in order to determine the range of a desired therapeutic
window. The biological effects or interactions of these two chemicals (regardless of coating
effects in case of chemical composition or surface topography) separately and in combina-
tion were not assessed in a comprehensive manner. Furthermore, the antibacterial activity
of combined silver/strontium against oral pathogens related to dental peri-implantitis
and, thus, the specific therapeutic window for this application in dentistry has not been
investigated so far.

Therefore, the present study aimed to systematically analyze both the antibacterial effect
and the cytocompatibility of silver, strontium, as well as combinations of both within one study
to define the therapeutic window in mono-culture and co-culture setups for dental application.
The antibacterial activity was evaluated against Aggregatibacter actinomycetemcomitans, one of
the major bacterial pathogens in dental peri-implantitis [30]. At the same time, the cellular
cytotoxicity of the different metal combinations was determined for fibroblasts and os-
teoblasts, which are the most relevant cells for dental implant studies [31]. Finally, the most
promising concentrations were analyzed in a co-culture assay containing both bacterial and
tissue cells, and osteogenic differentiation was also addressed.

2. Results

2.1. Antibacterial Activity and Cytocompatibility of Silver Nitrate

In this study, the effects of different combinations of additives were tested regarding
antibacterial properties and cytotoxicity in mono-culture and co-culture settings to define
putative therapeutic windows. In order to ensure the best possible comparability of the
results, all experiments were performed in the same mixed culture medium (DMEM + αMEM,
1:1), which was selected in preliminary experiments. The antibacterial effect of AgNO3 at
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concentrations of 0.5, 1.5, 3, 6, 9, 12, 15, and 20 μg/mL against the periodontal pathogen
A. actinomycetemcomitans was evaluated after a 24 h incubation period by counting the
number of bacterial colonies (CFU) grown on FAA plates (Figure 1A). A dose-dependent
antimicrobial effect on A. actinomycetemcomitans was determined. Treatment with AgNO3
concentrations of 0.5 μg/mL resulted in a reduction of 87% in bacterial colony numbers, but
did not reach statistical significance (p = 0.051). With an increasing concentration of AgNO3
(≥1.5 μg/mL), a statistically significant reduction was observed. No viable bacteria could
be detected at AgNO3 concentrations of ≥3 μg/mL, indicated by 100% growth inhibition.
Therefore, the minimum inhibitory concentration (MIC), which we defined as the lowest
concentration with statistically significant CFU reduction, of AgNO3 in this mono-culture
assay was set as 1.5 μg/mL.

 

Figure 1. Antibacterial Activity and Cytocompatibility of Silver Nitrate. Tukey Box Plots of (A) bacterial
colony numbers (expressed as log CFU/mL) of A. actinomycetemcomitans and cell metabolic activity
determined by CellTiter-Blue assay of (B) NIH3T3 and (C) MC3T3 after 24 h incubation with AgNO3

at different concentrations. The dashed lines represent 70% of cell viability. Black stars indicate
statistically significant decreases compared to the control with p ≤ 0.05. (D) BacLight staining of
NIH3T3 and MC3T3 cells treated with corresponding AgNO3 concentrations. The samples were
examined under the CLSM. Scale bars: 50 μm.

Parallel to the antibacterial effect, the cellular viability of fibroblasts (NIH3T3) and os-
teoblasts (MC3T3) following exposure to AgNO3 was investigated at the same concentration
range using the CTB viability assay (Figure 1B,C). Statistically significant viability reduction
was detected for AgNO3 concentrations of ≥3 μg/mL in the case of NIH3T3 cells and for
concentrations of ≥6 μg/mL in case of MC3T3 cells. However, a reduction of more than 30%
of cell viability was already considered as a cytotoxic effect according to DIN ISO 10993-5 [32].
In this regard, an AgNO3 concentration of ≥1.5 μg/mL (for NIH3T3) and ≥6 μg/mL (for
MC3T3) must be considered cytotoxic. To support these observations, cell fluorescence
staining and CLSM microscopy were used to document morphological alterations fol-
lowing exposure to test substances (Figure 1D). The microscopy results confirmed cell
compatibility at low concentrations of AgNO3 (0.5 μg/mL) in both cell lines with normal
elongated morphologies and green fluorescence, but different sensitivities when using
higher concentrations. In the case of NIH3T3, AgNO3 concentrations ≥1.5 μg/mL led to
reduced cell numbers, rounded cell structures, and a slightly reddish color, which became
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even more intense as the dose increased (Figure 1D). Such visible morphological changes
could not be observed for MC3T3 up to a concentration of 6 μg/mL. According to the
combined results of antibacterial and cytotoxicity testing, a desired therapeutic window,
defined as the concentration interval between MIC and the maximum cytocompatible dose
of AgNO3, could be determined as from ≥1.5 μg/mL to <6 μg/mL for MC3T3 cells. No
therapeutic window could be identified for NIH3T3 cells in this mono-culture setup.

2.2. Antibacterial Activity and Cytocompatibility of Strontium Acetate

Similar to the analyses for AgNO3, the effects of SrAc on bacteria and tissue cells were
initially tested in mono-culture approaches. For A. actinomycetemcomitans, a dose-dependent
decrease in CFU/mL could be observed within the range of 0.1 to 20 mg/mL. This reduction
became statistically significant at SrAc concentrations ≥5 mg/mL (Figure 2A). Thus, SrAc
showed an MIC of 5 mg/mL in the mono-culture experiment.

 
Figure 2. Antibacterial Activity and Cytocompatibility of Strontium Acetate. Tukey Box Plots of
(A) A. actinomycetemcomitans growth given as log CFU/mL measured after 24 h inoculation.
Metabolic activity of (B) NIH3T3 and (C) MC3T3 cell lines cultivated in the presence of Sr Ac-
etate with different concentrations. The dashed lines represent 70% of cell viability. Black and grey
stars indicate statistically significant decreases and increases, respectively, compared to the control
with p ≤ 0.05. (D) BacLight staining of NIH3T3 and MC3T3 treated with corresponding Sr Acetate
concentrations. The samples were examined under the CLSM. Scale bars: 50 μm.

Cellular metabolic activity was again quantified using CTB assay. Regarding cyto-
compatibility, it could be observed that the viability of NIH3T3 cells did not diminish in
comparison to non-treated cells up to SrAc concentrations ≤3.5 mg/mL. A reduction of
more than 30% in metabolic activity was detected following treatments with concentra-
tions ≥5 mg/mL (Figure 2B). The metabolic activity of MC3T3 cells initially significantly
increased with increasing concentrations of SrAc (1.5, 2.5, and 3.5 mg/mL) compared to the
control group (p = 0.003, p = 0.0002, and p = 0.008, respectively). Additionally, in contrast
to fibroblasts, a significant reduction in viability was only detected at 20 mg/mL which
exceeded 30%. The qualitative analysis using CLSM images of stained cells confirmed
the results of the quantitative CTB assay (Figure 2D). At up to 2.5 mg/mL, no dominant
alterations in morphology or visible cell amounts could be observed neither for NIH3T3 nor
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MC3T3. Beginning with 5 mg/mL, the fibroblasts appeared slightly rounded and fewer in
number, whereas only isolated reddish dots remained in 20 mg/mL. In the case of MC3T3,
a collapse of the cell culture was not indicated at lower concentrations and was observed
exclusively for 20 mg/mL. However, it should be mentioned that the osteoblasts appeared
slightly more elongated with aligned orientation when adding SrAc in a concentration
range from 1 to 5 mg/mL (Figure 2D). Taken together, SrAc concentrations of ≤3.5 mg/mL
(for NIH3T3) and ≤5 mg/mL (for MC3T3), respectively, were shown to be cytocompatible,
indicating a possible therapeutic window of around 5 mg/mL in the case of MC3T3 cells.
No therapeutic window could be defined following SrAc administration on NIH3T3.

2.3. Cell Viability in Combined Treatment with Silver Nitrate and Strontium Acetate

The cytotoxic effects of a combined challenge with AgNO3 and SrAc were screened
using NIH3T3 or MC3T3 cells before suitable concentrations were also tested for antibac-
terial effects in a co-culture approach, since cellular viability could not be addressed in
a co-culture setup due to artefacts caused by bacterial viability. For this purpose, the cy-
tocompatible concentration of SrAc for both cell lines (2.5 mg/mL) was combined with
increasing concentrations of AgNO3 (0.5, 1.5, 3, 6, 9, 12, and 20 μg/mL), which was applied
to the cells and analysed using CTB assay as well as CLSM microscopy as described before.
Against the background stimulation of 2.5 mg/mL SrAc, the addition of AgNO3 ≥ 3 μg/mL
resulted in a significant reduction in metabolic activity, while 0.5 μg/mL AgNO3 remained
non-cytotoxic for NIH3T3 cells (Figure 3A). In the case of MC3T3 cells, AgNO3 concentra-
tions ≥6 μg/mL appeared cytotoxic when combined with 2.5 mg/mL SrAc as indicated
by the cell viability reduction of 30% (Figure 3B). Additionally, the previously observed
significant increase in the metabolic activity of MC3T3 in the presence of 2.5 mg/mL SrAc
could be confirmed and was not compromised by AgNO3 concentrations ≤3 μg/mL. When
comparing the fluorescence units in Figures 1 and 3 (effects of AgNO3 in different concen-
trations with and without adding SrAc 2.5 mg/mL) for NIH3T3, a significant increase in
cell metabolism could be observed with 0.5 μg/mL AgNO3 in the presence of SrAc. The
same effect could be detected for MC3T3 after treatment with AgNO3 at concentrations of
0.5 μg/mL, 1.5 μg/mL, and 3 μg/mL. In contrast, for cell cultures with higher concentra-
tions of AgNO3 (NIH3T3: 3μg/mL AgNO3; MC3T3: 6 μg/mL AgNO3), metabolic activity
was reduced when additionally stimulated with 2.5 mg/mL SrAc (Figures 1 and 3).

Figure 3. Cell viability of Silver Nitrate and Strontium Acetate in combination. CellTiter-Blue assay
of (A) NIH3T3 and (B) MC3T3 treated with increasing concentrations of AgNO3 and 2.5 mg/mL
Sr Acetate after 24 h. The dashed lines represent 70% cell viability. Black and grey stars indicate
statistically significant decreases and increases, respectively, compared to the control with p ≤ 0.05.
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2.4. Antibacterial Effect and Cytocompatibility of Combined Treatment with Silver Nitrate and
Strontium Acetate in a Co-Culture System

Based on all results of the mono-culture experiments, for both cell lines, a co-culture
setup with A. actinomycetemcomitans in the presence of 2.5 mg/mL SrAc was consid-
ered appropriate to investigate the effect of AgNO3 concentrations in the range of 0.5 to
6 μg/mL and to identify a possible therapeutic window for future applications. Simi-
lar to mono-culture experiments, the MIC regarding A. actinomycetemcomitans was mea-
sured by analyzing significant reductions in log CFU/mL (Figure 4A,B), and fluores-
cence staining followed by CLSM microscopy were used to determine cell morphology
of both cell lines (Figure 4C,D). A statistically significant reduction in bacterial growth
was observed in co-cultures with both cell lines after treatment with AgNO3 alone for
concentrations ≥3 mg/mL (Figure 1). In contrast, bacterial growth was already statisti-
cally significantly reduced with a combined stimulus of 0.5 μg/mL AgNO3 together with
2.5 mg/mL SrAc. Therefore, this concentration could be defined as the MIC value for com-
bination treatment. Such a decrease in bacterial growth in the presence of 2.5 mg/mL SrAc
could be detected for any investigated AgNO3 treatment (Figure 4A,B). Regarding the cyto-
compatibility analysis, only CLSM imaging was performed (see above) and color change
as well as morphological alterations were evaluated (Figure 4C,D). When NIH3T3 cells in
the co-culture setup were treated with AgNO3 alone, only a concentration of 0.5 μg/mL
caused no changes in cell shape and microscopically visible cell amounts. In the presence
of SrAc, an AgNO3 concentration of 1.5 μg/mL still had no visible effect. However, if
treated with AgNO3 ≥ 1.5 μg/mL (or ≥3 μg/mL in combination with 2.5 mg/mL SrAc),
cells appeared more rounded and reddish in color. This decrease in viability was more pro-
nounced when SrAc was added and confirmed its ambivalent effect regarding attenuation
(with low AgNO3 concentrations) or enforcement (with high concentrations of AgNO3)
of cytotoxicity observed in the context of silver treatment for both cell lines (Figure 4C,D).
For MC3T3 cells in the co-culture setup, treatment with AgNO3 up to 3 μg/mL showed
no changes in visible cell numbers independent of additional SrAc stimulation. As in the
mono-culture, only the morphology of cells was affected by the addition of SrAc as cells
appeared more elongated and aligned (Figure 4D). A visibly decreased amount of MC3T3
and more reddish stained cells were detected only when treated with 6 μg/mL AgNO3, an
effect enhanced again in the presence of SrAc (similar to the findings in the mono-culture
and confirming the results of the CTB assay). According to these data, cytocompatible
doses of AgNO3 in combination with 2.5 mg/mL SrAc could be defined as <3 μg/mL for
NIH3T3 and <6 μg/mL for MC3T3. For MC3T3, this concentration was in line with the CTB
analysis of combined treatment in the mono-culture (Figure 3), whereas NIH3T3 appeared
to be less affected in the co-culture setup. Regarding an inferable therapeutic window in the
presence of 2.5 mg/mL SrAc, it was shifted for MC3T3 cells towards lower concentrations
of AgNO3 (0.5–3 μg/mL) and for NIH3T3 cells it opened in a range of 0.5–1.5 μg/mL
AgNO3. Thus, 0.5–1.5 μg/mL AgNO3/SrAc (2.5 mg/mL) could be identified as a common
therapeutic window for both cell lines.

2.5. Osteogenic Differentiation of MC3T3 Cells

Since MC3T3 cells exhibited morphological changes upon treatment with SrAc alone
as well as in combination with AgNO3, potential osteogenic differentiation was analyzed
both in mono- and co-culture using Alizarin Red staining (ARS). MC3T3 were cultured in
an osteogenic medium for up to 14 days and treated with the lowest identified therapeutic
combination of AgNO3 (0.5 μg/mL)/SrAc (2.5 mg/mL) as well as AgNO3 (0.5 μg/mL)
and SrAc (2.5 mg/mL) alone. Isolated calcium deposits stained with ARS, which visualized
mineralized nodules, appeared in the control and 0.5 μg/mL AgNO3-treated cultures
only on day 14, whereas days 3 and 7 revealed no mineralization (Figure 5A). There
were also no further differences in cell appearance between these two groups, which
confirmed once more the cytocompatibility of 0.5 μg/mL AgNO3 (Figure 5C). When
treated with 2.5 mg/mL SrAc (alone or in combination with 0.5 μg/mL AgNO3), at day
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3 extracellular matrix mineralization was statistically significantly elevated already in
comparison to the control or cultures only challenged with AgNO3. However, SrAc alone
induced mineralization faster than combined treatment with AgNO3 and SrAc, which
was apparent through more intense staining on day 3 (Figure 5B). From day 3 onwards,
mineralization increased statistically significantly in both groups and reached its maximum
after 14 days (approximately 11-fold increase in comparison to cultures without SrAc)
(Figure 5C).

 
Figure 4. Antibacterial Effect and Cytocompatibility in Co-culture system. Bacterial growth in co-culture
setup measured as log10 CFU/mL (A): NIH3T3, (B): MC3T3. Black stars show statistically significant
decreases compared to the control with p ≤ 0.05. Brackets show statistically significant differences within
groups with the same AgNO3 concentration but with or without Sr Acetate addition with p ≤ 0.05.
NIH3T3 (C) or MC3T3 (D) were simultaneously co-cultured with A. actinomycetemcomitans and AgNO3 in
two different groups (with or without adding 2.5 mg/mL Sr Acetate). Morphological alteration of
co-cultured cells in different groups was imaged after 1 day by BacLight staining and CLSM. Scale
bars: 50 μm.
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Figure 5. Differentiation of MC3T3 cells. (A) Alizarin Red staining results observed by microscopy
on day 3, 7 and 14 to show the osteogenesis of MC3T3 treated with AgNO3 (0.5 μg/mL), Sr Acetate
(2.5 mg/mL) or combination of both. (B) Area percentage of MC3T3 cells stained with ARS processed
using Image J software. (C) Significant differences between groups. Scale bar: 500 μm.

3. Discussion

Long-term dental implant function depends on both sufficient tissue integration and
avoidance of bacterial colonization. Consequently, a great interest has risen in substances
with dual functionality, biofilm control as well as cell compatibility. In a recent study,
the antimicrobial potential of strontium hydroxide against pathogenic oral bacteria was
demonstrated [23], and related reviews reported the antimicrobial effects of functionalized
surfaces with silver, strontium, or combinations of both [13,33]. Therefore, the aim of the
present study was to systematically describe a therapeutic window for the application of
silver and strontium salts on tissue cells and pathogenic bacteria of the oral cavity for the
first time.

For this purpose, the antibacterial properties of AgNO3 on A. actinomycetemcomitans
as well as the cytotoxic effects for osteoblasts (MC3T3) and fibroblasts (NIH3T3) were
investigated first. Cytotoxicity was quantitatively and qualitatively assessed by measuring
metabolic activity and observing cell morphologies using cell staining with CLSM. The
combination of both methods provides more information regarding the cytocompatibility
of tested chemical substances than analyzing only one parameter. Since bacteria and cell
culture media in general are differently composed and the influence of media composition
on the toxicity of silver ions was documented in several studies [34,35], this should be
taken into account if a putative therapeutic window is to be derived from in vitro data.
In the present study, the same culture medium (DMEM + αMEM, 1:1 ratio) was found
appropriate for the cultivation of bacteria, as well as different tissue cells, and facilitated
the direct comparison of mono-cultures, co-cultures and the effect of different additives.
Since the therapeutic ranges of silver in solution were shown to be much smaller than silver
derived from coatings [36], it illustrates the importance of using dissolved silver ions for
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the analysis of mutual functionality. In line with previous studies, results of separate mono-
culture experiments showed a linear reduction in the viability of both bacteria and tissue
cells reflecting the concentration-dependent toxic activity of silver [37]. The underlying
mechanisms include the production of reactive oxygen species (ROS) resulting in cellular
disruption and subsequent cell death [6]. From the results presented here for the effect of
silver ions in monocultures, only a therapeutic range for MC3T3 could be derived based
on the lowest inhibitory concentration for bacteria (MIC) and the highest dose that is
still tolerated by cells (Table 1). In contrast, no therapeutic range could be defined when
considering NIH3T3 cells. In the context of an intended therapeutic application, it is
therefore of great importance to consider all affected tissues as early as possible in the
investigations, since various cell types present different sensitivities to silver. In particular,
the minimum AgNO3 concentration showing cytotoxicity towards MC3T3 cells were
found to be 4 times higher than the cytotoxic ones in NIH3T3 cells. Similar observations
regarding NIH3T3 sensitivity were reported previously by Sambale et al. [38]. The finding
that treatment with AgNO3 reveals a therapeutic window in the case of osteoblasts, on the
other hand, is much more controversially discussed in scientific journals [37,39–43]. For
instance, Kirmanidou et al. showed antibacterial activity against Porphyromonas gingivalis
and Prevotella intermedia, and cytocompatibility for SaOS-2 osteoblast-like cell lines using
silver nanoparticle doped titanium surfaces [43]. In contrast, some studies indicated
that silver concentrations of higher than cytocompatible doses are needed to observe
their bactericidal effects [10,42]. In most cases, this contradiction is probably due to the
different study designs, with different bacterial strains, cell lines, media and types of silver
administration, which makes cross-study comparability considerably more difficult [38,44,45].
Thus, a therapeutic window always needs to be identified for specific application purposes.

Table 1. Therapeutic windows of Silver Nitrate, Strontium Acetate and their combination.

Cell Line

Chemical AgNO3

(μg/mL)
SrAc

(mg/mL)
AgNO3/SrAc *

(μg/mL)

NIH3T3 --- --- 0.5–1.5
MC3T3 1.5–3 5 0.5–3

* Combined treatment with AgNO3 in presence of SrAc 2.5 mg/mL.

In the same mono-culture setups, the cytocompatibility and antibacterial potential of
strontium acetate were also tested. Despite the beneficial osteogenic effects of strontium,
which have been extensively investigated, only a few studies evaluated the bactericidal
effect of strontium against pathogenic oral bacteria [23,33]. In the present study, a minimum
inhibitory concentration of SrAc (5 mg/mL) against A. actinomycetemcomitans after 24 h
of incubation was defined. These results are in line with findings of Alshammari et al.,
who reported similar antibacterial results after using strontium hydroxide against six peri-
odontal pathogens [23]. Concentrations in a range of 1.21 mg/mL to 12.1 mg/mL showed
complete growth inhibition in planktonic cultures and biofilm assays, respectively [23]. The
differences between the bactericidal concentrations in the above mentioned study and the
research presented here can be attributed to different experimental designs and chemical
forms of strontium. Although the exact process regarding the antibacterial behavior of
strontium is not yet fully understood, two possible mechanisms have been proposed. The
first mechanism occurs directly through the induction of oxidative stress (ROS) or interrup-
tion in adenosine triphosphate (ATP) synthesis, causing DNA damage and ultimately the
death of bacteria; the second mechanism works indirectly by changing the physicochem-
ical conditions of the pericellular microenvironment, such as higher osmotic forces and
pH change, which are unfavorable for some bacterial strains [23,46]. The specific mecha-
nism responsible for the antibacterial effect observed in this study should be addressed in
follow-up studies.

According to the CTB and cell morphology analyses, low doses of SrAc (up to
3.5 mg/mL) can be considered cytocompatible for both investigated cell lines. However,
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similar to AgNO3, the minimum concentration of SrAc which causes more than a 30%
reduction in metabolic activity differs between fibroblasts and osteoblasts, revealing the
higher sensitivity of NIH3T3. In contrast to silver, the administration of SrAc directly below
the cytotoxic concentration (1.5 to 3.5 mg/mL) even leads to a significant increase in the
metabolic activity of MC3T3. This observation can probably be attributed to the specific
effect of strontium on osteoblasts expressing Ca-sensing receptors (CaSR). Strontium is
known to bind CaSR, thereby activating various signaling pathways which are essential
in cell proliferation, differentiation, and osteogenic gene expression impacting metabolic
activity change [21]. In the present study, a therapeutic concentration (5 mg/mL) of SrAc
could be defined, which exhibited antibacterial activity without compromising the cytocom-
patibility of MC3T3, if not stimulating cell activity. Unfortunately, no therapeutic window
could be determined in the case of NIH3T3. Promoted osteogenic responses in MC3T3
cells and bactericidal effects toward A. actinomycetemcomitans and P. gingivalis have also
been reported in a study using Sr-substituted bioactive glasses, even though a synergistic
effect of the bioactive glasses could not be excluded [47]. However, at high concentrations
the toxic effects of SrAc were observed for both cell lines as well. Accordingly, some
studies demonstrated the inhibitive effect of high doses of strontium on cell prolifera-
tion and differentiation in an in vitro setup, and interference of high doses of strontium
(>510 mg/kg/ day) with Ca metabolism causing hypocalcemia and bone mineralization
defects in vivo [21]. In this study, only low doses of strontium in a cytocompatible range
were considered, which are also suitable for future investigations regarding clinically safe
local application.

After defining therapeutic windows of AgNO3 and SrAc in the mono-culture exper-
iments (Table 1), dilutions of AgNO3 were combined with an SrAc concentration that
can be considered cytocompatible for MC3T3 as well as NIH3T3 (2.5 mg/mL) in order to
achieve intensified antibacterial and optimal cytocompatibility results. The concentration
of AgNO3 in combination with 2.5 mg/mL SrAc, which could inhibit > 99% of bacterial
growth in a co-culture setup for both cell lines, was determined to be 0.5 μg/mL. This
concentration is six times lower than required to exert the same effect without adding
SrAc. As 0.5 μg/mL AgNO3 or 2.5 mg/mL SrAc alone were not considered bactericidal
in mono-culture experiments, a synergistic antibacterial effect was inferred for combined
treatment. Similar synergistic responses were achieved in other studies after the addition
of different bactericidal agents to silver, such as antibiotics, bactericidal metals, hydrogen
peroxide, etc. [29,48–50]. To our knowledge, the exact mechanism behind the synergistic
bactericidal effect of silver/strontium combinations still needs to be addressed. This might
be due to different antibacterial modes of action. The co-culture system also influenced
the antibacterial effect of AgNO3 without SrAc. However, a lower effectiveness in the
co-culture setup was observed than in the mono-culture experiments. As the effect of
different media can be excluded, this finding was probably related to the influence of cells
or the co-culture design. It is known that osteoblast lineage can internalize some bacteria
and protect them from antibacterial substances [51]. However, no studies have investigated
this effect on A. actinomycetemcomitans. Additionally, higher total cell numbers (prokaryotes
plus eukaryotes) were exposed to the same concentration of chemical substances in the
co-culture setup. This might have reduced the available amount of silver for every separate
biological unit. On the other hand, the combination of a low concentration of AgNO3 with
2.5 mg/mL SrAc also exhibited less cytotoxicity in NIH3T3 and MC3T3 cells compared to
AgNO3 treatment without SrAc. This phenomenon was also described previously [19,29]
and was attributed to the ability of strontium to occupy specific binding sites prior to
silver which can directly influence cellular functions or indirectly activate cell proliferation
signaling pathways [52]. In contrast, high concentrated AgNO3 in combined treatment with
SrAc led to a significant decrease in cytocompatibility, which might represent a turning
point in the mitigating effect of additive SrAc, which was observed for both cell lines albeit
in different concentration ranges due to varying sensitivity levels. The ambivalent effect of
SrAc on cells and the synergistic antibacterial effect of combined treatment (AgNO3/SrAc)
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might raise concerns regarding the clinical application where not only several factors can
change the concentration of these two chemicals, subsequently missing the therapeutic
range, but also adverse effects such as allergic reactions might occur due to their combina-
tion. So far, no other study has been reported that compared various cell responses and their
susceptibility following the use of AgNO3/SrAc with different concentrations. However,
some investigations were carried out reporting varied silver sensitivities in mammalian cell
lines and improved cytocompatibility in fibroblasts and osteoblasts after using low doses
of Sr [21,38,53]. This could be due to different amounts of ROS formation, but a detailed
analysis would be required for further investigation.

As in all experimental setups, morphology alterations in MC3T3 after SrAc treatment
and increased metabolic activity in combined treatment with low concentrations could
be detected. Their potential effect on osteogenic differentiation was analyzed by matrix
mineralization staining. Indeed, clearly increased mineralization rates could be observed
in cultures containing SrAc at all time points. This is in agreement with previous studies,
which already reported on the osteogenic potential of strontium [21]. The slightly delayed
mineralization for combined treatment might be related to the time-dependent impact
of AgNO3. Other studies showed lower cell viability and proliferation during the initial
days of treatment due to the differential uptake of silver into the cells [54,55]. In contrast,
no significant differences in osteogenic differentiation could be detected between the
untreated control and AgNO3 stimulus alone which is in line with the literature for low
concentrations [56].

The subsequent therapeutic windows of an AgNO3 treatment in combination with
SrAc (2.5 mg/mL) shifted in the case of MC3T3 to 0.5–3 μg/mL, while for NIH3T3 it was
described for the first time (0.5–1.5 μg/mL). Considering hard and soft tissue in an oral
application, 0.5–1.5 μg/mL of AgNO3 together with 2.5 mg/mL SrAc can be considered
as an expedient treatment. Notably, no therapeutic range (for both AgNO3 and SrAc) was
detected in NIH3T3 in separate treatments, nor were any of these concentrations initially
defined as therapeutic for both cell lines in mono-culture experiments (Table 1). Taken
together, beside a synergistic antibacterial effect and increased therapeutic window, com-
bining AgNO3 with SrAc also seemed to stimulate the differentiation of osteogenic cells.
When comparing the results of this study—the synergistic dual function of AgNO3/SrAc
with additional osteogenic effect—with the literature, it is apparent that different studies
already used silver/strontium combinations to benefit from the antibacterial characteristics
of silver and bone formative properties of strontium [20,24,27]. However, there are some
differences between the current study and previously reported strategies. First of all, most
strategies involved surface coatings instead of an analysis of soluble substances which does
not allow for an accurate conclusion on the effect of these chemicals due to the background
effect of the coating. Secondly, none of these studies reported antibacterial effects following
the use of strontium alone. Moreover, controversial results of the synergistic antibacterial
activities and enhanced therapeutic windows of silver/strontium combinations were re-
ported [20,28,29]. In this regard, Van Hengel et al. observed an osteogenic response and
synergistic antibacterial action against methicillin-resistant Staphylococcus aureus (MRSA)
on a porous implant surface biofunctionalized with SrAc and silver nanoparticles while no
significant difference in osteogenic activity of porous implant surfaces with and without
strontium was observed [29]. However, in a different study, the substitution of silver
and strontium in hydroxyapatite (HA) coatings showed no synergistic antimicrobial prop-
erties [28]. This emphasizes the impact of the coating strategy itself on the expected
antibacterial and osteoinductive effectiveness. Therefore, this needs to be taken into ac-
count if desirable combinations of AgNO3 and SrAc as defined in the present study are
going to be applied in an innovative implant surface strategy. The established systematic
analysis of synergistic combinations of active ingredients will guide this process. It also
sets the basis for a variety of studies that will address the exact molecular mechanisms
behind the cytotoxicity and antibacterial effects of silver and strontium, which remain
unknown to this date. The aspect of more complex bacterial compositions, such as biofilms
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instead of planktonic bacteria, and different interactions between cellular and extracellular
environments in tissue in comparison to monolayer cell cultures is considered as another
area requiring investigation on the way to successful clinical application.

4. Materials and Methods

4.1. Preparation of Silver Nitrate and Strontium Acetate Solutions

Silver Nitrate (AgNO3, BioXtra, >99%) and Strontium Acetate (SrAc, Sr(CH3CO2)2)
were obtained from Sigma-Aldrich® (Merck KGaA, Darmstadt, Germany). Solutions were
freshly prepared by dissolving them in sterile Milli-Q water and further diluted to the final
concentrations (Table 2) in experimental volume (vol/vol not exceeding 2.5%).

Table 2. Chemicals concentrations in all experimental setups.

Chemical

Setups
Mono-Culture Co-Culture

AgNO3 (μg/mL) 0.5, 1.5, 3, 6, 9, 12, 15, 20 0.5, 1.5, 3, 6
SrAc (mg/mL) 0.1, 0.5, 1, 1.5, 2.5, 3.5, 5, 20 2.5

4.2. Determination of Cell Viability and Morphology in Mono-Culture

Immortalized murine fibroblasts (NIH3T3) and immortalized murine pre-osteoblasts
(MC3T3-E1) obtained from American Type Culture Collection (ATCC, Manassas, VA, USA)
were used in this study. Both cell lines were cultivated in a mixture of Dulbecco’s modified
Eagle’s medium (DMEM, Cat. No P04-04500, PAN-Biotech, Aidenbach, Germany) and Alpha
Minimum Essential Medium (αMEM, Cat. N◦ BE02-002F, Lonza, Cologne, Germany) (in a
1:1 ratio) supplemented with 10% fetal bovine serum (FBS, PAN-Biotech GmbH,) (v/v) and
1% penicillin/streptomycin (P/S, Sigma-Aldrich, Steinheim, Germany) under a humidified
environment at 37 ◦C with 5% CO2. The cells at passage numbers 7–13 were allowed to grow
to up to 80% confluence, trypsinized and adjusted to 1 × 105 cells/mL before being seeded
in experiments. All cell experiments were performed in three independent biological
replicates. Cells cultured without any test substances served as controls.

4.2.1. Cell Titer-Blue (CTB) Cell Viability Assay

The viability of tissue cells was assessed using a CTB assay kit (Promega, Madison,
WI, USA). Cells were seeded in 96-well microtiter plates (CELLSTAR-Greiner Bio-One,
Kremsmünster, Austria) with a density of 1 × 105 cells/mL (100 μL/well). They were
incubated for 24 h at 37 ◦C in 5% CO2. The medium was changed the next day and cells
were treated with different concentrations of AgNO3, SrAc, or combinations of both which
had been previously dissolved in medium. They were incubated for another 24 h under
the same conditions. A CTB-assay was performed based on the manufacturer’s protocol.
Briefly, 20 μL of CTB reagent was added to seeded cells and the plates were incubated at
37 ◦C for 4 h. The metabolic reduction of resazurin to fluorescent resorufin was recorded at
560/590 nm using a plate reader (Tecan, Infinite M200Pro, Männedof, Switzerland).

4.2.2. Cell Morphology Analyses by Confocal Laser Scanning Microscopy

Live/dead staining of both cell lines was performed to confirm cell compatibility and
evaluate cell appearance/morphological change following exposure to test substances.
Cells were seeded in 6-well plates (CELLSTAR-Greiner Bio-One, Kremsmünster, Austria)
with a density of 1 × 105 cells/mL (3 mL/well) and incubated at 37 ◦C in 5% CO2. The
medium was changed the next day and cells were treated with different concentrations of
AgNO3, SrAc, or combinations of both for 24 h. Finally, cells were fluorescently stained
using SYTO9 and Propidium Iodide (PI) (BacLight Bacterial Viability Kit, Thermo Fisher
Scientific GmbH, Dreideich, Germany). The working staining solution was prepared in
1:1000 dilution by adding SYTO 9 and PI into phosphate-buffered saline (PBS, Sigma-
Aldrich®). Stained cells were fixed using 2.5% glutaraldehyde (Roth, Germany; 1:10
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dilution with PBS) for 30 min at 4 ◦C. Images were taken by performing confocal laser
scanning microscopy (CLSM; Leica TCS SP8, Leica Microsystems, Mannheim, Germany).

4.3. Determination of Antibacterial Activity in Mono-Culture

Aggregatibacter actinomycetemcomitans (ATCC 33384) was obtained from the American
Type Culture Collection (Manassas, USA) and routinely stored as glycerol stocks. Bacteria
were cultured for 48 h on fastidious anaerobe agar (FAA, Oxoid Limited, Wesel, Germany)
plates with 5% sheep blood (Thermo Fisher Scientific, Germany) under anaerobic conditions.
Colonies from FAA plates were inoculated into brain heart infusion medium (BHI; Oxoid
Limited) supplemented with 10 μg/mL vitamin K (Carl Roth GmbH & Co. KG, Karlsruhe,
Germany) within an anaerobic chamber (80% N2, 10% H2, 10% CO2 and 37 ◦C). The
overnight pre-culture was centrifuged and resuspended in phosphate-buffered saline (PBS,
Sigma-Aldrich®) to a final optical density (OD) of 0.1 at 600 nm. A total of 15 μL of
bacterial suspension was mixed with 3 mL mixed cell culture medium (DMEM + αMEM,
1:1) containing 10% FBS (v/v) without antibiotics (P/S) and seeded in 96-well microtiter
plates. AgNO3 and SrAc were added in different concentrations and combinations (Table 2)
to evaluate the minimum concentration able to inhibit bacteria growth. After 24 h of
incubation at 37 ◦C and 5% CO2, serial 10-fold dilutions in PBS were made from each well.
Aliquots of 100 μL of each dilution were plated on FAA plates (+ 5% blood) and incubated
at 37 ◦C and 5% CO2 for 48 h. The colony-forming units (CFU/mL) were counted from
the plates. As a form of growth control, the bacteria were cultivated without Ag and Sr
additives. Three independent experiments each with an intra-experiment duplicate were
carried out.

4.4. Co-Culture of NIH3T3/ MC3T3 with A. actinomycetemcomitans

NIH3T3 and MC3T3 were cultured separately in 6-well plates with a concentration
of 1 × 105 cell/mL (3 mL/well) as described previously. A. actinomycetemcomitans was
inoculated in BHI broth supplemented with 10 μg/mL vitamin K under anaerobic con-
ditions (80% N2, 10% H2, 10% CO2 and 37 ◦C) on the same day. After 24 h, the bacterial
suspension was centrifuged, resuspended in PBS and adjusted to the desired optical density
of 0.1 measured at 600 nm. A total of 15 μL of this suspension was used to challenge both
cell lines representing a multiplicity of infection (MOI) of 5:1 (bacteria:cells). Different
concentrations of AgNO3, SrAc, or a combination of both were added to the wells, while
the control groups received a medium without test substances. The co-cultured cells were
incubated for 24 h at 37 ◦C and 5% CO2. Subsequently, CFU counting and cell staining
were performed as described above for mono-culture experiments. The experiments were
carried out in three independent repetitions.

4.5. Characterization of Cell Differentiation

Osteogenesis was characterized by the extracellular calcium deposition of MC3T3-
E1 cells (Alizarin red S staining, ARS). MC3T3-E1 cells were seeded in 24-well plates
(CELLSTAR-Greiner Bio-One) with a density of 1 × 105 cells/mL (1 mL/well) and grown
to >100 % confluence. Subsequently, the medium was replaced with an osteogenic differ-
entiation medium consisting of the basic culture medium supplemented with 10% FCS,
1% P/S, 0.1 mM Ascorbate (Sigma-Aldrich®, Merck KGaA), 5 mM β-Glycerophosphat
(Sigma-Aldrich®, Merck KGaA), 1.8 mM KH2PO4 (Carl Roth GmbH & Co. KG), 10 nM
Dexamethason (Sigma-Aldrich®, Merck KGaA) and the respective AgNO3 and SrAc con-
centrations as specified in the results section every 3 days. After 3, 7, and 14 days, cells
were washed three times with PBS and fixed with a 4% paraformaldehyde solution (Carl
Roth GmbH & Co., KG) for 20 min at room temperature. After washing thrice with diH2O,
the cells were stained with 2% Alizarin Red S (pH 4.2) (Sigma-Aldrich®, Merck KgaA)
for 30 min at room temperature. The cells were washed an additional four times with
diH2O and finally covered with 200 μL PBS. The qualitative examination was performed
by imaging stained cells under an optical microscope (Leica DMi1) using 10-fold mag-
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nification objective and LAS V4.8 software. Images were quantitatively analyzed using
Image J software (National Institutes of Health, Bethesda, MD, USA). The blue channel,
which corresponds to ARS staining, was used to threshold images and the stained area per-
centage was processed subsequently. Three individual experiments each in quadruplicate
were performed.

4.6. Statistical Analysis

GraphPad Prism Software 8.4 (GraphPad Software Inc., La Jolla, USA) was used to
perform statistical analysis and graphic processing on the data. All data were checked
for normal distribution using the Kolmogorov–Smirnov test. For all mono-culture and
co-culture experiments, the significant differences with the control groups were determined
by conducting a Kruskal–Wallis test. The Mann–Whitney U test was used to define the
significance between AgNO3 and AgNO3/SrAc treated groups in a co-culture setup. A
two-way analysis of variance (ANOVA) was used to compare groups over all time points
in the ARS experiment. The significance level was set to α = 0.05 for all comparisons.

5. Conclusions

The results presented here on the antibacterial and cytocompatible properties of
AgNO3 and SrAc clearly defined (i) an optimum AgNO3 concentration that can impede
the growth of bacteria associated with peri-implantitis while exhibiting cell compatibility,
(ii) an optimum SrAc concentration exerting osseoinductive and antibacterial effects, and
(iii) an enhanced therapeutic window of AgNO3/SrAc combination. Herein, using AgNO3
and SrAc with low concentrations resulted in cytocompatible properties with potential
antimicrobial activity. Interestingly, by combining non-therapeutic concentrations of these
two chemicals (AgNO3, SrAc), we observed a synergistically intensified antibacterial effect,
cell compatibility, and osteogenic differentiation in a co-culture model. The results also
suggest that silver/strontium coating of implants may be a promising therapeutic strategy
for the prevention of peri-implantitis and poor osseointegration and therefore requires
further research.
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Abstract: The activation of water by non-thermal plasma creates a liquid with active constituents
referred to as plasma-activated water (PAW). Due to its active constituents, PAW may play an
important role in different fields, such as agriculture, the food industry and healthcare. Plasma
liquid technology has received attention in recent years due to its versatility and good potential,
mainly focused on different health care purposes. This interest has extended to dentistry, since the
use of a plasma–liquid technology could bring clinical advantages, compared to direct application
of non-thermal atmospheric pressure plasmas (NTAPPs). The aim of this paper is to discuss the
applicability of PAW in different areas of dentistry, according to the published literature about
NTAPPs and plasma–liquid technology. The direct and indirect application of NTAPPs are presented
in the introduction. Posteriorly, the main reactors for generating PAW and its active constituents with
a role in biomedical applications are specified, followed by a section that discusses, in detail, the use
of PAW as a tool for different oral diseases.

Keywords: plasma-activated water; plasma-treated water; atmospheric plasma; gliding arc discharge;
DBD; dentistry; decontamination; oral cancer; tooth bleaching

1. Introduction

Plasma medicine is a multidisciplinary research field that investigates the uses of
plasma in the healthcare field. Currently, non-thermal plasma technology is mainly focused
on applications at atmospheric pressure, which is commonly referred to as non-thermal
atmospheric pressure plasmas (NTAPPs). Direct applications of NTAPP have been used
for decontamination of food [1,2] and food contact surfaces [1,3] in the food industry, in
air purification [4] and as an antimicrobial agent in the medical and dentistry fields [5–9].
In 2021, NTAPP focused on plasma medicine reached a quarter of a century since the first
published study [10]. Over time, in addition to the antimicrobial effects, other applications
of NTAPP have been discovered in biomedical fields, such as the benefits for wound healing
and cancer treatment [11,12].

NTAPPs can also be applied indirectly through the activation of water or liquids and
through the treatment of contaminated or polluted water [13,14]. Their antimicrobial ef-
fect [15,16] and applicability in the treatment of cancer [17,18] and wound healing [19] have
also been observed in the indirect modality of treatment. In recent years, plasma medicine
has expanded the frontiers towards plasma dentistry. NTAPP has shown efficacy against
oral microorganisms, in addition to anti-inflammatory properties, with possible application
in cariology, endodontic, periodontics and oral oncology [20]. Besides, plasma-activated
water (PAW) has also demonstrated potential application in dentistry fields [21,22].
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It is important to emphasize the differences between both modalities of treatment:
direct and indirect. The first implies that plasma is applied directly on a given substrate,
such as wounds, skin, food etc., [23,24]. Conversely, in the indirect modality of NTAPPs,
a given liquid is activated prior to the application to the substrate. To exemplify, Table 1
shows the main review articles published in the last three years on the applications of direct
and indirect NTAPPs, in areas ranging from medicine, biomedicine, dentistry, agriculture
and the food industry. It is worth mentioning that although the present work is focused
on dentistry, the direct and indirect NTAPPs are of great importance for agriculture and
the food industry. This wide range of applications of direct and indirect NTAPPs is
schematically presented in Figure 1. Figure 1a highlights the applicability of direct NTAPPs
that cover different human and food healthcare areas. Figure 1b illustrates the applications
of NTAPPs through the modality of generating plasma-activated liquid (PAL) or PAW,
which are later applied to substrates. As described, PAW and PAL studies are focused on
different purposes, which shows the effort of many scientists to improve and make plasma
technology more accessible.

Figure 1. Schematic illustration of direct (a) and indirect (b) applications of non-thermal atmospheric
pressure plasmas (NTAPPs). Note that due its antimicrobial effect, direct NTAPPs have been used for
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different purposes such as decontamination/preservation of food, air purification and decontamina-
tion of medical and dental devices. Additionally, an improvement in wound healing and anti-cancer
properties has also been observed after direct exposure to NTAPPs. Similarly, the indirect modality
has demonstrated antimicrobial effect against some types of microorganisms, with applicability
in different fields. The reactive oxygen and nitrogen species generated in the liquids after plasma
exposure may favor the seed germination. In addition, good responses have also been observed
in wound healing and cancer treatment, which brings good perspectives for healthcare due to the
clinical advantages of plasma-activated water (PAW) compared to direct NTAPPs. Some figures were
reprinted with permission from Delben et al. [25], CC BY 4.0 license (2016); Whittaker et al. [26],
copyright Elsevier (2004); Weltmann and Woedtke, [7], copyright IOP (2017); Misra and Cheorun, [27],
copyright elsevier (2017); Keidar et al. [28], CC BY 4.0 license (2011); Sivachandiran and Khacef, [29],
CC BY 3.0 license (2017); Guo et al. [15], CC BY 4.0 license (2018); Chen et al. [18], copyright Wiley
(2016); Xu et al. [19], CC BY 4.0 license (2020); Li et al. [22], copyright Wiley (2017); Ma et al. [30],
copyright Elsevier (2015); Chiappim et al. [31], copyright Wiley (2021).

To understand the mechanisms of action related to NTAPPs, it is essential to know that
the plasma is a partially ionized gas consisting of particles as electrons, ions, metastable
species, radiation as ultraviolet (UV), visible (VIS), the electromagnetic field and reactive
species. It is worth highlighting that the term reactive species is commonly used for
free radicals and reactive oxygen species (ROS) and reactive nitrogen species (RNS). It
is highly reactive due to the presence of unpaired valence electrons or non-static bonds
on its structure. Despite the various components produced in plasma, reactive oxygen
and nitrogen species (RONS) play a fundamental role in plasma medicine [32,33]. RONS
generated in NTAPP are divided into short-lived and long-lived species. Hydroxyl radical
(OH−), delta oxygen singlet (1O2) and superoxide anion (O2

−) are examples of short-lived
species, which last from a few seconds to minutes [34]. In contrast, hydrogen peroxide
(H2O2), nitrite (NO2), nitrate (NO3

−), nitrous acid (HNO2) and ozone (O3) belong to the
groups of long-lived species [35,36]. When NTAPP is used in an indirect mode, i.e., in
liquid or water activation, most RONS found in the liquid phase are long-lived ones,
generated from the gas phase of the plasma and the plasma–liquid interface interaction.
The generation of RONS also occurs through the primary transformation of reactive species
generated in the liquid [37]. Therefore, water or liquid exposure to NTAPP induces active
constituents, called RONS, which are useful for biomedical applications [21].

Due to the growing interest of the scientific community in plasma technology applied
to dentistry, a review article is presented here to serve as a quick guide for dentists, physi-
cians, physicists, engineers and health professionals in general. This review aims to discuss
the applicability of PAW in dentistry, which, as can be seen in Table 1, is a topic review
with little or no exploration. Thus, based on the published literature, the findings of PAW
applied to dentistry are presented, as well as the future perspectives for the area considering
the main results related to direct and indirect NTAPP for biomedical applications.

Table 1. Summary of the main review articles published in the last three years on applications of
direct and indirect NTAPPs.

Approach NTAPP Modalities
Publication

Year/Reference

Molecular Mechanisms of the Efficacy of NTAPP in Cancer Treatment Direct 2020 [38]

A Powerful Tool for Modern Medicine Direct 2020 [11]

The New Frontier in Low Temperature Plasma Applications Direct 2020 [39]

Atmospheric Cold Plasma Treatment in Fruit Juices Direct 2020 [40]

Chemical, Physical and Physiological Quality Attributes of Fruit and
Vegetables Induced by Cold Plasma Treatment Direct 2020 [41]
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Table 1. Cont.

Approach NTAPP Modalities
Publication

Year/Reference

Cold Plasma as a New Hope in the Field of Virus Inactivation Direct 2020 [42]

The Effects of Plasma on Plant Growth, Development and Sustainability Direct 2020 [43]

Cold Plasma for the Control of Biofilms in Food Industry Direct 2020 [44]

Potential of Cold Plasma Technology in Ensuring the Safety of Foods and
Agricultural Produce Direct 2020 [45]

Plasma Agriculture from Laboratory to Farm Direct 2020 [46]

Aurora Borealis in Dentistry Direct 2021 [47]

Applications of Cold Atmospheric Pressure Plasma in Dentistry Direct 2021 [20]

Cold Atmospheric Pressure Plasma Technology in Medicine, Agriculture
and Food Industry Direct 2021 [48]

The Antimicrobial Effect of Cold Atmospheric Plasma against
Dental Pathogens Direct 2021 [49]

Influence of Atmospheric Cold Plasma on Spore Inactivation Direct 2021 [50]

Plasma-Assisted Agriculture: History, Presence and Prospects Direct 2021 [51]

Improving Seed Germination by Cold Atmospheric Plasma Direct 2022 [52]

Reactive Nitrogen Species in Plasma-Activated Water Indirect 2020 [53]

Recent Advances in Plasma-Activated Water for Food Safety Indirect 2022 [54]

Influence of Plasma-Activated Water on Physical and Physical–Chemical
Soil Properties Indirect 2020 [55]

PAW Triggers Plant Defense Responses Indirect 2020 [56]

PAW Generation, Origin of Reactive Species and Biological Applications Indirect 2020 [36]

Interactions of Plasma-Activated Water with Biofilms Indirect 2020 [57]

A Comprehensive Review of PAW for Enhanced Food Safety and Quality Indirect 2021 [58]

Applications of PAW in the Food Industry Indirect 2020 [59]

PAW for Cancer Treatment: Positives, Potentials and Problems of
Clinical Translation Indirect 2020 [60]

Review on Discharge Plasma for Water Treatment Indirect 2020 [61]

PAW on Microbial Growth and Storage Quality of Fresh-cut Apple Indirect 2020 [62]

PAW Production and its Application in Agriculture Indirect 2021 [63]

Diagnostic Analysis of Reactive Species in PAW: Current Advances
and Outlooks Indirect 2021 [64]

PAW from DBD as a source of Nitrogen for Agriculture Indirect 2021 [65]

PAW, Hydrogen Peroxide and Nitrates on Lettuce Growth Indirect 2021 [66]

Therefore, this review is divided as follows; Section 2 shows the main reactors used
for PAW/PAL and plasma-treated water (PTW). Another essential point demonstrated
in this section is the formation of RONS, the fundamental species for plasma medicine.
Section 3 explores the main text of this review, focusing on PAW applied to different areas
of dentistry. In this context, the following topics are explored: decontamination of dental
devices, treatment of oral infectious diseases, anti-inflammatory properties and wound
healing, anti-cancer therapy and tooth bleaching. Finally, Section 4 presents the conclusion
of the work.
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2. Plasma-Activated and Plasma-Treated Water

In the literature, the terms treatment and activation are often misused. To avoid
doubt, treatment is defined as a practical means or refinements used to combat/mitigate
a problem. In the specific case of water treated by plasma, the term treated refers to
the process of elimination or complete mineralization in wastewater of synthetic dyes,
pharmaceuticals products and pathogenic bacteria, among other pollutants. Therefore,
plasma water treatment is commonly used to purify or decontaminate small or large
amounts of water. In contrast, activation is understood as increased activity, becoming
active, boosting, accelerating, or intensifying some specific property. In this case, the non-
pollutant water exposed to the plasma becomes activated, i.e., it obtains new properties.
Unlike treatment, activation is carried out in small amounts of water (between 1 mL to
1000 mL) [36,53,66], but the reactors used are the same, with a slight modification in both
cases. It is important to note that deionized water, distilled water, filtered water and potable
tap water, i.e., pure water without pollutants, are usually used for activation.

2.1. Main Reactors of Producing

Two main types of plasma reactors are used in PAW generation: dielectric barrier
discharges (DBDs) and plasma jets (PJs). Both are non-thermal plasmas, i.e., they are
NTAPP and have a wide range of types [65,67]. DBDs for PAW generation are considered
indirect sources of plasma, as the plasma is mainly produced between the reactor electrodes
without any contact with the water, taking advantage of the interactions of the gas with the
liquid. Some reactive plasma species can reach the water surface through ionizing wave
mechanisms using electric field propagation, convection through airflow and diffusion [65].
In contrast, the PJs used for PAW generation are considered direct sources of plasma,
i.e., there is direct contact between the plasma and the water and the water can act as a
counter electrode so that the discharge current can flow through the liquid. The PJs are
the most widely used reactors, as some of them generate a stable volume of plasma that is
controllable without the confinement between the electrodes, as in the case of the DBDs [67].
In both reactors, the formation of RONS occurs at the interface between the gaseous and
liquid phases and/or within the liquid, which drastically changes the concentration of the
RONS constituents [36]. In contrast, in the treatment of water by plasma, the reactors can
be immersed in the treated liquid [68,69]. Therefore, in this case, both DBD reactors and PJ
reactors can be used.

It is important to note that NTAPPs operate at a high voltage. As reported in the
literature, these voltages range from 1 to 50 kV, with operating frequencies that can start
in the tens to thousands of Hz (kHz) and powers that generally do not exceed values
greater than 10 W. Commonly used working gases are helium (He), argon (Ar), oxygen
(O2), nitrogen (N2), air or a mixture of these gases. Working gases are used with flow rates
ranging from 1 to 30 L/min [36,53–58]. Indeed, there is a range of reactors used for water
and liquid activation and, every day, a new article is published with new reactors that have
minor changes. Therefore, a dedicated review article would be needed to demonstrate the
NTAPP generation reactors and their characteristics, but the focus of the present work is
not that. Thus, below we show some reactors used to generate PAW.

As seen in Figure 2, discharges are used directly into the water and on the surface of
the water, which considerably affects the chemical composition of PAW. This difference in
chemical composition is basically due to the differences between the rupture forces in the
gas phase (discharge on the surface) and the water (discharge inside) [70,71]. However,
as reported in the literature, the most applied systems are those that operate with plasma
discharge in contact with the water, i.e., PJ and DBD as a plasma source [72,73]. As
demonstrated in the next section, these plasmas deliver the RONS from the plasma gas to
the liquid phase more efficiently.
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Figure 2. Schematic drawing of different discharges used for the preparation of plasma-activated
water [47,74] (a–c) direct discharge into the water and (d) direct discharge into the water with multi-
electrodes; (e) discharge in the gaseous phase onto the water surface; (f) discharge in the gaseous
phase into the water; (g) discharge in the gas phase onto the water surface with plasma generated on
forward vortex flow reactor (FVFR); (h) discharges in bubbles into the water.

An important question is whether there is commercial equipment that can be applied
in clinical practice. Recently, Andrasch et al. [72], Pemen et al. [73] and Schnabel et al. [75]
developed pilot units with potential for practical applications. Andrasch et al. [72] and
Schnabel et al. [75] obtained a PAW production rate of 1 L/min. Pemen et al. [73] obtained
0.5 L/min. However, these devices cannot meet the application requirements in dentistry
and medicine, which are low pH and high concentrations of RONS. On the other hand, in
agriculture and in the food industry, the production of millions of liters of PAW at a low
cost is required. Therefore, it can be said that PAW-generating equipment is still in the pilot
phase and has great commercialization potential in the coming years.

2.2. Origin of Reactive Oxygen and Nitrogen Species

The RONS induced in PAW are dependent on many different parameters such as (i) the
composition of the solution, (ii) the distance between the plasma and the liquid surface,
(iii) the types of power supply used in the plasma generation, (iv) electrode configuration,
(v) applied voltage, (vi) voltage polarity, (vii) water volume, (viii) gas type and flow, among
other parameters [31,76–78]. It is also important to highlight that both the chemistry and
the reaction processes of PAW produced with the reactor in a few centimeters of water are
different from those made in the generation of PAW with the reactors submerged in water.
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The gas–liquid system generated for electrical discharges placed in a few centimeters of
water is more interesting, as they can cause post-electrical discharge reactions capable of
forming other long-lived reactive species [59,70]. For example, when using compressed
air as the plasma-generating gas for water activation, the gas–liquid interface produces
numerous short-lived species, ranging from hydroxyl radicals, superoxide and nitrous
oxide to the generation of atomic oxygen and nitrogen [36]. Short-lived species later
generate long-lived species, such as nitrites, nitrates and hydrogen peroxide (see Figure 3).

Figure 3. Schematic diagram that shows the regions of reactive species generation induced by NTAPP
used to activate water. Note the three regions of RONS formation in an NTAPP device in contact with
water. The primary reactive species, short-lived species, electrons and electromagnetic radiation in
the ultraviolet range are found in region 1 and are in the gas phase. In region 2, we can observe the
secondary reactive species made up of short-lived and long-lived species, and this region is contained
in the plasma phase. Tertiary reactive species are short-lived and long-lived species, and their region
is limited to the plasma–water interface and liquid phase.

With the significant increase in PAW applications, it is necessary to understand which
RONS can be formed and how they are formed, in addition to the quantification of their
concentrations. In Appendix A, the generation and recombination mechanisms of the main
plasma-induced long-lived reactive species are described in water activation processes that
play a crucial role in healthcare applications.

3. PAW Applied in Dentistry

3.1. Decontamination of Dental Devices

The surfaces of medical and dental devices are constantly exposed to different mi-
croorganisms during procedures, working as a reservoir of pathogens and a potential
source of contamination for the patients [79]. To avoid the risk of contamination, different
methods and chemical products may be used to control pathogenic or nonpathogenic
microorganisms. However, limitations such as ineffective sterilization, low penetration,
incompatibility with materials that are sensitive to heat and corrosion, residue release,
toxicity to the environment and individuals [80,81] and an inability to penetrate biofilm
cell structures [82] support a constant search for new methods. In addition to being useful
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in the inactivation of microorganisms when applied over, inside, or touching the water
surface [83], NTAPPs are also efficient against prion proteins [84], which are resistant to
traditional cleaning methods [85].

The direct application of NTAPPs for the disinfection of heat-sensitive materials has
been explored in the literature [86,87]. The disinfection of endodontic devices [26], sili-
cone, diamond dental drills [88], metals [89], titanium alloy surfaces [90] and titanium
disc surfaces [91] were analyzed with satisfactory results. The effectiveness of biological
decontamination by NTAPPs depends on some parameters such as equipment configu-
ration (frequency, power), gas (type and flow), the geometry of the analyzed material,
distance, exposure time and also the position and design of the device [80,86,92]. Depend-
ing on the geometry of the material, multiple exposures may be required to eliminate
the microorganisms.

As an alternative method, solutions activated with plasma, such as PAW, have also
been evaluated for disinfection [93]. In fact, this in an interesting field of investigation
as the possibility of disinfecting a device with a simple washing seems easier, compared
to multiple exposures that may be needed to decontaminate a device/biomaterial with a
complex geometry. It was previously observed that microbicide action may be related to the
main reactive species and also the low pH acquired during aqueous plasma activation [94].
The use of PAW for the sterilization of medical devices was previously suggested, consid-
ering its antimicrobial properties [95]. One of the main advantages of this technology is
that plasma-activated liquids may keep the antimicrobial effect over one month after PAW
generation, when stored at a minimum of −80 ◦C [96,97]. However, the antimicrobial activ-
ity may be reduced, depending on the storage temperature, by decreasing the number of
reactive species. Inactivation of S. aureus was observed after 20 min of treatment with PAW
stored at −80 ◦C. However, this potential decreased significantly when plasma-activated
distilled water was stored at −20 ◦C for 1, 7, 15 and 30 days [96]. Similarly, another study
observed that 60 min of exposure to PAW stored at –80 or –150 ◦C may promote microbial
inactivation of S. aureus and E. coli, even after six months of storage. On the other hand,
temperatures equal to or higher than −16 ◦C showed reduced antimicrobial properties in
short or long periods of storage [97]. In addition to the possibility of disinfecting dental
materials in the easiest way, the conservation properties of PAW indicate another advantage
of using this technology compared to direct NTAPP, since it would considerably reduce the
demand for using the plasma device.

The decontamination of dental unit waterline system tubes (DUWLs) is a challenge
for dentistry due to the risk of cross-contamination [98] and also the limitation of some
traditional disinfectants, which may be toxic [79,99]. The reduction in the viability of
mature Enterococcus faecalis biofilms formed in DUWLs for 5 days after PAW treatment was
detected. For this, distilled water was activated for 3 min by a continuous plasma jet of
compressed air gas. A significant reduction in viable cells was observed after 1–3 min of
treatment. Treatment for up to 5 min led to a 100% reduction. Moreover, 3 min of contact
showed similar effects to 1% H2O2 and 10 mg/L NaOCl; antimicrobial agents that are
routinely used. The low pH (2.21) and the presence of NO, OH, NO3 and H+ species
probably contributed together to the bactericidal effect [99]. Further investigations on PAW
with this type of device and other microorganisms would be interesting.

The disinfection of stainless steel and polyethylene substrates by PAW has also been
explored [100]. It is important to highlight that these materials present a wide application in
the dental fields [101,102]. For these tests, 20 mL of sterile distilled water was activated for
5 min by non-thermal GlidArc plasma formed by moist air gas. After 30 min of exposure to
PAW, microbial reduction both in planktonic and biofilm forms, were observed on Gram-
positive and Gram-negative bacteria, as well as in yeasts. More than a 5 log reduction in
viable cells was observed for bacterial biofilms, while there was a decrease of approximately
3 log in yeasts. Advantageously, the disinfection of the solid materials with PAW did not
show damage to the materials, especially to stainless steel, which was free of corrosive
signs [100].
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Resin based materials have an important applicability in dentistry [103]. Sterilization
by PAW of a duodenoscope coated with a polymer resin was also previously analyzed.
Distilled water (300 mL) was activated for 10 min, with a discharge of GlidArc plasma
operated with air gas. The treatment produced an acidified water of pH 2.78 that reduced
the viable cells of Escherichia coli and Acinetobacter baumannii after 20 min of exposure,
without any damage to the surface and composition of the equipment. The decontamination
effect was also observed for Klebsiella pneumoniae and Pseudomonas aeruginosa after 30 min
of PAW exposure [104].

Taken together, the studies with PAW have shown good decontamination properties of
materials that are widely used in dentistry, such as stainless steel, polyethylene and polymer
resin. These results bring insights for a new sterilization method in the dental field. Despite
that, new studies with other materials and mostly with polymicrobial biofilms, which are
closer to the clinical environment [105], would be interesting to explore this application.

3.2. Treatment of Oral Infectious Diseases

The use of PAW in the treatment of oral infectious diseases is a promising field of
investigation. Several groups of microorganisms are involved in the etiopathogenesis
and progression of the main infectious diseases that affect the oral cavity, such as caries,
periodontitis and candidiasis. Considering the antimicrobial properties of NTAPPs, the
control of these microorganisms by PAW or other plasma-activated solutions has also been
investigated as an alternative treatment to traditional therapies that have their limitations.

Biological, behavioral, psychosocial and environmental factors are related to the de-
velopment of caries [106]. The imbalance between demineralization and remineralization,
caused by fluctuations in pH, promotes tooth decay [107]. The metabolic activity of den-
tal biofilm, formed by microorganisms embedded in a matrix of extracellular polymeric
substances adhered to the teeth surface, is responsible for these pH fluctuations, especially
with the intake of a sugar-rich diet. The biofilm continues to grow progressively if undis-
turbed. In its composition, there are many groups of microorganisms and some of them are
especially involved in the carious process [108].

Streptococcus mutans and Lactobacillus spp. are considered the main cariogenic bacte-
ria responsible for producing acid and, consequently, the demineralization of the tooth
structure [109,110]. Interestingly, PAL has shown to be effective against cariogenic microor-
ganisms [22,111]. A previous study observed that PBS or a saline solution activated with a
non-thermal plasma of argon (Ar) and oxygen (O2) for 5 min are able to reduce the number
of S. mutans viable cells. This reduction was verified in both planktonic and biofilm forms
of S. mutans after 1 h of treatment. The authors further reported that the activated liquids
were not cytotoxic to fibroblasts [111].

Modifications in the composition of the oral biofilm may be observed due to dietary
habits, type of dentition (primary or secondary) and even with the disease progression.
Although S. mutans and Lactobacillus spp. are considered the most important microogas-
nisms related to dental caries, previous findings demonstrated that Actinomyces spp. may be
associated with the disease progression in root caries [108]. A previous study evaluated the
role of distilled water activated by a plasma jet of Ar and O2 (98% and 2%, v/v, respectively)
for 20 min, in the reduction in S. mutans, Porphyromonas gingivalis and Actinomyces viscosus.
The treatment that was performed from 0 to 120 s reduced the viability of all microbial
species. A significant reduction in A. viscosus was observed within 40 s while S. mutans
achieved a similar reduction after 60 s of treatment [22].

Candida albicans is another microorganism that may be found in the carious dentin of
active root carious lesions and some authors have suggested that this fungus might play
a role in the progression of the disease [112]. This species was detected on the biofilm in
cases of childhood caries [113] and it was associated with an increase in plaque glucosyl-
transferase (Gtf) enzyme activity, a virulence factor associated with caries, in children with
early carious lesions [114]. In addition to its possible role in dental caries, C. albicans is
the main species related to oral candidiasis, the most common oral fungal disease. Local
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and systemic factors such as impaired salivary gland function, inhaled steroids, dentures,
oral cancer/leukoplakia, broad-spectrum antibiotics, immunosuppressive drugs and condi-
tions, nutritional deficiencies, diabetes, smoking and Cushing’s syndrome may contribute
to oral candidiasis [115]. Previous studies demonstrated that the direct application of
NTAPPs is effective against C. albicans [116,117], both in planktonic and biofilm forms.
Investigations into the effects of PAW on C. albicans have also been conducted with different
methodologies and findings. A reduction in C. albicans viability after 5 min of treatment
with distilled water, activated by a dielectric barrier discharge (DBD) with atmospheric
air, for 5 and 10 min, was reported. The authors attributed the antimicrobial action to the
higher concentration of NO−

3 and lower concentrations of NO−
2 and H2O2 in PAW [118].

Antimicrobial effects against C. albicans was also reported in hydrogels constituted by
plasma-activated deionized water, after 24, 48 and 72 h of contact time. An increase in
the inhibition zones of the microorganism was observed in longer exposure times, with
the best result after 30 min. Hydroxyl radical and NO−

3 were suggested to be the main
components with antifungal activity [119]. On the contrary, one study reported no effect
of plasma-activated tap water for 10 and 30 min on C. albicans planktonic cells. The water
was activated with an atmospheric air plasma, generated by a forward vortex flow reactor
(FVFR), for 30 min [16].

In the context of cariology, it is also important to emphasize the positive property of
NTAPPs in adhesive restorations. Plasma exposure generates the deposition of free radicals
and ions on the tooth substrate, changing the surface proteins of dentin, which has led to
an increased bond strength in adhesive restorations. The enhance in bone bond strength
avoids microleakage and consequently prevents secondary caries [47]. It is not known
whether PAW can also increase the bond strength, improving the restoration performance.
This process could also probably occur with plasma–liquid technology due to the action of
the reactive species on the surface of dentin.

In the evolution of the carious process, traumatic injuries and cracks allow that
pathogens and their products to pass through the dentin and reach the pulp. The pulpal
infection frequently progresses to necrosis of the tissue and the infection may spread to
the apex of the tooth, promoting periapical disease [120]. Enterococcus faecalis is commonly
found in primary and secondary endodontic infections [120–122]. This microorganism
expresses virulence factors and resistance mechanisms that favor its presence in the root
canal and consequently can lead to endodontic therapy failure [120,123]. Some studies
have investigated the action of PAW on E. faecalis [99,124], which is interesting for dentistry
as it could be used as an antimicrobial irrigator in endodontic treatments. Considering the
particularities of root canals, such as the presence of accessory canals, the antimicrobial
irrigation with PAW would be more useful than the direct application of NTAPPs. As
mentioned, a reduction in E. faecalis viable cells in 5-day DUWLs biofilms was observed
after 1–3 min of treatment with previously activated water. The treatment of the E. faecalis
suspensions, in deionized water, was also performed with satisfactory results. The bacterial
suspension was exposed to microjet plasma formed by atmospheric air for 10 to 90 s. The
antimicrobial effect occurred progressively after 45, 60 and 90 min of treatment, while
inhibitory effects on the biofilm formation was detected even in shorter exposure times (10,
20 and 30 s) [124]. Another microorganism that may be isolated from root canals, though
not often, is Escherichia coli [120]. It was demonstrated that the planktonic treatment with
PAW significantly reduced the number of E. coli colonies after 10 min of exposure [16]. In
this same study, 10 and 30 min of PAW contact was effective against Staphylococcus aureus, a
bacteria commonly found in chronic osteomyelitis of the jaw, in association with anaerobic
pathogens [125].

The development and progression of periodontal disease is related to specific groups
of Gram-negative bacteria, the so-called periodontopathogens. The transition from healthy
periodontium to periodontitis is related to three important factors: the polymicrobial syn-
ergy, the dysbiotic microbiota and a susceptible host [126]. The multifactorial etiology
of periodontal disease contributes to the difficulty in the treatment and alternative thera-
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pies have been investigated [127]. Porphyromonas gingivalis, Treponema denticola, Tannerella
forsythia and Aggregatibacter actinomycetemcomitans have been considered important peri-
odontopathogens [128]. A progressive inhibition of P. gingivalis in planktonic and biofilm
forms was previously observed after 1, 3, 5 or 7 min of NTAPP exposure. Moreover, im-
proved periodontal tissue recovery was obtained after 5 min of exposure, proportionally to
the number of applications [129]. Interestling, a previous study demonstrated that PAW
may also be effective against P. gingivalis. A reduction of 5-log in planktonic bacteria was
observed after 20 s of exposure [22]. Considering the particularities of subgingival biofilm
and its relationship with the progression of the disease, the treatment with PAW would be
even more interesting since it would be able to reach areas of restricted access, such as the
subgingival sites.

The mechanisms of action suggested in all of these studies, evaluating the antimicrobial
properties of PAW, mainly involved the reactive oxygen and nitrogen species (RONS)
produced in the solutions by plasma activation. Different biological effects could be
observed in each study, which is probably related to differences in methodology and groups
of microorganisms. Further in vitro and in vivo investigations are needed to standardize
the best parameters for each solution and microorganism. Considering the potential
antimicrobial effects observed in these studies, they could probably contribute to the
treatment of oral infectious diseases.

3.3. Anti-Inflammatory Properties and Wound Healing

An important feature of non-thermal plasma is the possibility of tissue antisepsis
without causing damage, which makes NTAPPs a good alternative treatment for infectious
diseases. This selectivity probably occurs due to biochemical, metabolic and cell cycle
differences between eukaryotes and prokaryotes and also the surface/volume ratio of
mammalian cells, that is higher compared to bacterial and fungal ones [130]. It was
demonstrated that no important side effect occurs after oral application of NTAPP on the
mucosa of mice, in short-term experiments [131]. A previous study investigated the effect
of PAW intake in mice after 90 days of administration, as its use in dentistry may lead
to accidental ingestion. The mineral composition and surface micro-morphology of vital
mouse teeth after long-term exposure, as well as local and systemic toxicity, were evaluated.
The authors observed that there were not significant changes in the mineral composition
and surface micro-morphology of the teeth. Moreover, the long-term exposure was not
toxic to the tongue, oral mucosa, sublingual glands or other body organs, which presented
normal structure and physiology [132]. In addition to not being harmful to mammalian
cells, NTAPPs have been demonstrated to decrease inflammation and contribute to tissue
repair [133].

Studies on skin inflammatory diseases such as allergic contact dermatitis and atopic
dermatitis have shown anti-inflammatory effects of non-thermal plasma [134–136]. These
effects have also been observed in oral studies. The treatment of oral candidiasis in mice
showed a low occurrence of inflammatory alterations. After plasma exposure, the cell
inflammatory infiltrate was predominantly mononuclear and macrophage-rich, with scarce
polymorphonuclear cells [116]. Additionally, a study evaluating the role of NTAPP as
an adjuvant therapy for the treatment of periodontitis induced in rats, observed that
the expression of inflammatory-related cytokines such as TNF-α and IL-1β decreased
significantly in the group where NTAPP was used as an adjuvant approach, while the level
of the anti-inflammatory cytokine IL-10 showed a significant increase [137].

The behavior mast cells and keratinocyte cell line (HaCat) after the contact with non-
thermal plasma-activated medium has been analyzed. Interestingly, the plasma-activated
liquid prevented an enhancement of the pro-inflammatory genes and cytokines TNF-α, IL-6
and IL-13 in activated mast cells, by inhibiting the NF-κB signaling pathway. The activation
of NF-κB by TNF-α/IFN-γ was also inhibited in HaCat cells suggesting that this treatment
could be effective against, not only acute, but also chronic inflammation [136]. Similarly,
in another study the pro-inflammatory responses of HaCat, activated by TNF-α/IFN-γ
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or LPS, was also suppressed by PAL. Moreover, STAT3, which is an important pathway
for Th17 cell activation, was inhibited by PAL in IL-6-stimulated HaCaT [135]. In this way,
plasma-activated liquids have shown to act in different inflammatory signaling pathways
of keratinocytes. These findings are important for dentistry as NF-κB e STAT3 pathways
are involved in the etiopathogenesis of periodontitis [138]. Moreover, these pathways also
play a role in oral candidiasis as mucosal candidiasis promotes NF-κB activation [139] and
STAT3 signaling is related to IL-17-mediated immunity in oral mucosal candidiasis [140].

The possibility of treating autoimmune skin diseases by direct application of plasma
or plasma-activated liquids may also be interesting for dentists, who also have to deal
with some autoimmune conditions, such as oral lichen planus [141], pemphigus and
mucous membrane pemphigoid [142]. The effects of NTAPP on oral lichen planus (OLP)
were previously investigated [143]. For this, biopsies from healthy and OLP areas were
performed, followed by the application of NTAPP in the ex-vivo tissues for 3 min. From
these lesions, 24 were reticular, 3 erosive and 1 atrophic. The treatment decreased the
infiltration of T-cells in OLP, compared with healthy samples. Additionally, the levels of
IL1β, IL2, IL10 and GM-CSF decreased significantly after the treatment and a tendency to
decrease other inflammatory markers was observed, suggesting an immunomodulatory
role of NTAPPs in OLP. The authors also presented a clinical report from a 73-year-old
man suffering from erosive OLP. The treatment consisted of 5 min of application, two to
three times per week (12 sessions). It promoted relief of the burning sensation after four
sessions. During the treatment, the oral inflammation decreased and the ulcerated area of
the lesion healed almost totally [143]. Considering that the erosive presentation is usually
symptomatic, requiring treatment with topic steroids and sometimes systemic ones [141],
clinical studies evaluating a large number of these cases are welcome. The efficiency of
PAW should also be evaluated, since washing with a plasma-activated liquid could reach
the entire area of OLP without the need for direct application at several areas of the lesion.

The exposure of diabetic animals to NTAPPs has also shown anti-inflammatory prop-
erties [144,145] and improvement in wound healing [146], which brings perspectives for
dentistry, especially considering the proven relationship between diabetes and periodontal
disease. Severe periodontal destruction is usually observed in diabetic patients, while
poor glycemic control is more common in diabetic people who also have periodontal dis-
ease [147]. Interestingly, diabetic mice treated with NTAPP showed a decrease in oxidative
stress biomarkers, advanced glycation end products (AGEs) and inflammatory cytokines,
such as IL-1, IL-6 and TNF-α [145]. It has been suggested that increased accumulation of
AGEs and their interaction with specific receptors (RAGE) in diabetic gingival tissue could
promote the hyperproduction of proinflammatory cytokines, as well as vascular alterations
and a loss of tissue integrity, contributing to the worsening of periodontitis [148]. Thus, the
adjunct treatment for diabetes mellitus with plasma modalities could possibly act indirectly
and positively in periodontitis and in other inflammatory oral diseases. The direct action of
NTAPPs or PAW in periodontal disease should also be considered, since it is a multifactorial
condition in which the microbial biofilm activates the immune system with the production
of proinflammatory cytokines and, consequently, tissue loss [149]. The selective role of
plasma could be useful in both, in the elimination of periodontopathogenic microorganisms
and also in the gingival tissue, decreasing the inflammatory process. Considering the
generalized subtype of chronic periodontitis, treatment with PAW could be clinically easier,
reaching different affected areas in a single use.

The anti-inflammatory and microbicide functions of NTAPPs have been demonstrated
to favor tissue repair [133]. Clinical trials evaluating NTAPPs have already been per-
formed, in which this technique was considered safe, painless and effective against bacterial
load [150,151]. Solutions activated with plasma, such as medium, saline and water have
also shown good results in vitro and in vivo concerning the wound healing [19,133,152].
Cell proliferation and migration were observed in human keratinocytes exposed to 15 s of
medium activated with Helium-and-Argon (He/Ar)-generated NTAPP [133], which could
favor the re-epithelialization of wounds on the skin and also on the oral mucosa that has
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keratinocytes in the epithelial composition. There is no study evaluating the effect of PAW
or PAL on mouth wound healing, although two studies carried out in rats and mice have
observed a tendency to improve periodontal tissue loss after the experimental treatment of
periodontitis with NTAPPs [129,137]. Moreover, wound healing of some infected ulcerated
areas of advanced oral squamous cell carcinoma was observed after NTAPP exposure [153].
Considering that wound repair is important for different modalities of dentistry such as
oral surgery, periodontics, oral pathology and implantology, PAW could be an option to
accelerate the healing after oral diseases or oral surgeries.

NTAPPs were previously suggested as a good possibility for oral surgery because
NTAPP was tested with osteoblast-like cells (MG-63), leading to cell proliferation and
in vitro wound closure [154]. Oral implant modification with NTAPPs has also been
suggested since this treatment may enhance the roughness and wettability of the implant
surface, thus improving the cell adhesion and consequently the osseointegration [47]. These
results with the direct application of NTAPPs, open perspectives for the use of PAW in oral
surgery and implantology. PAW could be used even more easily in these procedures, such as
surgeries, for the removal of oral lesions and tooth extractions, especially in impacted third
molars. Thus, the use of PAW in dentistry should be considered, given the antimicrobial,
anti-inflammatory and wound healing properties of NTAPPs, in addition to their ability to
alter the surface of dental implants. The simplicity of the technique, considering the use of
PAW as a mouthwash or an irrigation agent and possibly the lower price of PAW compared
to the direct application of NTAPPs, which would necessarily demand a device in the
dental office, make PAW a potential adjuvant oral tool for conditions requiring tissue repair.

3.4. Anti-Cancer Therapy

Sensitivity of cancer cells to NTAPPs has been demonstrated in many studies. Reactive
oxygen and nitrogen species may penetrate cancer cells more easily, compared to healthy
ones, make them more vulnerable to their harmful effects. This fact may be explained
by the higher amount of water channels (aquaporins) in cancer cells, that facilitates the
transport of reactive species into cytosol. Additionally, the lipid peroxidation caused by free
radicals generates pores in the membrane, which also allow the entry of reactive species
into the cell. This process is attenuated by the condensation of membrane lipids in normal
cells that are rich in cholesterol. However, cancer cells usually present fewer amount of
lipids, which impairs this defense mechanism. The large influx of reactive species into
cancer cells triggers signaling cascade pathways that may culminate in different types of
cell death, such as apoptosis, necrosis or senescence, depending on the dose of exposure.
Another important anti-cancer molecular mechanism of NTAPPs is their capacity to reduce
the expression of some integrins. These molecules are essential for the adhesion, migration
and invasion of cancer, which indicates that NTAPPs can be useful against metastases [38].

Besides the direct action of NTAPPs in cancer cells, they may be useful in this approach
by their interaction with the tumor microenvironment. Reactive oxygen and nitrogen
species are able to damage important extracellular matrix components, such as collagen,
fibronectin and hyaluronic acid. The induction of an antitumor immunity has also been
proposed as an action mechanism [38]. Anti-cancer properties of NTAPPs have been
observed against many types of cancer cells [155–159]. Interestingly, clinical reports have
already been conducted showing the role of NTAPPs in advanced squamous cell carcinoma
(SCC) [153,160,161], most of them in intraoral sites [153,160]. SCC is the most prevalent
oral cancer. More than 90% of the cases occur in men over 45 years of age, exposed to
tobacco and/or alcohol. The lip is the most prevalent site, followed by the tongue [162].
An improvement in the quality of life of patients with advanced SCC located at intra-oral
sites or the jaw was described, after NTAPPs treatment, by the reduction in odor and pain.
Partial remission of the lesion occurred in some cases [153,160]. Additionally, a reduction
in microbial load, wound healing of some infected ulcerated areas [153] and enhancement
of apoptotic cells were described [161]. Partial or total remission of pre-malignant skin
lesions, resulting from chronic ultraviolet exposure, referred to as actinic keratoses, were
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also observed after NTAPP treatment [163], which opens perspectives for actinic cheilitis,
the pre-malignant lip counterpart, that precedes the emergence of lip SCC [164]. The
adjunct treatment of initial SCC with NTAPPs has not been evaluated yet and it would be
interesting, considering some in vitro responses of oral SCC to NTAPPs. A synergistic effect
of cisplatin and NTAPP against oral SCC cells in vitro was described, associated with low
cytotoxicity to normal oral cells [165]. Moreover, a combination of NTAPP with cetuximab
inhibited invasion/migration of cetuximab-resistant oral SCC cells in vitro [166].

The possibility of using this technology of plasma-activated liquid is promising consid-
ering that PAL/PAW may be injected into large or deep tumors, facilitating the action in the
entire lesion. Moreover, this kind of treatment would probably be faster and easier for the
clinician compared to NTAPPs and more comfortable for the patient who is usually weak-
ened by radiotherapy and/or chemotherapy. Treatment using liquids activated directly on
the substrate or indirectly (activated first and then in contact with the substrate later) has
been performed satisfactorily in many types of cancer cells with the use of different liquids,
such as deionized water, cell culture media, Ringer’s solution and saline [17,18,167–171].
Apoptotic cells were observed in cancer cells exposed to activated deionized water [18,171].
Different studies have shown that PAL is also efficient against cancer, due to the toxic
effects of oxygen and nitrogen species that are accumulated in these solutions and also
by the immuno-stimulatory properties [172]. Different cancer cells may respond to PAL
with decreased proliferation and migration and increased cell death by apoptosis, necrosis,
autophagy and senescence [173]. A reduction in tumor burden and a metastasis-inhibitory
effect were also observed with the use of PAL [169]. It was suggested that RNS could play
a more relevant role in cancer cell death than ROS [171].

A previous study evaluating the effect of PAL on an oral squamous cell line (SCC15),
observed an anti-cancer capacity of the plasma-activated medium. A reduction in cell
viability was observed with an increasing incubation time. Moreover, they have demon-
strated that many signaling pathways, such as p-53 pathway, could play a critical role in
this process [174]. The effectiveness of PAW, as well as its possible mechanisms of action in
oral cancer, has not been evaluated yet. Considering that the treatment of SCC is the entire
removal of the lesion, this kind of treatment could be useful in two situations: (1) Prior
to surgery, by washing the lesion or through the injection of plasma-activated water in
deep neoplasms and (2) After the surgery, by reducing the microbial load and favoring
wound healing. The anti-cancer properties could also be positive to avoid recurrences.
The role of plasma-activated water in oral premalignant lesions, such as oral leukoplakia,
erythroplasia and actinic cheilitis, should also be evaluated. Different kinds of treatments
have been used in patients with actinic cheilitis, such as combinatory treatment with PDT
and laser ablation. However, carbon dioxide laser ablation and vermilionectomy, that are
invasive for the patients, have been considered the most effective treatments [164]. In this
way, plasma-activated water could represent a non-invasive approach to be used in oral
premalignant lesions with other therapies or even alone, depending on the results and risk
factors of each patient.

3.5. Tooth Bleaching

Some studies showed that NTAPPs may be efficient for tooth bleaching, with a syn-
ergistic effect with other whitening agents [175,176]. In addition to lower concentrations
of hydrogen peroxide solution (HP), its applicability might replace conventional light
sources that present some limitations, such as questionable efficacy and high tempera-
tures [176]. The association of HP and plasma exposure for 10 min generated a three-times
higher bleaching than only HP, which probably occurred due to the presence of •OH, that
was mostly present in the plasma-treated groups [175]. In addition to its efficiency for
tooth bleaching, it was demonstrated that NTAPPs do not promote thermal damage or
inflammatory responses in the pulp and oral soft tissues [177].

The role of NTAPPs applied to liquids for tooth bleaching has already been analyzed
with interesting results. A helium-based NTAPP applied to the tooth surface with saline
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was evaluated. According to the authors, the wettability would enable the reactivity of
ROS in the solution, attenuating the tooth dye, and it also would reduce the amounts of
toxic gas produced using the air plasma method. The bleaching efficacy after 20 min of
treatment was improved. It was 2.4 times higher than the effect produced by the whitening
agent (35% of HP). The authors observed that H2O2 and •OH were generated in the saline
solution, probably being a key factor for the observed effectiveness. Moreover, a scanning
electron microscope (SEM) indicated smoother surfaces in the group treated with NTAPP +
saline, which was probably less harmful to the enamel [178].

Satisfactory results of NTAPPs for tooth bleaching have also been observed in the pres-
ence of water. A previous study demonstrated that deionized water activated by NTAPP
for 5 or 10 min, on the surface of the teeth, showed similar whitening presented by HP, with
similar color stability [179]. Another piece of work that evaluated the whitening properties
of bleaching agents and deionized water activated by NTAPP, in the pulp chamber of
non-vital teeth, also obtained interesting findings. A total of 50 μL of water or bleaching
agents were put in the pulp chamber, followed by plasma discharge, for 5 min. Interest-
ingly, in addition to the improved bleaching of the whitening agents promoted by NTAPP,
the generation of PAW was also effective. These findings indicate that PAW generated
in the pulp chamber could be used as a substitute for conventional tooth bleaching in
cases of non-vital teeth [180]. Considering the available results, PAW or saline generated
on the surface of the teeth seems to be effective for tooth whitening, by the formation of
H2O2 and •OH. Further studies are still required to investigate the effectiveness and to
rule out possible toxicity effects of the reactive species to vital teeth. Moreover, studies
evaluating the tooth bleaching potential of prior activated water (indirect method) or other
plasma-activated liquids are also needed, since its application would be easier and possibly
performed at home.

4. Conclusions

Plasma-activated water demonstrates antimicrobial activity, with promising applica-
bility in both the decontamination of dental devices and the treatment of oral infectious
diseases. The anti-inflammatory properties and wound healing benefits of PAW suggest
that, in addition to its antimicrobial effect, PAW could favor the repair of previously infected
lesions. In vivo studies are still needed to prove this effectiveness in oral diseases and rule
out damage to the host. While RONS generated in PAW seems to present a fundamental
role in decontamination and wound healing, the specific constituents H2O2 and •OH
generated in plasma-activated liquids on the tooth surface may favor tooth bleaching. The
findings related to plasma-activated water and liquids indicate that they could play an
important role in the adjuvant treatment of some cancers by their antitumor response.
Studies of PAW involving oral cancer would be interesting to investigate its application in
oral neoplasms and the exact mechanisms of action inherent to this effect.
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Appendix A

In this section we will show the main mechanisms for generating long-term RONS that
are found in PAW after the plasma–liquid phase interaction. Hydrogen peroxide (H2O2),
nitrite (NO2), nitrate (NO3

−), nitrous acid (HNO2) and ozone (O3) are the main reactive
species that will be presented below.

Appendix A.1. Nitrite: Nitrate and Nitrous Acid

Nitrite and nitrate ions, together with nitrous acid, are long-lived reactive species
formed as by-products from primary, secondary and tertiary species, generated in regions
1, 2 and 3 (as can be seen in Figure 3). These reactive species have a high microbial capacity
in acidic environments, mainly against bacteria [30,181].

In the gas phase, Equations (A1)–(A3) occur, accompanied by NO generation [33,182].

e− + N2 → •N + •N + e− (A1)

e− + O2 → •O + •O + e− (A2)

•N + •O → NO (A3)

In the plasma phase, Equations (A4)–(A7) occur with NOx dissociation [183].

NO + O → NO2 (A4)

NO + O3 → NO2 + O2 (A5)

NO2 + O3 ↔ NO3 + O2 (A6)

NO + NO3 ↔ NO2 + NO2 (A7)

In the plasma–water interface region (region 3), nitrites are generated in PAW through
the NOx conversion generated from Equation (A7) and shown in Equations (A8) and (A9).
In the Equations (A10) and (A11), we see the generation of NO3

− which is generated from
the coexistence of NO2

− with the hydrogen peroxide and ozone present in PAW [70,184].

NO2 + NO2 + H2O → NO−
2 + NO−

3 + 2H+ (A8)

NO + NO2 + H2O → 2NO−
2 + 2H+ (A9)

NO−
2 + O3 → NO−

3 + O2 (A10)

NO + O−
2 → NO−

3 (A11)

It is essential to highlight that together with the generation of nitrite and nitrate,
the pH of the water also decreases, which can be seen by Equations (A8) and (A9). As
demonstrated in the literature, the increase in NO2

− and NO3
− production is directly

related to two factors: the increase in the discharge voltage and the rise in the time of water
exposure to plasma [71,96,185].

In contrast, nitrous acid (HNO2) is generated in the destruction reaction of nitrous
oxide (NO) which is formed in the gas phase, as seen in Equations (A12)–(A15) [186].
The formation of NO at the plasma–water interface and at PAW itself is also observed, as
showed in the Equations (A16)–(A25).

∗ e− +
N2

O2
→ •N + •O + e− (A12)

•N + •O → •NO (A13)

•N + NO3 → NO2 + •NO (A14)

O2 + •N → •NO + •O (A15)
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•N + •OH → •NO + •H (A16)

•H + NO−
2 → •NO + OH− (A17)

N2O3 ↔ •NO + •NO2 (A18)

HNO2 + •H → •NO + H2O (A19)

HNO2 + HNO2 → •NO + •NO2 + H2O (A20)

NO−
2 + H2O2 → ONOO− ↔ •NO + •O2 (A21)

•OH + ONOOH → •NO + O2 + H2O (A22)

•NO2 + •O → •NO + O2 (A23)

•NO2 + •N → 2•NO (A24)

NO2 + •H → •NO + OH− (A25)

Finally, the HNO2 formation reactions occur in the gas phase, at the plasma–water
interface and at PAW [36,186], as seen in Equations (A26) and (A27).

•NO + •OH → HNO2 (A26)

•NO + •NO2 + H2O → 2HNO2 (A27)

Depending on the pH level of the PAW, an equilibrium dissociation reaction between
nitrous acid and nitrite can occur, as shown below [187].

HNO2 ↔ H+ + NO−
2 (A28)

Appendix A.2. Hydrogen Peroxide

Due to the multiple functions of hydrogen peroxide in cellular redox pathways, this
reactive species is widely used in medicine and dentistry. The hydrogen peroxide generated
in PAW has been considered a potential method for inhibiting microorganisms, cancer
treatment, wound healing benefits, among other applications [188–190].

However, there is an excellent debate about the H2O2 generation mechanism in PAW.
In the present work, we will approach the following mechanisms: (i) recombination of •OH
dissolved in solution (Equations (A29)–(A32)) and, (ii) dissociation of water molecules via
collisions with electrons.

In the first set of reactions, it is possible to see that OH− in the gas phase generates OH−
in the liquid phase with subsequent formation of H2O2 in the liquid phase [77,191–193].

OHgas phase → OHliquid phase + OHliquid phase → H2O2 liquid phase (A29)

H2O
UV︷︸︸︷→ Hliquid phase + OHliquid phase (A30)

OHgas phase + OHgas phase → H2O2 gas phase → H2O2 liquid phase (A31)

H2O
e−radiation︷︸︸︷→ Hliquid phase + OHliquid phase (A32)

In the second set of reactions, there is dissociation of water molecules via collisions
with electrons, as shown in Equations (A33) and (A34) [194,195]. Equations (A35) and (A36)
lead to the penning ionization reactions that occur at the plasma–water interface [194–196]. In
PAW, UV photolysis can be activated, as demonstrated by Equations (A37) and (A38) [194,195].
Finally, the OH radicals generated in Equations (A33), (A34), (A36) and (A38) form hydro-
gen peroxide through Equation (A39) [194,195,197].
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e− + H2O → H + OH + e− (A33)

e− + H2O → H + OH (A34)

e− + O2 → O(1D) + O(3P) (A35)

O(1D) + H2O → 2OH (A36)

UV + H2O → H2O ∗ (A37)

UV + H2O ∗ → H + OH (A38)

OH + OH → H2O2 (A39)

Appendix A.3. Ozone

Ozone is the reactive species with the highest redox potential among all oxidants [70].
According to Pavlovich et al., O3 has higher bactericidal effect compared to H2O2 and
NO2

− [198]. It is worth highlighting that O3 is transported through the plasma–water inter-
face after its production. Another way is to generate ozone directly in water, for example,
using plasma in O2 bubbles [199]. The ozone generation reaction can be observed below:

O + •O2 → O3 → O3 liquid phase (A40)
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Abstract: The success of dental implant treatment after tooth extraction is generally maximized
by preserving the alveolar ridge using cell-free biomaterials. However, these treatments can be
associated with inflammatory reactions, leading to additional bone volume loss hampering den-
tal implant positioning. Our group developed a self-assembled bone-like substitute constituted
of osteogenically induced human adipose-derived stromal/stem cells (hASCs). We hypothesized
that a bone morphogenetic protein (BMP) supplementation could improve the in vitro osteogenic
potential of the bone-like substitute, which would subsequently translate into enhanced alveolar
bone healing after tooth extraction. ASCs displayed a better osteogenic response to BMP-9 than to
BMP-2 in monolayer cell culture, as shown by higher transcript levels of the osteogenic markers
RUNX2, osterix (OSX/SP7), and alkaline phosphatase after three and six days of treatment. Interestingly,
BMP-9 treatment significantly increased OSX transcripts and alkaline phosphatase activity, as well
as pro-angiogenic angiopoietin-1 gene expression, in engineered bone-like substitutes after 21 days
of culture. Alveolar bone healing was investigated after molar extraction in nude rats. Microcom-
puted tomography and histological evaluations revealed similar, or even superior, global alveolar
bone preservation when defects were filled with BMP-9-treated bone-like substitutes for ten weeks
compared to a clinical-grade biomaterial, with adequate gingival re-epithelialization in the absence
of resorption.

Keywords: bone; mesenchymal stem cells; bone morphogenetic protein-9; tissue engineering;
dental biomaterial

1. Introduction

Tooth extraction may be necessary for several reasons such as periodontal diseases,
tooth decay, and dento-alveolar trauma, among others [1]. Clinical studies have demon-
strated that alveolar ridge bone resorption is initiated immediately after tooth removal in
the vertical and horizontal planes [2–4]. This process leads to an average of 40 to 60% bone
loss during the first two years after tooth extraction [5]. Furthermore, the resorption rate
is significantly elevated in the maxillary bone during the first six months post-extraction
period [6]. Since the alveolar ridge is damaged after a dental extraction, bone tissue
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preservation is required to optimize dental implant positioning. Various materials are
used in dentistry for alveolar ridge preservation, including autografts, demineralized
freeze-dried human (allografts) or bovine (xenografts) bone (DFDBA), mineralized freeze-
dried bone allografts, inorganic synthetic or bovine hydroxyapatite (HA), or synthetic
biomaterials [4,7–10]. Even if these graft materials can preserve alveolar ridge dimen-
sions to some extent, the quality and the quantity of new bone tissue that may form in
the alveolar socket vary between patients [11,12]. In addition, these biomaterials may
cause inflammatory reactions, foreign body responses, and/or fibrous encapsulation once
grafted [13].

Promising options involving bone tissue engineering have been recently developed in
the field of dental and oral reconstruction [14]. In general, tissue-engineered substitutes
combine human cells with biomaterial scaffolds and growth factors to produce native-like
substitutes [15,16]. Growth factors play an important role in the maturation and differentia-
tion processes of the cells composing the bone substitutes. In particular, the use of several
bone morphogenetic proteins (BMPs) from the transforming growth factor-ß (TGF-ß) su-
perfamily was granted permission for the treatment of spinal fusion, long-bone fractures,
long-bone non-unions, and dental implant placement in humans [17–19]. In the context
of oral surgery, recombinant human BMP-2 (rhBMP-2) loaded with either deproteinized
bovine bone mineral blocks (Geistlich Bio-Oss®) or autogenous bone blocks has been shown
to favor primary ridge augmentation in patients four months after implantation [20]. In
addition, it was revealed that BMP-9 is widely expressed in odontoblasts, ameloblasts,
dental pulp cells, and osteoblasts in alveolar bones [21]. It has been shown that rhBMP-9
combined with biomaterials, such as Geistlich Bio-Oss® blocks or Geistlich Bio-Gide® colla-
gen barrier membranes, positively induced bone formation in a guided bone regeneration
rabbit model eight weeks after implantation [22]. Therefore, BMPs represent an interesting
option for ridge augmentation.

Over the years, our research team has developed all-natural bone-like substitutes
based on cell-assembled extracellular matrix components surrounding live osteogenically
induced human adipose-derived stromal/stem cells (hASCs) [23–25]. The capacity to differ-
entiate towards the osteogenic lineage had already been established for this mesenchymal
cell population [26]. We hypothesized that rhBMP-2 or rhBMP-9 treatments during the
bioproduction could improve in vitro osteogenesis of hASCs within the engineered sub-
stitutes and ultimately favor in vivo alveolar bone preservation after tooth extraction in a
nude rat model.

2. Results

2.1. Better Osteogenic Differentiation Is Achieved When Monolayer Cultures of Osteogenically
Induced hASCs Are Treated with rhBMP-9 Compared with rhBMP-2

Osteogenic differentiation of hASCs treated for three and six days with 1 nM rhBMP-2
or 1 nM rhBMP-9 was assessed by determining runt-related transcription factor 2 (RUNX2),
osterix (OSX), and alkaline phosphatase (ALP) gene expression in 2D cell cultures using
RT-qPCR. Gene expressions for each group were referred to the untreated non-induced
stromal group (Figure 1). Results showed that in 2D cell culture, the RUNX2 transcript
of hASCs remained unchanged despite osteogenic induction (gene expressions relative to
non-induced hASCs approximate the value of one; Figure 1A). However, hASCs treated for
three days with rhBMP-9 in the absence of osteogenic medium displayed more elevated
RUNX2 gene expression compared with either an osteogenic induction alone (1.6-fold;
* p < 0.05) or a rhBMP-2 treatment (1.9-fold; ** p < 0.01) (Figure 1A). In addition, significantly
higher RUNX2 gene expression was measured at the early stage of culture (after three days
of treatment) when osteogenically induced hASCs were treated with rhBMP-9 compared
with rhBMP-2 (4.1-fold; #### p < 0.0001) or compared with cells induced with osteogenic
medium alone (3.4-fold; #### p < 0.0001) (Figure 1A). RUNX2 transcripts of osteogenically
induced hASCs treated for six days with rhBMP-9 drastically decreased, suggesting that
the cells are at a later stage of osteogenesis.
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Figure 1. Robust osteogenic gene expression profiles from osteogenically induced hASCs when
treated with rhBMP-9 in 2D cell culture. (A–C) Relative gene expression of (A) runt-related transcription
factor 2 (RUNX2), (B) osterix (OSX), and (C) alkaline phosphatase (ALP) measured by RT-qPCR on
osteogenically induced and non-induced hASCs treated with 1 nM of rhBMP-2 or rhBMP-9 for three
or six days. (Two-way ANOVA with a Bonferroni’s multiple comparison post-hoc test; significant
differences between two conditions per time point: * p < 0.05, ** p < 0.01, **** p < 0.0001 and significant
difference between one condition and all other conditions: #### p < 0.0001).

At the early stage of culture, OSX gene expression was only detectable when hASCs
were treated with rhBMP-9 for three days, and the association of this treatment with
osteogenic induction significantly increased transcript levels (3-fold; **** p < 0.0001) (Figure 1B).
A similar trend was observed after six days of treatment since low levels of OSX gene
expression were detected in the absence of rhBMP-9 treatment and osteogenic induction
associated with rhBMP-9 significantly upregulated gene expression (2.8-fold; #### p < 0.0001)
(Figure 1B).
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After three days of treatment, ALP gene expression was significantly more elevated
in osteogenically induced hASCs treated with rhBMP-9 than with rhBMP-2 (3.8-fold;
** p < 0.01) (Figure 1C). In addition, ALP gene expression was considerably increased after
six days of culture and became significantly higher than for other conditions (#### p < 0.0001)
(Figure 1C). These results showed that an osteogenic induction protocol including a 1 nM
rhBMP-9 supplementation improves the osteogenesis of hASCs in 2D cell culture. In
addition, these results suggest that rhBMP-9 is a better candidate than rhBMP-2 for the
production of bone-like substitutes composed of osteogenically induced hASCs.

2.2. Increased Osteogenic Differentiation When Bone-like Substitutes Are Produced with
Concomitant rhBMP-9 Supplementation

The pro-osteogenic gene expression profiles of 3D substitutes cultured for 21 days were
also assessed using RT-qPCR. A sustained rhBMP-9 treatment associated with osteogenic
induction during the engineering of self-assembled bone-like substitutes significantly
increased OSX gene transcript (33.6-fold; * p < 0.05) (Figure 2A). While bone-like substitutes
supplemented or not with rhBMP-9 showed similar ALP gene expression, expression
levels were significantly more elevated than for stromal substitutes treated with rhBMP-9
(3.3-fold; ** p < 0.01 and 2.8-fold; * p < 0.05, respectively) (Figure 2B). Herein, ALP activity
was measured in the media conditioned for 48 h by engineered substitutes, prior to in vivo
implantation (21 days of culture). Results show that an rhBMP-9 treatment associated with
an osteogenic induction for the engineering of bone-like substitutes significantly enhanced
ALP activity compared to other culture conditions (**** p < 0.0001) (Figure 2C). These results
support that an osteogenic induction protocol including supplementation with 1 nM BMP-9
favors the osteogenesis of the hASC-derived substitutes during engineering.

 

Figure 2. Superior osteogenic profile of the BMP-9 treated bone-like substitutes. Gene expression
of (A) osterix (OSX) and (B) alkaline phosphatase (ALP) were measured by RT-qPCR on substitutes
cultured for 21 days. (C) For osteogenically induced substitutes treated with 1 nM of rhBMP-9, ALP
activity was higher compared to other conditions. (One-way ANOVA with a Bonferroni’s multiple
comparison post-hoc test, * p < 0.05, ** p < 0.01, **** p < 0.0001).
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2.3. Increase in Angiopoietin-1 Gene Expression When Bone-like Substitutes Are Treated
with rhBMP-9

After 21 days of tissue culture, the pro-angiogenic ANG-1 gene transcript levels
were evaluated by RT-qPCR. Results show that an rhBMP-9 treatment associated with an
osteogenic induction for the engineering of bone-like substitutes significantly increases
ANG-1 gene expression compared to other culture conditions (**** p < 0.0001) (Figure 3).
These data suggest that exposure to an osteogenic induction media supplemented with
1 nM rhBMP-9 changed every two/three days for 18 days (21 days of culture) could favor a
pro-angiogenic profile of the hASC-derived substitutes.

Figure 3. Superior expression of angiopoietin-1 transcript for the BMP-9 treated bone-like substitutes.
Gene expression of angiopoietin-1 (ANG-1) was measured by RT-qPCR after 21 days of tissue culture.
(One-way ANOVA with a Bonferroni’s multiple comparison post-hoc test, **** p < 0.0001).

2.4. Microcomputed Tomography Imaging and Analysis of the Alveolar Bone Tissue Preservation

To evaluate the alveolar bone healing capacity of the various engineered substitutes,
microcomputed tomography scans were performed on the same anesthetized animals at
four, six, and ten weeks after implantation. Coronal plane images of the animal’s heads
(Figure 4A–F) showed elevated new bone formation (within dotted areas) when alveolar
bone defects were filled for ten weeks with either rhBMP-9-treated bone-like substitutes
(Figure 4D) or a clinical-grade biomaterial (Figure 4F). These observations were confirmed
with bone volume fraction (BVF) measurements of the areas where the implantation of the
substitutes was performed (Figure 4G). Globally, all engineered substitutes and untreated
defects showed BVF augmentation over time at the extraction sites. This was clearly
observed for the BMP-9-treated bone-like substitute group, which exhibited a linear BVF
increase over time (Figure S1A; linear regression; R2 = 0.84) and reached the mean level of
the group grafted with the clinical-grade biomaterial after ten weeks. Indeed, relatively
similar levels were observed between the BMP-9-treated bone-like substitute (BVF = 0.4743)
and the clinical-grade biomaterial (BVF = 0.4789) after ten weeks (Figures 4G and S1B).
After ten weeks of alveolar bone healing, BMP-9-treated bone-like substitutes showed more
elevated BVT compared to untreated (4.5-fold; *** p < 0.001) or BMP-9-treated (2.1-fold;
* p < 0.05) stromal substitutes, and defects left empty (3.7-fold; ** p < 0.01) (Figure 4G).
BVF results were similar for untreated and BMP-9-treated bone-like substitutes using
two-way ANOVA with a Bonferroni’s multiple comparison post-hoc test on the complete
set of data including all groups. However, statistical analysis focusing on the untreated
and BMP-9-treated bone-like substitute groups’ data sets revealed a significant increase
when the animals were grafted for ten weeks with substitutes that were osteogenically
induced and treated with rhBMP-9 (1.6-fold; ** p < 0.01) (Figure S1A). The biomaterial
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group displayed important variability in terms of bone healing, and this was demonstrated
by elevated coefficients of variation at Week 4 (63.9%), Week 6 (60.3%), and Week 10 (55.2%).
Furthermore, several animals grafted with this biomaterial showed resorption of the graft
over time (Figure S2). These results suggest that BMP-9-treated bone-like substitutes
represent a promising bone filler for alveolar ridge preservation following tooth extraction.

Figure 4. Microcomputed tomography imaging and analysis of the implantation sites. (A–F) Rep-
resentative coronal plane images of the implantation sites (red dotted circles) showing alveolar
bone preservation (white) following tooth extraction either four and ten weeks after grafting. Scale
bars: 2 mm. (G) The ratio of bone volume (BV) reported on the tissue volume (TV), also named
bone volume fraction (BVF), was calculated at the implantation site four, six, and ten weeks after
implantation. Each gray dot represents an implantation site. (Two-way ANOVA with a Bonferroni’s
multiple comparison post-hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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2.5. Gingival Healing

Qualitative assessment of gingival healing was performed ten weeks after tooth
extraction before proceeding with the terminal tissue analyses. While no systematic macro-
scopic imaging follow-ups were realized over time (four, six, and ten weeks), no severe
inflammatory and adverse reactions were observed post-operatively on the anesthetized
animals during the microcomputed tomography imaging. After ten weeks of implanta-
tion, untreated defects, as well as BMP-9-treated stromal substitutes, showed a low rate
of re-epithelialization (42.9% and 28.6%, respectively) with the presence of dehiscence
or graft exposure (Figure S3A). Elevated re-epithelialization rates were observed when
the implantation sites were grafted with bone-like substitutes treated or not with BMP-9
(both 85.7%) (Table 1 and Figure S3B). Gingival healing was considered sufficient when
the percentage of re-epithelialization was superior to 85%. These results indicate that,
independently of BMP-9 treatment, the bone-like substitutes are interesting candidates to
favor gingival healing after tooth extraction.

Table 1. Qualitative evaluation of gingival healing at the implantation sites ten weeks after grafting.

Conditions

Number of Implantation Site Featuring
Complete Re-Epithelialization/Total Number

of Implantation Sites (% of
Re-Epithelialization)

Stromal substitutes 5/7 (71.4%)
Bone-like substitutes 6/7 (85.7%)

BMP-9-treated stromal substitutes 2/7 (28.6%)
BMP-9-treated bone-like substitutes 6/7 (85.7%)

Untreated defects 3/7 (42.9%)
Straumann® BoneCeramicTM biomaterials 5/7 (71.4%)

2.6. Improved Alveolar Bone Healing Observed following Histological Analyses

Alveolar bone healing was evaluated ten weeks after surgery on cross-sections on
tissues from the implantation sites stained with hematoxylin and eosin dyes. Stromal sub-
stitutes without rhBMP-9 treatment (Figure 5A) and untreated groups (Figure 5E) showed
low levels of new bone formation (observable by the presence of purple-colored dense and
regular connective tissue) with incomplete regeneration of the bone defects after ten weeks.
The BMP-9-treated stromal substitute group revealed a moderate formation of new bone
(purple-colored dense and regular connective tissues in Figure 5C). An elevated alveolar
bone healing was observed in both the bone-like substitutes supplemented or not with
rhBMP-9 treatment (purple-colored dense and regular connective tissues in Figure 5B,D).
Observations of the edges of the initial defect showed great integration of the substitutes.
On the other hand, histological observations of the biomaterial group showed moderate
new bone formation associated with the presence of void spaces (Figure 5F). These empty
spaces in histological sections likely correspond to the disappearance of biomaterial gran-
ules dissolved during the demineralization step before embedding and staining. Altogether,
these results validate the results obtained by microcomputed tomography.
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Figure 5. Representative histological observations of the grafting sites. (A–F) Maxillaries were
harvested, fixed, demineralized, paraffin-embedded, and stained using hematoxylin and eosin dyes
ten weeks after grafting of the substitutes. Implantation sites (red dashed parentheses) can be
identified next to the third superior molar (white asterisks; color: dark purple). The area containing
the remaining tooth is delimited by native bone (black arrows; color: purple) surrounding bone
marrow (white circle color: dark purple). The new bone that is formed (red arrows; color: purple)
is surrounded by dense irregular connective tissue (color: pink) and observed at the grafting sites.
(F) The presence of empty spaces (red crosses) surrounded by newly formed bone corresponds to the
presence of the demineralized biomaterial granules and was observed in the positive control group.
Scale bars: 2 mm (large panels) and 500 μm (insets).

3. Discussion

BMPs are widely known for their role in bone regeneration [27–30]. This study
evaluated the osteogenic effect of a BMP supplementation during the engineering of
self-assembled bone-like substitutes using osteogenically induced hASCs in vitro and
the associated potential for alveolar bone healing in vivo. BMP-2 and -9 growth factors
are members of the TGF-β superfamily [31,32]. Similar to other BMPs, they activate the
Smad-signaling pathway after binding BMP receptors [33] and initiate osteogenic gene
expression by the promotion of pro-osteogenic transcription factors such as RUNX2, OSX, or
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functional genes such as ALP in various stem cells (rabbit ASCs, C3H10T1/2 mesenchymal
cells, C2C12 murine multilineage cells, or mouse embryonic fibroblasts) [34–37]. Runx2
transcription factor plays an essential role in the engagement of stem cells/osteoprogenitors
towards the osteochondral differentiation pathway, whereas the osterix transcription factor
mainly acts on the terminal phases of osteoblastic differentiation [38,39]. The ALP gene is
highly expressed by osteoblast cells and is considered an early osteoblastic marker [40].

The osteogenic effect of BMP-9 has been historically established using immortalized
murine ASCs [41]. In this study, we show that human postnatal ASCs have a better
osteogenic response when exposed to 1 nM of rhBMP-9 than 1 nM of rhBMP-2 in 2D
cell culture. This osteogenic induction was reflected by a significant expression of the
pro-osteogenic genes RUNX2, OSX, and ALP. Our findings are consistent with a study
by Rivera et al. showing that hASCs have higher ALP activity under BMP-9 than BMP-2
treatment [42].

Using recombinant adenoviruses expressing fourteen human BMPs, the research group
of Dr. He found that BMP-9 is one of the most potent osteoinductive factors [27,43]. The fact
that BMP-9 was not affected by Noggin, an extracellular inhibitor of BMPs such as BMP-2,
might explain such osteoinductive potential [44]. Our previous studies also showed that
both murine and human muscle resident stromal cells (CD31(−) CD34(−) CD90(−) CD73(+)
CD105(+) CD140(−) or murine preosteoblasts strongly respond to rhBMP-9 compared with
rhBMP-2 in the presence of fetal bovine serum (FBS) [45–47]. For example, based on
ALP activity measurement, the half-maximum effective concentration (EC50) for rhBMP-9
treatment on human muscle resident mesenchymal stromal cells (hmrSCs) in FBS presence
is approximately 40-fold lower compared to rhBMP-2 and 12 times more rhBMP-2 is
required to reach the plateau compared with rhBMP-9 (plateau at 1 nM) [45]. Interestingly,
human hematoma from fractures and serum from healthy human donors can also potentiate
the hmrSC response to rhBMP-9 drastically in terms of osteogenic differentiation [45].

Based on their sequence homology, BMP-2 and BMP-9 are not classified in the same
BMP subfamily, and they also do not use the same Ser/Thr kinase type I receptors [31]. BMP-
9 interacts with activin receptor-like kinase (ALK) 1 (high affinity) and ALK2, while BMP-2
forms with ALK3 a thermodynamically more stable complex than BMP-9/ALK3 in aqueous
solution [31,48,49]. BMP-9 and BMP-2 can induce different mitogen-activated protein
kinases cascades activation. For example, the extracellular-signal-regulated kinase 1/2
pathway inhibition and increased p38 phosphorylation in MC3T3-E1 preosteoblasts were
suggested to explain the effect of serum on preosteoblast response to rhBMP-9 compared
with rhBMP-2 [47]. In addition, the costs being similar between rhBMP-9 and -2, combined
with the better osteogenic response of hASCs to BMP-9 compared to BMP-2, suggest a high
clinical potential of the treatment proposed in this study. Further studies are required to
understand better how BMP-2 and BMP-9 transduce their signal in hASCs.

We thus selected rhBMP-9 to promote osteogenesis within hASC-derived 3D bone-like
substitutes, with the aim to achieve more efficient in vivo alveolar bone preservation after
tooth extraction. In vitro, the long-term rhBMP-9 supplementation (18 days) of hASC-
based bone-like substitutes during their bioproduction (21 days) resulted in a significant
increase in osteogenic markers. The cell-secreted ALP enzyme is a standard marker used
to determine osteogenesis induction level in several mesenchymal cells since it allows
the release of phosphate ions from matrix vesicles that are subsequently associated with
calcium ions to form hydroxyapatite crystals [50,51]. Indeed, the combined detection of
elevated OSX and ALP gene transcripts and ALP enzyme activity suggests that hASCs have
reached an advanced stage of osteogenic differentiation in vitro.

To evaluate the alveolar bone preservation potential of the substitutes, engineered
tissues were grafted into defects generated after tooth extraction. The positive control group
was composed of animals grafted with the clinical-grade BoneCeramicTM biomaterial. This
biomaterial already showed effectiveness for calvarial bone defect reconstruction [52] and
alveolar bone defect preservation during tooth movement in rats [53]. A clinical trial
including thirty patients suffering from posterior edentulous maxillary defects and vertical
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bone reductions established that a treatment involving this biomaterial provided similar
histological and radiological outcomes compared to autologous bone graft [54]. Therefore,
we used this group as a reference although our experimental design did not include the
use of an overlying membrane placement as usually performed in a clinical setting.

Our results support that, compared to clinical-grade biomaterial, hASC-derived bone-
like substitutes treated in vitro with 1 nM of rhBMP-9 display similar, or even superior,
alveolar bone preservation potential following tooth extraction with low variability of
bone volume fraction, no sign of resorption, and a stable alveolar bone healing over time
(Figure S1A). In addition, the rhBMP-9-treated bone-like substitute showed interesting
outcomes of gingival healing, thus suggesting that these new alveolar bone fillers may be
as efficient as the clinical-grade biomaterial, which was more exposed to resorption in our
study (Figure S2).

Other research groups developed different BMP-9-based strategies for the treatment
of bone defects. For example, Nie et al. reported the use of a scaffold composed of coralline
hydroxyapatite associated with rat dental follicle stem cells (DFCs) transfected with a
recombinant adenoviral vector to overexpress BMP-9 [55]. Briefly, they subcutaneously im-
planted the scaffolds including DFCs that were transduced with an adenovirus expressing
BMP-9, or not, in the dorsa of immunodeficient mice. Higher bone volume fractions were
measured by micro-CT when the scaffolds were cellularized with untransduced and trans-
duced DFCs compared to the scaffold alone. Additionally, elevated ectopic bone formation
was observed when scaffolds were seeded with BMP-9-transduced DFCs compared to
control DFCs. More recently, Freitas et al. proposed a cell therapy using genetically edited
immortalized bone-marrow MSCs to overexpress BMP-9 using CRISPR-Cas9 technology
to favor in vivo bone formation in rat calvarial bone defects [56]. Their micro-CT results
clearly showed that genetically modified cells injected within the defects enhanced new
bone formation. However, these types of approaches are complex and require careful con-
siderations since the transduction or gene editing processes may remain difficult to control
in vivo for long-term bone formation. In this study, we propose a self-assembly approach
of tissue engineering that uses a more basic construct composed of a completely biological
material composed of human cell-assembled extracellular matrix components. In addition,
this bioinspired material includes living human ASCs that were osteogenically induced,
but not genetically modified, and treated with a precise concentration of 1 nM rhBMP-9
in vitro until implantation. While rhBMP-9 can be trapped within the biomaterial during
its bioproduction, the quantity of molecules released should be low and short-term once
implanted. This type of molecular action makes the biomaterial safer than one containing
genetically modified cells that continuously secrete BMP-9 molecules.

We previously showed that a traditional osteogenic induction cocktail can enhance
the transcription and protein secretion of angiopoietin-1 by hASCs [24]. The current results
indicated that rhBMP-9 supplementation to the same osteogenic media further increased
the expression of angiopoietin-1 gene transcript. The angiopoietin-1 (ANG-1) protein pro-
motes in vitro angiogenesis by stimulating endothelial cell migration, tubule-like structure
formation, and in vivo neovascularization [57–59]. These pro-angiogenic properties are
expected to enhance therapeutic outcomes when substitutes are implanted in vivo, in
particular by promoting graft neovascularization that would favor bone healing [57–59].
Since we previously showed in a rodent calvarial bone defect model that prevascularized
bone-like substitutes improved the graft survival after 12 weeks of implantation [25], we
hypothesize that adding a rhBMP-9 treatment to our protocols would allow the production
of a prevascularized bone-like substitute with superior in vivo bone healing level and
graft survival.

4. Materials and Methods

4.1. Human Adipose-Derived Stromal/Stem Cell Isolation, and Expansion

Human ASCs were isolated from a donor (informed written consent was obtained from
a healthy female donor, age: 35, body mass index: 21.0 (weight in kilograms divided by the
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square of the height in meters)) according to our previously described protocols [60], fol-
lowing subcutaneous adipose tissue lipoaspiration procedures. For the monolayer cultures
with BMPs, as well as before the production of the tissue-engineered substitutes, cryopre-
served hASCs (Passages 5 and 6, respectively) were first expanded in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Wisent Bio-
products, St-Bruno, QC, Canada) and antibiotics (100 U/mL penicillin (Sigma-Aldrich,
Oakville, ON, Canada) and 25 g/mL gentamicin (Schering-Plough Canada Inc./Merck,
Scarborough, ON, Canada)) and cultured in a humidified 37 ◦C incubator with 8% CO2.

4.2. Monolayer Cell Culture and BMP Response Assays

To determine which BMP favored hASC osteogenesis in vitro, cells were seeded at a
density of 4000 cells/cm2 (Passage 5) in 6-well plates and grown in DMEM supplemented
with 10% FBS (Wisent Bioproducts), antibiotics (100 U/mL penicillin and 25 μg/mL gen-
tamicin), and 1.8 mM calcium chloride (CaCl2; Sigma-Aldrich) (referred to as stromal
control medium). Cells were grown until approximately 80% confluency (three days of
culture). After three days of culture, osteogenic induction was initiated for half of the
cultures by supplementing the medium with an osteogenic cocktail composed of 10 nM
dexamethasone, 10 nM 1α,25-dihydroxyvitamin D3, 50 μM ascorbate-2-phosphate, and
3.5 mM β-glycerophosphate (induction medium). All described supplements were pur-
chased from Sigma-Aldrich. At the same time, for the BMP-treated groups, half of the
osteogenically induced hASCs and half of the non-induced controls were treated with
1 nM rhBMP-2 or 1 nM rhBMP-9 (carrier-free CHO, R&D Systems, Minneapolis, MN, USA)
for three or six days. The dose was selected based upon previous BMP dose responses
performed on human muscle-resident mesenchymal stromal cells [45] and was confirmed
with hASCs (Figure S4). The medium was changed three times per week with a freshly
prepared BMP supplementation.

4.3. Production of the Tissue-Engineered Substitutes

For in vitro and in vivo studies, substitutes were assigned to four experimental groups:
stromal substitutes, bone-like substitutes, BMP-9-treated stromal substitutes, and BMP-
9-treated bone-like substitutes (Table 2). Tissues were obtained by seeding hASCs at a
density of 4000 cells/cm2 (Passage 7) in 6-well plates containing a peripheric anchor-
age device (Whatman paper, Fisher Scientific, Quebec City, QC, Canada), as previously
described [23–25,61]. Cells were first grown in DMEM supplemented with 10% FBS, an-
tibiotics, and 1.8 mM calcium chloride (CaCl2) (basal stromal control medium). Stromal
substitutes composed of undifferentiated hASCs were obtained using the basal stromal
control medium supplemented with fresh sodium L-ascorbate solution (50 μg/mL; Sigma-
Aldrich) at each media change for 21 days of culture. For the bone-like group, hASCs
were osteogenically induced by supplementing complete DMEM with an osteogenic cock-
tail composed of 10 nM dexamethasone, 10 nM 1α,25-dihydroxyvitamin D3, and 50 μM
ascorbate-2-phosphate (induction medium) after three days of culture including fresh
sodium L-ascorbate solution (50 μg/mL) at each media change until the end of the culture.
The induction medium was supplemented with 3.5 mM β-glycerophosphate at Day 10
of culture to initiate biomineralization. BMP-treated groups were produced by adding
rhBMP-9 to freshly prepared induction or basal stromal control media (1 nM final) after
three days and until the end of the culture. Of note, hASC cultures were exposed to a wave-
like dynamic movement using an orbital platform (Model 260301F, Ocelot, Fisher Scientific)
set at 35 rpm, beginning one day after initial seeding until the end of the culture period.
Substitutes were analyzed or implanted after 21 days of culture (18 days of osteogenic
induction for the bone-like groups) since this time point allows the best balance between
culture time and handling ability [24].
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Table 2. List of the experimental groups for in vitro assays and in vivo implantation studies.

Groups
In Vitro

Osteogenic Induction
In Vitro

BMP Treatment

Stromal substitutes - -
Bone-like substitutes + -

BMP-9-treated stromal substitutes - +
BMP-9-treated bone-like substitutes + +

Untreated defects N/A N/A
Straumann® BoneCeramicTM biomaterial N/A N/A

N/A: Not applicable.

4.4. Real-Time Quantitative Polymerase Chain Reactions

Quantitative reverse-transcription polymerase chain reaction (RT-qPCRs) was per-
formed on 2D cell cultures (n = 6 samples/condition) and tissue-engineered substitutes
(n = 4 substitutes/condition, Day 21 of culture). Total ribonucleic acid (RNA) was extracted
using the TRIzol reagent (Invitrogen, Carlsbad, ON, Canada) following the manufac-
turer’s instructions. RNA was then precipitated with isopropanol (Fisher, Mississauga,
ON, Canada), centrifuged (12,000× g), washed twice with ethyl alcohol (75% v/v; Fisher),
and partially dried in a vacuum centrifuge IA120 SpeedVac concentrator; Thermo Electron
Corporation, Madison, WI, USA). The total RNA concentration was quantified by spec-
trophotometry at 260/280 nm using GeneQuant Pro (Biochrom, Cambridge, UK). Aliquots
of RNA (1 μg) were treated with DNase I (1 U/μL), and the first-strand cDNA was syn-
thesized using dNTP (10 mM), Oligo(dT)12–18 primer (500 μg/μL), and SuperscriptTM II
reverse transcriptase (200 U/μL) (Invitrogen, Carlsbad, Canada). Quantitative reverse-
transcription PCR (RT-qPCR) was carried out using the primers (Qiagen, Montréal, QC,
Canada), listed in Table 3, and iQ™ SYBR® Green Supermix (Taq polymerase with SYBR
green; BioRad Laboratories, Mississauga, ON, Canada), in triplicate, on an iQTM Real-Time
PCR detection system (BioRad Laboratories, Mississauga, Canada). All assays were normal-
ized to the Glyceraldehyde-3-phosphate dehydrogenase (GADPH) reference gene, and relative
expression levels of the target genes were calculated using the 2−ΔΔCT model [62].

Table 3. List of the primer sequences of target genes used for RT-qPCR.

Human Gene Description QuantiTect Primer Assay

ALP Alkaline phosphatase Hs_ALPL_1_SG
RUNX2 Runt-related transcription factor 2 Hs_Runx2_1_SG

OSX/SP7 Osterix transcription factor Sp7 Hs_Sp7_1_SG
ANG-1 Angiopoietin-1 Hs_ANGPT1_1_SG

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs_GAPDH_1_SG

4.5. Alkaline Phosphatase Activity Measurement

ALP activity was measured after 21 days of culture within media conditioned for
48 h by the substitutes before their in vivo implantation. The activity was evaluated by
measuring the hydrolysis rate of p-nitrophenyl phosphate disodium hexahydrate (pNPP)
(Santa Cruz Biotechnology, Dallas, TX, USA) as a 5 mM solution in 0.5 M 2-amino-2-methyl-
1,3-propanediol/2 mM MgCl2 buffer (pH = 10.0). For each condition, fifty microliters
of conditioned supernatant were combined with an equal volume of 5 mM pNPP and
run in duplicate in a 96-well plate. The ALP activity converted substrate pNPP into a
p-nitrophenol (pNP) product that was measured at 405 nm using a spectrophotometer after
a 30-min incubation period. Results were normalized by total protein content determined
by micro-BCA assay quantification (ThermoFisher Scientific, Burlington, ON, Canada)
(n = 3 substitutes/conditions).
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4.6. In Vivo Surgical Procedures

To evaluate the bone tissue preservation’s potential of the engineered substitutes, alve-
olar bone defects were generated using a model of immunocompromised NIH-Foxn1rnu

rats (21 males, 6–7 weeks old at time of surgery; Charles River, Saint-Constant, QC, Canada)
(Figure 6). These animals have a compromised adaptive immune system that tolerates
the grafting of human tissues [63]. The surgeries were performed under general anes-
thesia using ketamine/xylazine intraperitoneal (IP) injection (80/10 mg/kg). Analgesia
was provided by IP injection of buprenorphine (0.05 mg/kg) and local injection of lido-
caine/bupivacaine (3.5 mg/kg). To generate the defects, two molars on both sides of the
superior maxilla were extracted (Figure 6A). A 2 mm diameter drill was then used to
simulate alveolar bone loss following tooth extraction and to generate bone defects of ap-
proximately 4 mm3 (Figure 6B). Before implantation, each type of engineered substitute was
washed using sterile PBS and gently detached from the culture plates to generate a compact
tissue mass (Figure 6C). The sockets were then filled to the crest with these compacted
substitutes (one engineered tissue by socket) or granules of Straumann® BoneCeramicTM

biomaterials according to the groups described in Table 2 (for each animal, two different
types of substitutes were randomly implanted bilaterally, n = 7 for each group) (Figure 6D).
Finally, the buccal and palatal gingivae surrounding the implantation site were sutured
using a non-traumatic needle and sterile 5-0 nylon suture thread (Mononylon®, Ethicon,
Bridgewater Township, NJ, USA) (Figure 6E). The sockets of the untreated animals re-
mained empty, and the gingivae were sutured as described for the other groups.

 

Figure 6. Surgical procedure to assess alveolar bone preservation within a nude RNU rat model.
(A) Two front molars were extracted bilaterally from the superior maxilla of the rats, and (B) 4 mm3

holes were subsequently generated using a drill to simulate bone loss following tooth extraction.
(C) Before grafting, the engineered substitutes were detached from the peripheral anchoring device
used during culture and compacted into a tissue mass. (D) Bone defects were filled with the
substitutes (random allocation) when applicable, and (E) gingivae were sutured to maintain the
substitutes in the socket. Dotted white circles show the implantation site. The white stars indicate the
remaining molar. Scale bars: 0.5 cm.

359



Int. J. Mol. Sci. 2022, 23, 3302

4.7. Microcomputed Tomography Imaging and Analysis

A longitudinal study was performed with non-invasive assessments using a micro-
computed tomography system with the GE eXplore Locus 80 scanner (GE Healthcare
Technologies, Milwaukee, WI, USA). The animal heads were imaged using standard scan-
ning conditions (tube voltage: 80 kV, tube current: 100 μA, exposure time: 90 mS, detectors
bin mode: 2 × 2) after four, six, and ten weeks of implantation. Animals were anesthetized
by isoflurane inhalation during imaging. The calibration of the standard curve was based
on the density of air: −1000 Hounsfield Units (HU), water: 0 HU, and bone (hydroxyap-
atite): +3000 to +4000 HU. Imaging and bone volume analysis of the 2 mm × 1 mm × 2 mm
ellipsoidal regions of interest (ROIs) were performed using the MicroView software (Par-
allax Innovations, Ilderton, ON, Canada). All analyses were performed using the same
threshold level set at 700 (n = 7 grafts/condition).

4.8. Gingival Healing Evaluation at the Implantation Sites

Macroscopic imaging of the implantation sites was realized post-mortem ten weeks
after grafting using a Nikon camera. The quality of gingival healing was evaluated by
observing the degree of re-epithelialization at the implantation sites (n = 7 implantation
sites/condition). Data are expressed as the percentage of implantation sites that featured
complete re-epithelialization.

4.9. Histological Analysis of Explanted Alveolar Implantation Sites

Histological analysis was performed along the implantation sites ten weeks after
grafting. These areas were isolated post-mortem from dissected rat skulls. Briefly, the fresh
skulls were fixed in 3.7% formaldehyde overnight and demineralized in 0.6 N hydrochloric
acid (HCl) for approximately three weeks at room temperature. Then, these areas were
isolated from the maxilla of the skull using a scalpel and processed for paraffin embedding
and sectioning. Five micrometer thick cross-sections of the samples were stained following
a hematoxylin and eosin protocol. Mosaics were obtained by stitching multiple pictures
of the samples captured under brightfield using a Zeiss Observer Z1 inverted microscope
(Zeiss) equipped with an AxioCam ICc1 camera.

4.10. Statistical Analyses

The mean differences between groups were evaluated by performing one-way or
two-way (for data where the time factor is involved) ANOVA with Bonferroni’s multiple
comparison post-hoc tests using the GraphPad Prism software (version 8). All data are
expressed as the mean ± standard deviation (SD), and differences with a p < 0.05 are
considered significant.

5. Conclusions

In this study, we have shown that hASCs display a better osteogenic response to
rhBMP-9 than rhBMP-2 in monolayer cell culture. This was confirmed through the engi-
neering of a 3D bone-like substitute composed of hASCs and cell-assembled extracellular
matrix components since rhBMP-9 treatment significantly increased OSX pro-osteogenic
gene expression and alkaline phosphatase activity after 21 days of culture in vitro. Surpris-
ingly, the long-term rhBMP-9 treatment also significantly increased the gene expression of
the pro-angiogenic angiopoietin-1. Then, upon grafting, BMP-9-treated bone-like substitutes
procured favorable alveolar bone and gingival healing following tooth extraction after ten
weeks using a nude rat model. Globally, these substitutes offer promising potential as new
biological bone fillers to improve oral bone healing for patients, with the goal of reducing
postoperative complications and optimizing dental implant positioning.
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Abstract: In this work, sulfonated polyetheretherketone (S-PEEK)-based coatings, nanocrystalline
ZnS and hydroxyapatite (n-HA) particles were developed on Zr-2.5Nb zirconium alloy substrates
by electrophoretic deposition (EPD) combined with subsequent heat treatment. The properties of
suspensions and deposition kinetics were studied. Cationic chitosan polyelectrolyte ensured the
stabilization of the suspension and allowed for the co-deposition of all coating components on the
cathode. The heating of the coated samples at a temperature of 450 ◦C and slow cooling resulted
in sulfonation of the PEEK and the formation of dense coatings. The coatings were characterized
by high roughness, hardness, modulus of elasticity and adhesion strength. The coatings revealed
mild hydrophilicity, improved the electrochemical corrosion resistance of the alloy and induced the
formation of hydroxyapatite with a cauliflower-like morphology on its surface during the Kokubo test.
This work explored the great development potential of advanced sulfonated PEEK-based coatings,
incorporating antibacterial and bioactive components by EPD combined with heat treatment to stimu-
late the surface properties of zirconium alloy for prospective dental and orthopedic applications. The
antibacterial and osteoconductive properties of the obtained coatings should be further investigated.

Keywords: zirconium alloy; bioactive coating; sulfonated PEEK; electrophoretic deposition; adhesion
strength; corrosion resistance

1. Introduction

Zirconium alloys are among the most suitable metallic biomaterials generally ex-
ploited as bone implants, i.e., dental and orthopedic replacements [1–3]. Their importance
in biomedical applications results from their outstanding properties, such as high electro-
chemical corrosion resistance, biocompatibility, elasticity modulus of around 90 GPa and
density of 6.5 g/cm3 in the range between titanium alloys and stainless steels [4,5]. The
Zr-2.5Nb alloy is one of the best known among biomedical zirconium alloys. It exhibits
higher strength, hardness, wear resistance and electrochemical corrosion resistance than
that of pure Zr, as well as good in vitro cytocompatibility and emphatically lower magnetic
susceptibility than the widely-used cobalt-based alloys and Ti-6Al-4V alloy [6]. Although
Zr-2.5Nb biocompatibility is excellent, it has poor osteointegration with bone cells [5,7].
One of the most promising ways of improving its biological properties is the development
of bioactive coatings.

365



Int. J. Mol. Sci. 2022, 23, 3244

The use of polymers as coating materials is beneficial in comparison to metals, because
of the reduction in weight and higher electrochemical corrosion resistance. In recent years,
polyetheretherketone (PEEK) has been widely studied as a suitable coating material [8–11].
PEEK is a semi-crystalline, high-performance polymer. It is characterized by its outstanding
chemical and thermal stability, elastic modulus (3–4 MPa) that is similar to human cancel-
lous bone, good tribological properties, low density (1.32 g/cm3) and stiffness [10,12,13].
Therefore, it is often used as a replacement for metals in high-end applications, including
medical equipment and implants. It is insolvable in water and resistant to a wide range
of bases, hydrocarbons, organic solvents and acids [14–18]. PEEK is recognized as having
one of the highest levels of chemical stability, mechanical strength and biocompatibility
among other biocompatible synthetic polymers. It was found [9,18–21] that the coatings
with a PEEK matrix exhibited superior adhesion to metallic substrates, which is crucial for
every application. Although it has outstanding properties, PEEK is bioinert [12,18,22,23].
For this reason, various approaches have been used to strengthen these properties, e.g.,
by introducing bioactive and antibacterial agents into PEEK and sulfonation by chemical
treatment with the use of sulfuric acid. In the present work, we propose the use of those
two approaches simultaneously by (i) introducing hydroxyapatite (HA) and ZnS nanopar-
ticles into PEEK and (ii) subsequent novel thermal sulfonation combined with the heat
treatment of coated zirconium alloy.

HA is one of the most effective and versatile bioactive materials. It is calcium phos-
phate with the molecular formula Ca10(PO4)6(OH)2. This form of calcium phosphate is
the least soluble and the most stable of all [24]. Moreover, this bioceramic is an accepted
object of research due to its similarity to an inorganic fraction of bone. The presence of
hydroxyapatite induces bone formation, which is necessary for implant osteointegration
providing excessive fixation to the human bone [18]. Despite its beneficial properties,
HA is brittle and has limited resistance to bacterial infections, which are among the most
important implant failure factors. The most effective way to overcome this drawback is via
the application of an antibacterial agent in coatings. The most important antiseptic agents
competing with harmful antibiotics involve metals, their ions and compounds [25–28]. A
prospective coating component with an antibacterial function is zinc sulfide, which is newly
studied in this regard [29,30]. The ZnS nanoparticle is a potential inorganic antibacterial
agent due to its high stability, antimicrobial activity and non-toxicity [29]. Monodisperse
zinc sulfide nanospheres exhibited high antibacterial activity against, for example, the
strain of E. coli bacteria [30,31]. In addition, sulfur is a biogenic element that can increase
bioactivity and antimicrobial properties. The sulfur content of this compound may also be a
potential source of this element that is required for the thermal sulfonation process of PEEK.
Recent studies [32,33] confirmed that sulfonated polyetheretherketone (S-PEEK) exhibits
antibacterial properties. Moreover, PEEK sulfonated to an appropriate degree can exceed
proliferation and osteogenesis [32]. The most widely used method of PEEK sulfonation is
its immersion in concentrated sulfuric acid [32–34]. Despite its versatility, this technique has
been reported to have a negative effect on living cells and their DNA, due to sulfur dioxide
(SO2) originating from the use of acid and the production of oxygen free radicals caused by
sulfur compounds of low valence [35,36]. In addition, such treatment is not acceptable for
coatings due to their easy detachment from metallic substrates. In our study, we propose
novel thermal sulfonation combined with heat treatment of the coating, which allows PEEK
to be efficiently sulfonated without sulfuric acid. As far as we are aware, no studies have
been reported on the development of S-PEEK coatings containing dual antibacterial and
bioactive components, which can conceivably improve the osteointegration effect. The
application of this coating type is potentially beneficial as it is superior to coated metallic
bone implants.

One of the most advantageous surface-engineering methods of developing
polymer-based coatings with ceramic particles is electrophoretic deposition
(EPD) [9,11,14,18,20–22,37–40]. The process consists of the migration of charged parti-
cles immersed in the suspension in the presence of an electric field toward an oppositely
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charged electrode. Then, particles deposit on the electrode and form the coating. As for the
PEEK coatings, subsequent heat treatment is necessary for their densification. The literature
regarding PEEK-based coatings developed by the EPD procedure concerns coatings with
osteogenic factors, such as sol-gel glass [17], HA [11,18] as well as bioglass [9,14,21,22,38]
and coatings with antibacterial agents involving silver [21] and MoS2 [20,41]. Bastan
et al. [18] concluded that the addition of HA stimulates in vitro bioactivity in HA/PEEK
coatings. Advanced PEEK-based composite coatings have been developed using EPD
with both osteointegration and antiseptic ingredients. Ur Rehman et al. [15] fabricated
PEEK coatings with the addition of lawsone, chitosan and bioglass, while Virk et al. [16]
introduced curcumin, bioactive glass and hexagonal boron nitride into the PEEK ma-
trix. In both studies, the coatings showed antibacterial activity, and the formation of an
apatite-like layer during the bioactivity test was achieved. However, these coatings were
fabricated as multilayers, which usually requires multiple operations during EPD. Accord-
ing to our knowledge, there is a limited number of studies on obtaining multicomponent
PEEK-based complexes with bioactive and antibacterial factors simultaneously in one
operation [11,20,21]. Seuss et al. [21] reported that electrophoretically deposited PEEK
coatings with the addition of Ag particles and bioglass particles provided antibacterial
activity. Abdulakareem et al. [11] proved the antiseptic capability of chitosan in HA and
chitosan coatings with the addition of PEEK. However, in both of the above-mentioned
references, bioactivity studies were not provided.

The aim of this study was to develop a duplex route based on electrophoretic co-
deposition and subsequent heat treatment for obtaining multicomponent n-HA/ZnS/S-
PEEK coatings on the Zr-2.5Nb alloy, which was used as a substrate material for EPD for
the first time. The EPD kinetics were systematically studied and deposition conditions were
optimized. The coating surface topography, microstructure and selected properties, includ-
ing electrochemical corrosion resistance, micromechanical properties, adhesion strength
and scratch resistance of the coatings, were investigated.

2. Materials and Methods

2.1. Materials

A Zr-2.5Nb zirconium alloy was used as a substrate for coating deposition. It was
supplied by Luoyang Dingding Tungsten and Molybdenum Materials Co., Ltd. (Luoyang,
China). A rod with a diameter of 20 mm was cut into discs with a thickness of 3 mm. The
discs were ground with sandpaper with a final grade of 600. PEEK (VICOTE 704) powder
with a particle size of up to 10 μm was provided by Victrex Europa GmbH, Hofheim am
Taunus, Germany. ZnS nanoparticles with a size up to 100 nm were supplied by Nanoshel
UK Ltd. (Congleton, U.K.). The n-HA nanoparticles (mean size up to 10 nm, according
to the supplier) were produced by the Institute of High Pressure Physics of the Polish
Academy of Sciences (Warsaw).

2.2. Coating Deposition and Duplex Treatment Process

Suspensions containing 30 g/L of PEEK 704, 0.4 g/L of ZnS and 1 g/L of n-HA,
were used for coating deposition. A mixture of ethanol (with 99.8% purity) and chitosan
polyelectrolyte (CHp), with a content of 95 and 5 vol %, respectively, was used as the liquid
phase in suspensions. CHp was prepared by dissolving 0.5 g/L of chitosan powder and
1% acetic acid in distilled water by mixing at 600 rpm for 3 days at 23 ◦C with the use
of a magnetic stirrer (IKA RO 5, Burladingen, Germany). The chemical structures of the
PEEK and chitosan are presented in Figure 1. After the addition of ZnS and PEEK into the
ethanol-CHp solution, it was magnetically stirred for 10 min and ultrasonically dispersed
for 20 min to separate the agglomerates of particles. After the addition of n-HA powder,
the suspension was further mixed and dispersed for 10 min. Zeta potential (ZDP) of the
suspensions with respect of their pH values in the range of 3–12 was determined using a
Zetasizer Nano ZS 90 that was equipped with an MPT-2 multi-purpose titrator of Malvern
Instruments Ltd. (Malvern, U.K.). The electrophoretic light scattering technique based on
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the Doppler effect was used for investigations. The changes in the pH of mixtures were
made by adding hydrochloric acid (HCl) or sodium hydroxide (NaOH).

Figure 1. Chemical structures of PEEK (a) based on [42] and chitosan (b) based on [43].

The EPD process was executed in a two-electrode system, using an EX752M Multi-
mode PSU power supply (AIM TTI, Huntingdon, UK) used as a direct current (DC) source.
Zirconium alloy was the working electrode, and the counter electrode was an austenitic
stainless steel plate. The constant current voltage range from 10 V to 150 V (with a change
of 20 V) and a stable deposition time of 30 s were employed. A Tektronix DMM 4040 multi-
meter (TEKTRONIX, Bracknell, UK) was utilized to measure the current density during
the process. The deposition yield and rate of particles were studied during deposition at
a constant voltage of 90 V and different times of 10 s, 20 s and 30 s. The samples were
weighed using an Ohaus Europe GmbH analytical scale (Nänikon, Switzerland).

Heat treatment of the samples was carried out in a Czylok MRT-20 (Czylok, Jastrzębie-
Zdrój, Poland) laboratory furnace. It consisted of heating at 450 ◦C for 30 min (heating rate
of 15 ◦C/min) and cooling (rate of 2 ◦C/min).

2.3. Characterization: Microstructure and Surface Topography

Microstructural investigations of the substrate, coating components and coatings were
carried out using a light microscope (LM) from OPTA-TECH SK (Warsaw, Poland), FEI
Nova NanoSEM 450 (FEI, Eindhoven, The Netherlands) scanning electron microscope
(SEM) and JEOL JEM-2010 ARP (JEOL, Tokyo, Japan) transmission electron microscope
(TEM). The lamella from the cross-section of the coating for TEM investigations was
prepared using a focused ion beam (FIB) using an FEI QUANTA 3D 200i device (FEI, Eind-
hoven, The Netherlands). A phase analysis was performed by X-ray diffractometry (XRD)
in the Bragg-Brentano arrangement using a Panalytical Empyrean DY1061 diffractometer
(Malvern Panalytical, Almelo, The Netherlands) and by the selected area electron diffraction
(SAED) in TEM. The patterns were interpreted with the use of a JEMS diffraction simula-
tion software, Switzerland. The chemical composition of the coatings was analyzed using
energy-dispersive X-ray spectroscopy (EDS). Structural studies in the middle infra-red
region were carried out using a Bruker Vertex 70v vacuum spectrometer (Bruker, Billerica,
MA, USA). The Harrick Scientific Seagull adapter was used to conduct measurements by
means of external reflection spectroscopy. A total of 128 scans with a resolution of 4 cm−1

were collected.
The surface roughness of the coatings was examined using a Filmetrics Profilm3D non-

contact optical profilometer (Filmertics, San Diego, CA, USA). Several images of the surface
topography of the areas of 400 μm × 500 μm were obtained at various locations from the
sample and analyzed with Filmetrics Profilm (Filmetrics, San Diego, CA, USA) software.

2.4. Characterization: Selected Properties

The wetting angle (WA) and interfacial free energy (IFE) of materials were examined
with a Krüss DSA25E goniometer (Krüss, Hamburg, Germany), by applying distilled
water (as the polar liquid) and diiodomethane (as the nonpolar liquid). Measurements
were made 10 times using 10 drops of each liquid. The IFE was calculated using the
Owens–Wendt–Rabel–Kaelble (OWRK) method.
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Cross-cut adhesion tests were performed utilizing a cutting knife from Elcometer
(Manchester, UK) in agreement with ASTM D3359B. A mesh was cut in the coating, then
the tape was glued and torn off after 90 s. The surface of the samples after the tests was
observed with the naked eye as well as using LM and SEM. After that, the coating area
removed from the alloy surface was measured and the adhesion class was determined.

Micro-scratch tests were conducted using the Micro Combi Tester (MCT) from CSM
Instruments (Peseux, Switzerland). A Rockwell C diamond stylus with an apex angle
of 120◦ and a tip radius of 200 μm was used. The test parameters were as follows: load
0.01 N to 30 N (linear increasing), scratch length 5 mm and sample speed 5 mm/min.
Microhardness and elastic modulus of the coatings were examined using the instrumental
indentation technique according to the procedure described by Oliver and Pharr [44]. The
Vickers indenter was pressed into the surface of the coatings with a load of 100 mN, with a
constant loading and unloading rate of 200 mN/min. The dwell time under the maximum
load was 15 s. The measurements were made at least ten times, each time in a different area
of the coating.

A three-electrode cell assembly consisted of the working electrode (sample), a counter
electrode (Pt) and a reference electrode (saturated calomel electrode) immersed in elec-
trolyte of 8.6 g/L of NaCl, 0.3 g/L of KCl, and 0.25 g/L of CaCl2 dissolved in 1 L of water.
The electrolyte with a pH value of 7.4 was deaerated and had a constant temperature of
37 ◦C. Open-circuit potential (OCP), Linear Sweep Voltammetry (LSV) and Electrochem-
ical Impedance Spectroscopy (EIS) were carried out using an AUTOLAB PGSTAT128n
potentiostat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands). LSV was acquired
using a scan rate of 1 mV/s, starting at −1.3 V to 2.2 V. For the EIS measurements, an
amplitude of the perturbation signal ΔV = 10 mV was employed and the frequency ranged
from 105 Hz to 10−3 Hz. The EIS data were fitted using AUTOLAB NOVA software by
Metrohm Autolab, The Netherlands. Error minimization for fitting an equivalent circuit
was performed by means of chi-squared criteria.

To evaluate the apatite formation ability, the heat-treated n-HA/ZnS/S-PEEK-coated
alloy was immersed in 1.5 simulated body fluid (SBF) for three weeks in accordance
with the modified Kokubo method described by Tanahashi et al. [45]. SBF was changed
weekly. After the soaking period, samples were investigated with SEM (EDS) and Raman
spectroscopy. Raman measurement was performed with the use of a WITec Alpha 300M+
spectrometer (WITec Ulm, Germany). A 100× objective along with a 488 nm diode laser
and 600 grating were used. The laser power was selected in such a way as to avoid the
degradation of the sample.

3. Results and Discussion

Based on the XRD phase analysis, it was detected that the Zr-2.5Nb alloy consisted
principally of α phase with a hexagonal close packed (hcp) structure and sporadically of
β phase with a body centered cubic (bcc) structure (Figure 2a). Based on LM observa-
tions, grains of the primary β phase had equivalent diameters in the range of 50–500 μm
(Figure 2b). The SEM observation revealed that the α phase occurred in the form of numer-
ous, elongated plates with an average width of 1.5 μm and length in the range of 0.5–30 μm
(Figure 2c). The almost parallel plates formed colonies of differently oriented systems. Ac-
cording to the literature [46], β is an Nb-rich phase that occurs as a result of the prolonged
aging of alloys quenched below the monotectoid temperature. The microstructure of the
Zr-2.5Nb alloy was similar to that obtained in the same alloy by Srivastava et al. [47] after
hot extrusion.

Interestingly, PEEK 704 powder has been investigated previously and described else-
where [17,48]. They involve amorphous particles with an irregular shape and equivalent
diameter ranging from 2 to 15 μm. The ZnS powder used for coating deposition consisted
of rhombohedral primitive (rp) and hexagonal primitive (hp) phases (Figure 3a). The
XRD pattern displayed both intensive diffraction peaks of the rp phase of (1 1 20) and
(1 1 60) and hp phase of (100) and (110) as well as minor diffraction peaks of both phases.
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A representative TEM micrograph of the particles is presented in Figure 3b. The parti-
cles had an equivalent diameter in the range of 40–430 nm. The following two particle
shapes were observed: oblong with an average equivalent diameter of about 200 nm and
globular with an equivalent diameter in the whole above-mentioned range (Figure 3b).
The analysis of SAED patterns confirmed the presence of particles with both hp and rp
crystallographic structures.

Figure 2. XRD pattern of Zr-2.5Nb alloy (a) and microstructure of the cross-section of the bar observed
using LM (b) and SEM (c).

The n-HA powder contained fine longitudinal nanoparticles that exhibiting a needle-
like shape with length in the range of 20–120 nm and width of about 5 nm (Figure 4).
Electron diffraction analysis revealed the hp structure of particles. The Ca:P atomic ratio ob-
tained from SEM-EDS microanalysis (analyzed area of 540 μm × 430 μm) was roughly 1.83.

It was found that the ZDP of particles in EtOH depended on their type. According
to that, the ZDP of PEEK particles in EtOH exhibited positive values for mixtures with a
pH from 3.0 to 5.5 and negative values for suspensions with a pH above that value. ZnS
and HA particles displayed similar, negative ZDP values for suspensions with pH above
8.5. Both particle types had positive values in mixtures with a pH that varied from 3.0
to 8.5 (Figure 5a). After the addition of CHp into the suspension, all coating components
established positive ZDP values in the investigated pH range of 3.0–12.0, as shown in
Figure 5b. Interestingly, CHp addition lowered the ZDP of ZnS particles in the mixtures
with the pH range of 6.0–8.5 and changed its highest value of about 30 mV from pH = 7.0
in the pure EtOH to about 20 mV in the suspension of pH = 5.5. As for n-HA particles,
the ZDP was lowered for suspensions in the pH range of 3.0–8.5, but it was increased in
the range of 9.0–12.0. It reached the highest value of about 9 mV in the suspension of pH
equal to 11.0. The ZDP increased significantly for PEEK particles in the suspension with
CHp over the entire pH range, reaching the highest value of about 11 mV for the pH of
4. The addition of CHp contributed to the stabilization of the suspension used for coating
deposition (pH = 5.36). In addition, it enabled effective cathodic co-deposition of all coating
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components. A similar phenomenon was observed by Pang and Zhitomirsky [49] for HA–
Ag–chitosan nanocomposite coatings and in our previous study [20] for the co-deposition
of PEEK, HA and MoS2 particles on titanium alloy substrates.

Figure 3. XRD pattern (a) and TEM micrograph (b) of ZnS particles. (b) also shows the SAED pattern
obtained from the area marked by a circle and its interpretation with JEMS software.

Figure 4. HA nano-particles and electron diffraction pattern from the area marked by the circle, TEM.
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Figure 5. ZDP of n-HA, ZnS and PEEK particles in pure EtOH (a) and EtOH with the addition of
5 vol % CHp (b) in accordance with the suspension pH.

Fiołek et al. [50] also showed that the addition of chitosan polyelectrolyte allowed
for the co-deposition of different polymer particles, such as PEEK and PTFE, by changing
their charge from negative to positive and via the steric stabilization of the suspension.
The mechanism of interaction, as a result of which PEEK acquires a positive charge in
the presence of chitosan, has been studied and described by Luo and Zhitomirsky [51].
According to them, electrochemical decomposition of water takes place at the cathode,
which results in a local increase in the pH value of the suspension. Neutralization of the
chitosan amino group charge and adsorption of protonated chitosan to PEEK particles
induces cathodic deposition. Shi et al. [52] showed that positively charged chitosan parti-
cles attracted HA nanoparticles in the suspension, resulting in electrostatic stabilization.
However, Molaei et al. [53] found that the interaction between chitosan and the halloysite
nanotube (HNT) causes the surface modification of HNT particles and the repulsive forces
between chitosan chains induce a mechanism of steric stabilization in the suspension.
Avcu et al. [37] also proved that the presence of various particle types (e.g., hydroxyapatite,
bioglass, carbon nanotubes, and graphene oxide) in the suspension and their interaction
with chitosan can generate steric or electrostatic stabilization. Therefore, it can be concluded
that the coating deposition mechanism in this work is similar to that described above based
on steric and electrostatic stabilization.

The effect of the voltage used for the deposition of coatings on their homogeneity was
easily noticeable. It was observed that the deposition of particles on the substrate below
the voltage level of 30 V was negligible. After deposition at a voltage of 50 V, 60 V and 70 V,
coatings were inhomogeneous and thin. The coatings had numerous closed inequalities on
their surface. The number of defects increased drastically for voltages above 110 V.

The deposition yield and deposition rate of coatings was investigated (Figure 6). As
EPD continued, the deposition yield grew rapidly from about 0.12 mm/mg2 for 20 s to
0.20 mm/mg2 for 30 s. The deposition rate reached its peak after 10 s and began growing
dynamically, then it stabilized at 0.06 mm/mg2·s until the 20th second, to finally grow
slowly for the last 10 s until the end of the process, reaching a level of 0.07 mm/mg2·s.

Current density change and macroscopic images of coated substrates deposited at
corresponding voltages of 30 V, 90 V and 150 V are shown in Figure 7.

Significant current density instability was noted for 90 V and 150 V for the measure-
ment point of 10 s. After that, it was stable until the process was completed. Except for
initial (5 s) fluctuations, the current density was constant at a level of 20 mA/mm2 for the
voltage of 90 V. The highest current density vacillations were observed at the voltage of
150 V.
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Figure 6. The changes in the deposition yield and the deposition rate with respect to deposition time
at a constant voltage of 90 V.

Figure 7. Current density variation for the EPD of n-HA/ZnS/PEEK coatings with macroscopic
images of as-deposited coatings for the corresponding voltages.

This phenomenon was manifested in coating heterogeneity. At the voltages at which
greater current fluctuations occurred, larger macroscopic inhomogeneities of the obtained
coatings were observed. The coatings obtained at 30 V voltage were generally homoge-
neous, but relatively thin. The coatings achieved at 150 V voltage were characterized by a
considerable thickness and irregular surface morphology with the presence of inconsisten-
cies and pores. Utilization of the deposition voltage of 90 V resulted in the development
of coatings with a moderate amount of inconsistencies in the form of valleculae and rare
pores. Comparable with our previous study on PEEK-based coatings with MoS2 incor-
poration [20], an increased concentration of HA powder in the suspension above 1 g/L
multiplied the occurrence of pores and inconsistencies.

Although coatings deposited at 150 V voltage were satisfactorily uniform and thick,
after heat treatment they were converged, exposing a significant part of the substrate
surface due to the uneven thickness and the disclosure of hidden defects under its surface.
Therefore, coatings obtained at 90 V for 30 s were chosen for heat treatment and a further
investigation of microstructure and properties. The determination of heating temperature
was executed by an experimental approach as well as an XRD and FTIR structural analysis
of the coatings. In our previous study on MoS2/PEEK coatings, a lower temperature of
390 ◦C was sufficient for PEEK sulfonation [41]. However, a different type of polymer
(PEEK 708) was used and the MoS2 were in the form of nanosheets. It was also found
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that a temperature of 390 ◦C was not sufficient to induce amorphization and sulfonation
of PEEK 704 in multicomponent HA/MoS2/PEEK coatings [20]. Based on these previous
experiences [20,41], the heating temperature of 450 ◦C was selected for heating the coated
substrates to ensure the occurrence of PEEK sulfonation. This was conducted for 40 min and
cooled with a furnace. The coatings after the treatment were macroscopically homogeneous
and dense, but single and open pores on their surface were observed. The XRD pattern
of the coated alloy is presented in Figure 8. The pattern confirmed the presence of all
components in the coating and exhibited an amorphous PEEK structure, indicating that the
sulfonation process took place.

Figure 8. XRD patterns of n-HA/ZnS/S-PEEK coated alloy heated at 450 ◦C showing an amorphous
PEEK structure.

An FTIR analysis was performed to confirm the occurrence of the sulfonation process.
Figure 9 shows the MIR spectra of PEEK powder (a) and the n-HA/ZnS/S-PEEK coating
heated at 450 ◦C (b).

Figure 9. MIR spectra of PEEK powder (a) and the n-HA/ZnS/S-PEEK coating heated at 450 ◦C (b).

The first noticeable difference was the much larger half-width of most of the bands
on the spectra of the PEEK coating with ZnS and HA heated at 450 ◦C (b). This clearly
indicates a higher degree of disorder (amorphization) of the coating compared to the
initial PEEK (a). Literature data indicate that the process of PEEK sulfonation leads to
the amorphization of its structure [54], therefore it can be assumed that the sulfonation
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process took place in the coatings. In order to unequivocally confirm the occurrence of the
sulfonation process, the MIR spectra were analyzed for the presence of bands characteristic
for S-O and S=O bonds. This analysis is difficult due to the small quantity of sulfur ions
in the investigated layers and the overlapping of the characteristic bands of S-O and S=O
bonding with the characteristic bands of PEEK. Nevertheless, an in-depth analysis revealed
the characteristic bands of vibrations of sulfur-oxygen bonding at approx. 1240 cm−1

(asymmetric O=S=O stretching) and 1035 cm−1 (symmetric O=S=O stretching) in spectrum
(b), which did not appear in spectrum (a) [55,56]. The increase in the intensity of the bands
at 684, 1035, 1112 and 1243 cm−1 associated with vibrations of the S-O bonds is also an
observed characteristic [57].

It was validated by microstructure observation that no spherulites were observed
on the surface of coatings with S-PEEK. The PEEK changed during heat treatment from
globular particles to a homogeneous, stiff and dense coating matrix (Figure 10a). The SEM-
EDS microanalysis confirmed the presence of elements belonging to all coating components
(Figure 10b). The coating thickness measured by contact profilometry was in the range of
55–60 μm.

Figure 10. Surface morphology (a) and SEM-EDS spectrum (b) of the n-HA/ZnS/S-PEEK coating,
SEM. Ni in the spectrum was generated from the sputtered conductive layer.

The microstructure on the traverse section of the coating’s outer region was character-
ized using TEM. Large agglomerates of HA nanocrystals with a diameter of about 6 μm
and smaller agglomerates of ZnS particles with a diameter of about 0.5 μm were found in
the amorphous polymeric matrix (Figure 11). The coating was compact in the investigated
area, no closed porosity was observed and the ceramic particles were well embedded in
the polymer. The n-HA/ZnS/S-PEEK coatings were characterized by a relatively high
surface roughness. The arithmetic mean height Sa and root mean square height Sq param-
eters obtained from three averaged measurements from various locations of the coating
in accordance with ISO 25178 equaled 1.27 ± 0.12 μm and 1.73 ± 0.21 μm, respectively. A
characteristic image of the coating surface is shown in Figure 12.

The surface properties of the wettability angle (WA) and interfacial free energy (IFE)
were examined for coatings in relation to the uncoated Zr-2.5Nb alloy and PEEK coatings
without any additives. The WA and IFE for water and diiodomethane are presented in
Table 1. All investigated surfaces had a WA of below 90◦, while the lowest WA with water
was measured for the base alloy (53 ± 8◦). The coatings had a WA of slightly above 70◦,
which indicates mild hydrophilicity of their surfaces. These WA values were close to those
obtained for pure PEEK coatings with a semicrystalline structure, which demonstrates
that thermal sulfonation has no significant effect on PEEK wettability. In addition, the
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presence of the ZnS or n-HA particles in the coating did not change the wettability of
the PEEK as they were completely embedded in the polymer. The n-HA/ZnS/S-PEEK
coating revealed a considerable IFE at above 40 mN/m. However, the base alloy and pure
PEEK coating exhibited higher IFE values. It is known that bare PEEK is often qualified
as a material with WA values between hydrophobic and hydrophilic levels, usually in the
range of 70–90◦ [58,59]. A WA close to the most preferable hydrophilic range of 40–70◦
and substantial IFE are important in the case of the osteointegration of the biomaterials
with surrounding bone tissues [60,61]. Although the wettability of coatings obtained in
this work was lower than for the HA/PEEK coatings developed by Bastan et al. [18], the
WA of coatings was not significantly reduced compared to the PEEK coating. However, the
presence of bioactive HA particles and sulfur in PEEK allows the bioactive properties of
the coating to develop.

Figure 11. Microstructure of the n-HA/ZnS/S-PEEK coating on the cross-section and diffraction pat-
terns (A–C) from the traverse sections of the area indicated in the figure and their interpretation, TEM.

376



Int. J. Mol. Sci. 2022, 23, 3244

Figure 12. 3D image of the n-HA/ZnS/PEEK coating surface after heat treatment at 450 ◦C,
optical profilometry.

Table 1. Water and diiodomethane wettability angle and interfacial free energy of the Zr-2.5Nb alloy,
PEEK and n-HA/ZnS/S-PEEK coatings.

Material
WA [◦] IFE [mN/m]

H2O CH2I2 Polar Disperse

Zr-2.5Nb alloy 53.0 ± 8.0 48.3 ± 2.0
53.6 ± 6.0

18.4 ± 4.9 35.2 ± 1.1

PEEK coating 71.1 ± 9.0 25.8 ± 1.4
51.3 ± 4.1

5.4 ± 3.6 45.9 ± 0.5

n-HA/ZnS/S-PEEK coating 73.1 ± 3.5 36.9 ± 3.4
46.8 ± 3.1

5.7 ± 1.5 41.2 ± 1.6

The modulus of elasticity (EIT) and hardness (HIT), examined by the method of in-
strumented indentation, were carried out for different loads (Pmax) of 100, 200, 400 and
1000 mN. However, only measurements obtained for 100 mN were considered because
other loads exceeded the recommended penetration depth of 0.1 for the coating thickness,
which increased the hardness and modulus of elasticity caused by the interaction with the
alloy substrate. Relatively high hardness was obtained for the coating of 0.32 ± 0.08 GPa
and elastic modulus of 4.3 ± 0.8 GPa. The hardness value for coatings was close to the
hardness of 0.33 GPa obtained by Wang et al. [62] for HA/PEEK composites with 15 vol %
HA produced by injection molding. Similar to our previous study on HA/MoS2/PEEK
coatings with a semi-crystalline PEEK structure [20], the HA filler increased hardness
(about 0.32 ± 0.02 GPa) compared to the unfilled PEEK 704 coating, for which HIT was
equal to 0.26 ± 0.03 GPa. The modulus of elasticity EIT of both coatings was comparable.

The adhesion strength and resistance against mechanical scratching of the coatings was
assessed based on tape tests and scratch resistance tests, respectively. The n-HA/ZnS/S-
PEEK coating exhibited excellent adhesion to the zirconium alloy substrate, of the highest
class 5B according to ASTM D3359-17, as shown by the tape test. The coating surface after
the test is shown in Figure 13. Detailed observations of the coating surface by SEM revealed
minor exfoliation on a few cutting edges only.
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Figure 13. The surface of the n-HA/ZnS/S-PEEK coating (a) on the Zr-2.5Nb alloy after tape
tests observed with a stereoscopic microscope. The enlarged detail (SEM image) of the cuts is
presented in (b).

A micro-scratch test was conducted for an accurate analysis of the scratch damage
mechanism and analysis of the coating adhesion. The scratch test allows the data con-
cerning adhesion of the coatings to the substrate to be completed quantitatively. For this
purpose, the critical load at which the characteristic form of the coating failure occurred
was determined. The critical load Lc1 is defined as the load at which the first cohesive crack
appears in the scratch track, Lc2 is the load followed by the adhesive failure of the coating
and a slight exposure of the substrate, and Lc3 is the load at which the coating is completely
removed from the substrate on a large area due to delamination. The relative motion of
the stylus with the ascending load is the cause of the increase in the interfacial shear stress
occurring between the moving and deformed surface of the coating. Furthermore, it causes
the tensile stresses following it, and the pile-ups of the coating material on the edges of
the scratch.

During the tests, the acoustic emission signal was recorded, which proved their fragile
nature of destruction during scratching. Cohesive cracks were observed under the load of
Lc1 = 16 N (Figure 14). The coatings deteriorated with an increase in the load and, under an
Lc2 equal to 27 N, an exposition of the substrate occurred.

Figure 14. Scratch tracks in the n-HA/ZnS/S-PEEK coating in the places where the characteristic
forms of failure occurred; cohesive cracks were marked with arrows.
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The electrochemical behavior of the base and coated alloy was investigated in Ringer’s
solution at a temperature of 37 ◦C. For each of the samples, open circuit potentials (Eocp)
were registered as a function of time. It was observed that the free corrosion potential
(Figure 15a) slightly increased from −0.5 V for the Zr-2.5Nb alloy and reached a stable
value after about 10 h of immersion in Ringer’s solution at a value of around −0.15 V. The
Eocp for the coated alloy shows a stable and significantly higher value of about 0.33 V. Eocp
values for the coated alloy indicate more noble behavior, confirming the positive effect of
the n-HA/ZnS/S-PEEK coating on the substrate corrosion resistance.

Figure 15. Electrochemical results for the Zr-2.5Nb alloy and the alloy coated with the n-HA/ZnS/S-
PEEK coating in Ringer’s solution at 37 ◦C, (a) OCP vs. time, (b) Anodic polarization curves at scan
rate 1 mV/s and (c) light microscope image of the alloy surface after the LSV experiment.

The anodic polarization curves registered for the alloy and coated alloy substrate in
deaerated Ringer’s solution are shown in Figure 15b. A large, weakly potential-dependent
current region, which is an indication of the passive state of the coated surfaces, was
observed. By contrast, the base alloy showed a continuous increase in current with potential.
This is not a consequence of an active corrosion process but evidence of the continuous
growth of the oxide during anodic polarization [5,63]. From about 0.4 V, a breakdown of the
passive layer was observed and active dissolution of the alloy started (transpassive region).
The surface morphology of the pure alloy after polarization measurements is shown in
Figure 15c. In general, randomly distributed pitting spots were present on the sample
surface, which confirmed the pits’ occurrence. In addition, the growth and stability of the
oxide films on zirconium alloy were greatly affected by the electrolytic medium. Their
corrosion properties were deteriorated by the presence of chloride ions [64,65]. The passive
films were easily attacked due to the Cl− migration towards and into the oxide films,
which caused pitting. Thus, the decrease in the current density during the passive state (by
about 4 orders of magnitude) at the anodic branch of the polarization curve indicates an
improvement in their corrosion behavior. All OCP and potentiodynamic polarization data
are given in Table 2.

Table 2. Corrosion parameters for Zr-2.5Nb and coated alloy obtained from the analysis of OCP and
polarization results.

Samples OCP [V] EK-A [V] Icorr [μA/cm2]

Zr-2.5Nb −0.15 −0.18 93
n-HA/ZnS/S-PEEK coated Zr-2.5Nb 0.33 −0.26 0.00002
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In the present paper, an equivalent circuit given by the scheme [R1(Q1[R2Q2])] (shown
in Figure 16) was employed to fit the EIS data for the case of a single passive film formed
on the metal surface. The R1 and R2 parameters represented electrolyte resistance and the
charge transfer resistance for the passive film/solution interface, respectively. Furthermore,
Q1 was a constant phase element (CPE), which took into account the non-ideal capacitive
behavior of the film. Circuit element Q2 described the CPE for the passive film/substrate
interface. The values of the fitted parameters (R1, Q1, n1, R2, Q2, n2) are listed in Table 3.
A good agreement between the experimental data and fitted curve was obtained with
the χ2 of about 8 × 10−3. Parameters of equivalent circuit elements found by fitting for
the uncoated Zr-2.5Nb substrate indicate that, due to a rather high value of exponent
n1 ≈ 0.975 for the constant phase element CPE1, its nature is capacitive, whereas in the
case of the constant phase element CPE2, a more resistive behavior dominates, n2 ≈ 0.174.
On the other hand, it was impossible to register impedance spectra for the coated samples
due to extremely low current values (please refer to those obtained in the LSV experiment
for the coated alloy), resulting in very high impedance—all registered spectra resembled
clouds of randomly scattered points and are therefore not presented in this paper.

Figure 16. Nyquist impedance plot and equivalent circuit for the Zr-2.5Nb alloy.

Table 3. Equivalent circuit parameters calculated by means of fitting for the Zr-2.5Nb alloy.

Element of Equivalent Circuit Quantity Value

R1 Rs (solution resistance) (Ω) 36.72

CPE1
Y0 (S) 4.918 × 10−6

n1 0.978
R2 Rp (polarization resistance) (Ω) 2248.7

CPE2
Y0 (S) 1.850 × 10−7

n2 0.170
χ2 8 × 10−3

The initial response of the n-HA/ZnS/S-PEEK coated alloy after its incubation in SBF
was studied using the modified Kokubo test [45]. After soaking in SBF for 1 and 3 days, no
mass gain of samples was detected and no HA formation was recognized on the coating
surface. This behaviour may be due to the specific microstructure of the coatings. The
n-HA separate nanoparticles and their agglomerates were completely embedded in the
polymer matrix (Figure 11), which significantly delayed the release of Ca and P ions. Thus
the formation of carbonated hydroxyapatite on the surface of the coating was difficult. A
longer incubation time (7 and 10 days) resulted in slight changes (about 1 mg for 7 days and
2 mg after 10 days) in the weight of the sample, thereby indicating that apatite had started
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to nucleate and grow, which is visible in Figure 17a,b. After incubation for 21 days, the mass
gain of the apatite layer was 8 mg, and its thickness, determined from the differences in the
sample mass before and after the test, taking into account the HA density of 3.16 g/cm3,
was about 10 μm. The SBF was changed weekly during the test. The pH of the initial
SBF and that measured at RT after 1, 2 and 3 weeks of the test was the same at a level of
7.95 ± 0.02. The pH values depended on the SBF temperature and decreased to about 7.40
at 36.5 ◦C. The pH of SBF measured at the test temperature (36.5 ◦C) increased after 1 day to
about 7.59 and after 7 days of immersion to 7.61. After 10, 14 and 21 days of the immersion
pH equalled 7.66. No further increase in the pH of the SBF was observed. This may be due
to the weekly change of the solution. Similarly, Khazeni et al. [66] showed that the pH of
SBF increased over time to a level above 7.60. However, their study was conducted for
120 h of immersion of HA-CNTs composite coatings on magnesium alloy at a temperature
of 37 ± 1 ◦C, without changing SBF.

Figure 17. SEM images of the coated zirconium alloy after incubation in the SBF for 7 days (a),
10 days (b) and 21 days (c,d). (c) shows cauliflower-like morphology, while (d) shows flake-like
morphology of the apatite layer.

It was found that the first small precipitates of apatite appeared after 7 days (Figure 17a).
Precipitates grew rapidly, which became visible on the coating surface after 10 days of
the test (Figure 17b). A characteristic cauliflower-like apatite morphology was observed
on the whole coating surface after a three-week-long test (Figure 17c). These changes on
the sample surfaces correspond well with the changes in pH and weight of the samples
described above. A similar layer with cauliflower-like morphology was obtained on the
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HA/PEEK coating after a bioactivity test in SBF by Bastan et al. [18]. Further SEM obser-
vation revealed that the whole coating surface was covered by apatite precipitates with
flake morphology arranged in spherical aggregates with a size of 1–3 μm (Figure 17d).
The presence of apatite on the n-HA/ZnS/S-PEEK coating indicates the high potential
bioactivity of the coatings. The SEM-EDS microanalysis performed for a large coating area
of 1100 μm × 930 μm revealed that the Ca:P atomic fraction was roughly 1.6. Such a value
corresponds to non-stoichiometric carbonate hydroxyapatite.

In order to identify the phases that formed on the surface of the tested sample after
the incubation process in SBF, Raman microscopy studies were carried out, focusing the
beam on the characteristic layer visible in the SEM images (Figure 17c,d). As is clearly
noticeable, the obtained Raman spectrum (Figure 18) shows an intense band at 960 cm−1

and two low-intensity bands at 595 and 431 cm−1. Such an arrangement of bands [56,67]
and the results of the EDS microanalysis allow us to assume that hydroxyapatite is present
on the surface of the tested sample after incubation.

Figure 18. Raman spectrum of the layer formed after incubation in SBF.

Carbonate hydroxyapatite is the most common apatite occurring in human bone [68].
It is the preferable form of stoichiometric HA with low crystallinity and improved solubility,
which leads to full resorbility and more accessible bone formation [69]. Hence, its presence
may indicate the potential of bioactivity and osteoconductivity of the obtained coating.

4. Conclusions

In this study, the possibility of the co-deposition of PEEK 704 with ZnS and
HA nanoparticles for obtaining n-HA/ZnS/S-PEEK coatings was discussed. The main
conclusions are:

1. Duplex treatment based on EPD and heat treatment allowed for the development of
homogeneous multicomponent coatings on Zr-2.5Nb alloy substrates. Coatings were
obtained at a constant voltage of 90 V during 30 s. The n-HA/ZnS/PEEK coating
deposition rate and yield was the highest at 30 s of the process.

2. Heat treatment caused PEEK transformation from particles into a continuous phase, in
which ceramic particles were embedded. As a result of heat treatment at a temperature
of 450 ◦C, a sulfonation process occurred in the coating, leading to the formation of
an amorphous PEEK matrix. The surface of n-HA/ZnS/S-PEEK coatings showed
high roughness.

3. The HA/ZnS/S-PEEK coatings demonstrated excellent adhesion to the alloy substrate
and moderate scratch resistance.

4. Coatings with the addition of HA displayed higher hardness and modulus of elasticity
compared to the PEEK coating without additives.

382



Int. J. Mol. Sci. 2022, 23, 3244

5. LSV and EIS experiment results indicate a significant improvement in corrosion
resistance of the coated Zr-2.5Nb alloy compared to the bare substrate. However,
due to the very low current densities registered for this coating, it was not possible
to obtain any meaningful EIS data—the observed impedance values were above
the limits of the potentiostat/galvanostat used, which in turn suggests a very high
stability of the n-HA/ZnS/S-PEEK coating in aggressive Ringer’s solution.

6. After immersion in simulated body fluid, an apatite-like layer was formed on the
n-HA/ZnS/S-PEEK coating surface.
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and Selected Properties of Composite Alumina/Polyetheretherketone Coatings on the Ti-13Nb-13Zr Alloy. J. Electrochem. Soc.
2018, 165, D116–D128. [CrossRef]

49. Pang, X.; Zhitomirsky, I. Electrodeposition of hydroxyapatite–silver–chitosan nanocomposite coatings. Surf. Coatings Technol.
2008, 202, 3815–3821. [CrossRef]

50. Fiołek, A.; Zimowski, S.; Kopia, A.; Sitarz, M.; Moskalewicz, T. Effect of Low-Friction Composite Polymer Coatings Fabricated by
Electrophoretic Deposition and Heat Treatment on the Ti-6Al-4V Titanium Alloy’s Tribological Properties. Met. Mater. Trans. A
2020, 51, 4786–4798. [CrossRef]

51. Luo, D.; Zhitomirsky, I. Electrophoretic Deposition of Polyetheretherketone Composites, Containing Huntite and Alumina
Platelets. J. Electrochem. Soc. 2015, 162, D3057–D3062. [CrossRef]

52. Shi, Y.Y.; Li, M.; Liu, Q.; Jia, Z.J.; Xu, X.C.; Cheng, Y.; Zheng, Y.F. Electrophoretic deposition of graphene oxide reinforced
chitosan–hydroxyapatite nanocomposite coatings on Ti substrate. J. Mater. Sci. Mater. Med. 2016, 27, 48. [CrossRef]

53. Molaei, A.; Amadeh, A.; Yari, M.; Afshar, M. Structure, apatite inducing ability, and corrosion behavior of chitosan/halloysite
nanotube coatings prepared by electrophoretic deposition on titanium substrate. Mater. Sci. Eng. C 2016, 59, 740–747. [CrossRef]

54. Zaidi, S.M.J. Polymer Sulfonation A Versatile Route to Prepare Proton-Conducting Membrane Material for Advanced Tech-
nologies. Arab. J. Sci. Eng. 2003, 28, 183–194.

55. Jin, X.; Bishop, M.T.; Ellis, T.S.; Karasz, F.E. A sulphonated poly(aryl ether ketone). Br. Polym. J. 1985, 17, 4–10. [CrossRef]
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Abstract: Plasma surface treatment can be an attractive strategy for modifying the chemically inert
nature of zirconia to improve its clinical performance. This study aimed to clarify the effect of plasma
gas compositions on the physicochemical surface modifications of 3 mol% yttria-stabilized zirconia
(3Y-TZP). The cold, atmospheric plasma discharges were carried out by using four different plasma
gases, which are He/O2, N2/Ar, N2, and Ar from an application distance of 10 mm for 60 s. Static
contact angles were measured to define the surface free energy. Changes in elemental composition,
surface crystallinity, and surface topography were assessed with X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), confocal laser scanning microscopy (CLSM), and scanning electron
microscopy (SEM), respectively. A significant decrease in water contact angle was observed in all
plasma groups with the lowest value of 69◦ in the N2/Ar group. CLSM and SEM investigations
exhibited no morphological changes in all plasma groups. XPS revealed that a reduction in the surface
C content along with an increase in O content was pronounced in the case of N2/Ar compared to
others, which was responsible for high hydrophilicity of the surface. XRD showed that the changes in
crystallite size and microstrain due to oxygen atom displacements were observed in the N2/Ar group.
The N2/Ar plasma treatment may contribute to enhancing the bioactivity as well as the bonding
performance of 3Y-TZP by controlling the plasma-generated nitrogen functionalities.

Keywords: plasma gases; zirconium oxide; surface properties; nitrogen; wettability

1. Introduction

The surface modification strategies for biomaterials help to tailor the outcome of
biological-material interactions by controlling the surface energy, biocompatibility, and
adhesion strength of the substrates [1]. Plasma modification is one way to alter the surface
properties of biomaterials with high-energy ion bombardment through physical colli-
sions or chemical reactions of the excited gas molecules [2]. Atmospheric-pressure glow
discharge (APGD) plasma, especially cold atmospheric plasma (CAP), has recently at-
tracted a great deal of interest for a variety of industrial and medical applications, such
as surface processing [3], film deposition [3], ozone production for water purification [4],
biomedical decontamination [4], wound healing [5,6], muscle regeneration [7], and cancer
treatment [8,9], etc. CAP, also named non-thermal plasma (NTP), consists of a partially
ionized gas that is not in the thermodynamic equilibrium. CAP generates a large amount of
chemically reactive oxygen and nitrogen species (RONS) in biological systems [3,10]. One
of the typical CAP sources is dielectric-barrier discharge (DBD), which is responsible for a
self-pulsing plasma operation with an insulating (dielectric) material in the discharge gap.
A DBD system requires a high voltage AC source (1–100 kVrms) in the kHz range [11].

387



Int. J. Mol. Sci. 2022, 23, 3007

Zirconia ceramics stabilized with 3 mol% of yttria (3Y-TZP) have been widely used
in dental applications for fabricating crown and bridge restorations, dental implants, or-
thodontic brackets, and endodontic posts due to their excellent biocompatibility, sufficient
mechanical strength, and high esthetic potential [12]. However, zirconia is characterized by
a chemically inert surface with low reactivity which limits a reliable bonding with resin
cement, cell adhesion, or osseointegration [13,14]. Although mechanical surface treatments
tended to increase the bond strength of zirconia with resin cement through micromechanical
retention, the induced cracks and surface damages could cause a deterioration of fracture
resistance of zirconia [15]. Therefore, the plasma surface treatment has been considered
as an alternative to the mechanical surface treatment aiming to raise the surface energy
of materials by the generation of polar groups at the surface [16]. Although the plasma
surface treatments have been found to increase the surface hydrophilicity of 3Y-TZP with-
out altering the surface topography [17], several studies demonstrated that the plasma
treatment did not significantly enhance relevant shear bond strength (SBS) between zirconia
and composite resin [18,19]. Conversely, oxygen radicals created in plasmas could mainly
remove organic contaminants at the surface with a potential prospect for antibacterial
efficacy around the zirconia abutments [10].

Nevertheless, the plasma performance of all those applications significantly depends
on the experimental parameters. One of the most important characteristics is the gas
species [20,21]. A noble gas, such as helium (He) or argon (Ar), as a carrier gas is usually
employed to trigger CAP discharge because of its low breakdown voltage. However, a
previous study reported that no chemical reaction was found on the micro-organisms with
argon gas plasma due to the inert nature of argon despite intensive ion bombardments [22].
By contrast, some reactive gases, such as oxygen, nitrogen, or air can be mixed in small
quantities into the background of noble gas for the production of chemically active species,
such as O3, OH, H2O2, NO, and OH radicals at low temperatures with a reduction in the
breakdown voltage [23,24]. In a plasma generated from a gas mixture, the excited noble gas
can ionize the reactive gas by energy transfer (Penning ionization) via collision, resulting in
a change in the discharge characteristics [25].

To enhance the reactive level of the zirconia surface during the plasma treatment,
investigation of the electrical conductivity and quantitative ion concentration in terms
of changes in surface electrochemistry should be conducted in an attempt to increase
the bonding efficiency or osseointegration of zirconia implants. In a recent study, a new
functional group was generated on the zirconia surface by carbon and nitrogen plasma ion
implantation technology, resulting in the enhanced bioactivity and cytocompatibility of
3Y-TZP [14]. However, there has yet been no report on the plasma-zirconia interactions
from the perspective of the role of gas compositions that are responsible for the kinetics of
chemical reactions at the surface. Therefore, the present study highlights the effect of plasma
gas compositions on the physicochemical surface modifications of 3Y-TZP to gain some
insight into the plasma-generated ionic functionalities. In this study, He/O2 mixture, N2/Ar
mixture, N2, and Ar were provided as feed gases for plasma generation. Characterization
methods such as contact angle, X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD) and Rietveld analysis, confocal laser scanning microscopy (CLSM), and scanning
electron microscopy (SEM) were used to identify any changes in surface energy, surface
chemistry, phase composition, and morphology of 3Y-TZP. The null hypothesis tested in
this study was that there would be no difference in the physicochemical surface properties
among 3Y-TZP ceramics treated with various gas plasmas.

2. Results

2.1. Surface Energy Changes by Irradiation of Various Gas Plasmas

Figure 1 shows the contact angles with sessile drop images (A) and the values of
γtotal, γd, and γp (B) in the zirconia specimens subjected to each plasma treatment. Table 1
summarizes contact angles measured on the specimens of each plasma group. A signif-
icant decrease in water contact angle was observed after plasma exposure in all plasma
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groups with the lowest value of 69◦ in the N2/Ar group. The diiodomethane contact
angles remained roughly constant in all plasma groups except in the Ar group, presented
in Figure 1A and Table 1. Total surface energy significantly increased after the plasma
treatment in all plasma groups and these results were mainly consistent with an increase in
γp. The largest value of γp was measured in the N2/Ar group (Figure 1B).

Figure 1. (A) Contact angles of water and diiodomethane; box plot showing the mean (black solid
horizontal line), median (dashed horizontal line), interquartile range (box), and total range (whiskers)
of the data set. (B) Values of the total surface free energy (γtotal), dispersion component (γd), and
polar component (γp) in the zirconia specimens subjected to each plasma treatment. An identical
letter within each value indicates no significant difference between each type of plasma gas (p > 0.05).
The error bar represents the standard deviation.

Table 1. Contact angles for water and diiodomethane on the zirconia surfaces of each plasma group.

Plasma Group
Contact Angle (◦)

Water Diiodomethane

control 98.75 ± 2.70 a 45.66 ± 4.30 d,e

HeO2 75.59 ± 3.38 b 44.72 ± 3.16 e

N2Ar 69.00 ± 3.98 c 49.39 ± 3.33 d

N2 76.86 ± 3.30 b 47.21 ± 4.14 d,e

Ar 73.22 ± 3.00 b 39.60 ± 3.19 f

Means with the same superscript letter in each column are not significantly different from each other based on
Tukey’s honest significant difference post hoc test (p > 0.05).

2.2. Surface Chemistry Changes by Irradiation of Various Gas Plasmas

Figure 2 shows the XPS C 1s, O 1s, N 1s, Y 3d, and Zr 3d core-level spectra, and
Figure 3 shows the atomic percentages (at%) of these elements determined by XPS and the
carbon/oxygen ratio in all groups. The nitrogen content on the zirconia surface increased
after the plasma treatment in all plasma groups, but only to a few percent ranges (1–2%) as
illustrated in Figure 3A,B. An increase in oxygen content and a decrease in carbon content
were found in both N2/Ar and He/O2 groups, with the largest decrease in C content
and the largest increase in O content in the N2/Ar group (Figure 3A). As can be seen in
Figure 3C, the lowest value of C/O ratio was observed in the N2/Ar group. This would be
related to the largest increase in the surface hydrophilicity in the N2/Ar group, possibly by
the production of a high level of oxygen-based radicals [26].
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Figure 2. (A) C 1s; the carbon content was found to be a remarkable reduction in the N2/Ar group
compared to those in other groups. (B) N 1s; a new component appeared at a binding energy of
406.5 eV in the N2/Ar group, which was associated with the presence of nitrate (NO3

−) species.
(C) O 1s XPS spectra; (D) Percentage areas of acidic hydroxyl OH(a) and basic hydroxyl OH(b) in
O 1s spectra; (E) Zr 3d; and (F) Y 3d XPS spectra on outermost surfaces of zirconia with different
plasma gases.

Figure 3. (A) Atomic percentage (at%) for each element detected in each plasma group; (B) Concen-
tration of N in each plasma group; and (C) Carbon/oxygen ratio in each plasma group.
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The N 1s photoelectron region, Figure 2B, showed a new component at a binding
energy of 406.5 eV in the N2/Ar group, which was associated with the presence of nitrate
(NO3

−) species [27]. This was due to the adsorption of a nitrogen atom (N) on the zirconia
surface yielding N-containing functionalities [28]. A second component that appeared at
a binding energy of around 399.1 eV was associated with the typical bonding states of
N in zirconium oxynitride, or ZrOxNy which confirmed the introduction of nitrogen in
the zirconia lattice [29,30]. The resulting N-doped zirconium oxynitride products were
found in all tested groups without a direct N2 feed, exhibiting the highest intensity in the
N2/Ar group (Figures 2C and 3B). This can be attributed to the fact that the surrounding
air might have been involved in the interactions with zirconia surfaces during the plasma
treatments [10].

Carbon content on the zirconia surface subjected to each plasma gas was shown in
Figure 2A. The carbon content was found to be a remarkable reduction in the N2/Ar
group compared to those in other groups, indicating that the surface subjected to N2/Ar
plasma irradiation was less susceptible to carbon contamination during the subsequent
handling in the air. During the plasma treatment, the remnant organic compounds at the
surface were removed by breaking a C–C bond [31]. The surface oxidation occurred with
a formation of new functional groups (C–O and C=O bonds) [32], thereby enhancing the
surface hydrophilicity [33]. The O 1s spectra, as shown in Figure 2B, consisted of a broad
feature that can be resolved into three components: the lattice oxygen in ZrO2 (OL) at
around 530.0 eV, the oxygen in acidic hydroxyl OH(a) group at around 531.5 eV, and the
oxygen in basic hydroxyl OH(b) group at around 532.5 eV [29]. The surface hydroxyls may
be formed by the dissociation of the moisture in the air at the specimen’s surface. Thus, the
content of surface hydroxyls could increase when the surface provided the adsorption sites
for H2O, such as oxygen-deficient defects. The relatively high OL-to-OH intensity ratio
found in the N2/Ar group indicated that the energy for dissociative adsorption of H2O
was relatively lower in the N2/Ar group than those in other groups, probably resulting
from the surface oxynitride formation in the N2/Ar group (Figure 2B) through the partial
nitridation of ZrO2 [34]. However, all plasma groups showed increased OH(b) groups
(Figure 2D), suggesting the plasma treatments left the surface more defective toward
dissociative H2O adsorption.

The XPS spectra of the Zr 3d spectra (Figure 2E) clearly revealed the two characteristic
components of Zr 3d3/2 at 181.3 eV and of Zr 3d5/2 at 183.6 eV, which could be assigned to
the zirconium in its Zr4+ state (ZrO2) [35]. In the Y 3d spectra (Figure 2F), two components
of Y3d (Y3d3/2 and Y3d5/2) for the oxidized yttrium in its Y3+ state were identified. The
pronounced Y3d exhibited in the N2/Ar group could be considered a result of grain
refinement on the microstructure [17].

2.3. Crystallinity Changes by Irradiation of Various Gas Plasmas

The percentage of the phase compositions and the lattice parameters for each plasma
group were calculated and the results are presented in Table 2. Before plasma irradiation
(control), the zirconia phases observed were a tetragonal phase (t-ZrO2) as a major phase
and a cubic phase (c-ZrO2). However, the formation of a metastable tetragonal phase
(t’-ZrO2) was identified (up to 3 wt%) following the plasma treatments in all plasma groups.

The powder XRD patterns and W-H plots of each specimen are shown in Figure 4.
All the detected peaks corresponded to tetragonal and cubic phases, while no obvious
monoclinic phase was observed. On analyzing the XRD peaks, a slight broadening of
the tetragonal peak was seen in the N2/Ar group (Figure 4A,B), which was possible to
deduce the contribution made by changes in the crystallite size and lattice strain [36,37]. By
estimating from the slope and y-intercept of the W-H plot with Scherrer’s equation [36,37],
strain and particle size were compared. Since the positive slope indicates the tensile
strain [15], the development of a compressive strain could be estimated from the flatter
slope in the N2/Ar group. A decrease in crystallite size, due to the lattice shrinkage and
the occurrence of compressive strain in the N2/Ar group, could contribute to the peak
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broadening. The calculated crystallite sizes were 87.5 nm (control), 83.2 (He/O2), 65.1
(N2/Ar), 85.4 (N2), and 85.5 (Ar).

Table 2. Rietveld analysis results for the phase compositions and the lattice parameters in each
plasma group.

Plasma Group Phase Amount (wt%)
Lattice Parameters

a = b (Å) c (Å) c/a Ratio

control
t 62(2) 3.6069(2) 5.1777(4) 1.0151
c 38(2) 5.1382(3) 5.1382(3)

HeO2

t 59(2) 3.6070(2) 5.1788(4) 1.0152
t’ 2(1) 3.625(2) 5.173(5) 1.0091
c 39 (1) 5.1383(3) 5.1383(3)

N2Ar
t 67(2) 3.6098(2) 5.1808(4) 1.0148
t’ 3(1) 3.626(2) 5.175(5) 1.0092
c 30(1) 5.1423(3) 5.1423(3)

N2

t 66(2) 3.6087(2) 5.1804(4) 1.0151
t’ 3(1) 3.626(1) 5.172(3) 1.0086
c 31(1) 5.1407(3) 5.1407(3)

Ar
t 60(2) 3.6075(2) 5.1779(4) 1.0149
t’ 2(1) 3.625(2) 5.173(6) 1.0091
c 38(1) 5.1390(3) 5.1390(3)

t: tetragonal zirconia (space group P42/nmcS); t’: metastable tetragonal zirconia (space group P42/nmcZ); c: cubic
zirconia (space group Fm3m); Values in parentheses correspond to the estimated standard deviation in the least
significant figure to the left. c/a ratio = c (Å)/

√
2 a (Å).

Figure 4. X-ray diffraction (XRD) patterns of zirconia specimens with each plasma gas (A) in the
ranges of 2θ = 33–37◦, (B) of 2θ = 58–62◦, (C) Williamson-Hall (W-H) plot of ß cos θ against 4 sin θ of
the tetragonal phases calculated from XRD spectra.

2.4. Surface Morphological Changes by Irradiation of Various Gas Plasmas

The magnified confocal images and SEM images of each plasma group are shown in
Figure 5. The surface texture parameters (Sa, Sq, and Sv) measured from CLSM are given
in Figure 6. With no significant morphological differences obtained, all specimens revealed
relatively similar microstructures characterized by tetragonal symmetry integrated with
large cubic crystals without relevant surface damages.
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Figure 5. Representative three-dimensional images obtained by confocal laser-scanning microscopy
(left) and scanning electron microscopic images at 30,000× magnification (right) of each group.
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Figure 6. The surface texture parameters (Sa, Sq, and Sv) of each group. The identical letter shows no
significant difference on Sa, Sq, and Sv values (p > 0.05).

3. Discussion

This study investigated the effect of plasma gas compositions on the physicochemical
surface characteristics of 3Y-TZP. A CAP discharge was carried out by using four different
feed gases (He/O2 mixture, N2/Ar mixture, N2, and Ar) from an application distance of
10 mm for 60 s. According to the results of this study, the rate of decrease in water contact
angle varied from 22.17% to 30.13%, while the rate of increase in surface free energy varied
from 7.90% to 19.6%, depending on the plasma gas type. As previously reported [20], a
lower contact angle indicated a more hydrophilic surface. In this study, a greater decrease
in water contact angle was observed in the N2Ar group than in other plasma groups. This
result was supported by the results of the XPS analysis; the N2Ar-specimen showed a lower
carbon content and a higher oxygen content in comparison with the specimens subjected to
other plasma gases. The dominant carbon species detected in XPS were generally associated
with airborne carbon contaminants, which made the surface hydrophobic [38]. In the N2Ar
group, C-C bonds in the hydrocarbon were broken or excited to metastable states by the
collision cross-sections [39] between N and Ar, resulting in the formation of new functional
groups that could generate a hydrophilic surface. The N2Ar-specimen had a greater amount
of C-O species compared to other groups and this would be associated with the higher
γp values in the N2Ar group. Feng et al. [40] reported that γp component in the surface
energy influenced the cellular interaction more importantly compared to γd component.
Considering the most noticeable changes in contact angle and γp component observed in
the N2Ar group in this study, N2Ar plasma could lead to higher bioactivity of the zirconia
specimen compared to other plasma groups.

Partially stabilized zirconia, suitable for dental applications, is obtained by the addition
of lower-valence oxide, such as 3 mol% (5.2 wt%) yttria. The oxygen vacancies, which
are introduced to compensate for the charge imbalance, are responsible for the high ionic
conductivity of the zirconia material [41]. In this study, the dissociation of water, which
would create the OH(b) groups per vacancy, occurred in all plasma groups, resulting in
more positive surface charges [40]. A greater increase in OH(b) was observed in the N2
group than in other groups. A previous study reported that the OH(b) could play a more
significant role than the OH(a) to enhance bioactivity of the substrate because the primary
protein can be easily attracted to positively charged surfaces [16].

Unlike other plasma gases, N2Ar plasma led to the formation of nitrate (NO3
−) species

on the zirconia surface, according to the results of the XPS analysis in this study. The nitrate
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anion can produce a highly reactive nitrate radical (•NO3), which can react with organic
compounds due to high diffusivity into non-polar solvents [42]. Thus, this may enhance
the bioactivity or bonding efficiency of 3Y-TZP. The ubiquitous formation of zirconium
oxynitride (ZrOxNy) investigated in all plasma groups can be proposed as being associated
with high oxygen concentration in the superficial regions of zirconia specimens. It has been
reported that the zirconium oxynitride could be formed when the N concentration did not
reach a critical value to transform it into the ZrN structure [29]. The plasma nitriding of
zirconia could produce ZrN structures, which were characterized by high hardness, even
harder than 3Y-TZP, high resistance to wear or corrosion, and high thermal stability [29].
Morisaki et al. [30] revealed that the nitridation of zirconia was generated by a replacement
of oxides with nitrides, and the lattice structure of the zirconium oxynitride was slightly
deformed from the ideal cubic structure. The results of this study are consistent with those
obtained in Morisaki et al.’s study [30]. The Rietveld refinement showed a decrease in the
cubic phase content and an increase in the metastable tetragonal (t’) phase content in both
N2Ar and N2 groups, suggesting the possible effects of the plasma nitriding on the lattice
distortion [43]. The t’ phase was formed in all plasma groups, which can be attributed to
the induced oxygen atom displacements in the zirconia crystal structures [43] during the
plasma irradiation. Considering the XRD peak broadening and the flatter slope from the
W-H analysis obtained in the N2Ar group, the plasma nitriding of 3Y-TZP would induce
lattice strain through the crystal deformation [44]. This may play an important role in the
enhancement of mechanical properties by increasing damage resistance [45]. A similar
result was reported by Abbas et al. [46], who found the broadened XRD peaks in silicon
samples subjected to N2Ar plasma. They also concluded that the changes in crystallinity,
crystallite sizes, residual stress, and surface morphology of Si samples were related to Ar
concentration in N2Ar plasma.

As mentioned, an admixture of molecular gas to a chemically inert noble gas, such as
helium, neon, argon, etc., can change the plasma discharge kinetics, showing better biologic
performance [23]. For N2 plasma, its dissociation is very difficult because of the extremely
strong triple bond between two N atoms [47]. A previous study revealed that the addition
of argon to the N2 plasma resulted in the enhanced generation of active species through
Pennig excitation and ionization, depending on the Ar concentration in N2Ar plasma [46].
Bravo et al. [47] reported that the metastable nitrogen molecules were produced utilizing
a plasma gas mixture containing N2 and Ar. Dyatko et al. [23] found that even a small
amount of nitrogen addition (1%) to argon was responsible for a sharp decrease in the
discharge voltage in N2Ar plasma as compared to that in pure Ar gas. This behavior of the
N2Ar discharge involved the electron collision cross-section. This study used N2Ar plasma
containing 10% nitrogen, which was reported to be the most frequently used concentration
for the application to surface treatments [47]. During the N2Ar plasma irradiation on the
zirconia surface, nitrogen atoms can be replaced by oxygen atoms and thus the zirconia
surface tends to have more negative charges. The most suitable nitrogen concentration
in N2Ar plasma should be determined for the production of bioactive zirconia surface in
further studies. Although helium plasma can easily give rise to a stable glow discharge with
the addition of an active gas such as O2, N2, or CF4, reactive oxygen species cannot easily
reach the target material because helium is considerably lighter than air [48]. Contrary
to helium, argon is denser than air and thus, the excited atomic oxygen can be easily
transferred to the substrate [48]. According to the result of this study (Figure 3A), an
increase in the reactive oxygen species upon adding nitrogen to argon was observed.

In this study, different plasma gas species produced different physicochemical surface
interactions with 3Y-TZP, although the plasma treatments did not affect the surface mor-
phology of zirconia as shown by SEM and CLSM analysis. Therefore, the null hypothesis
was rejected. From a biomaterials perspective, biologic responses and, hence, the clinical
function of 3Y-TZP can be enhanced by controlling the plasma gas type and the working
gas composition. However, the interpretation of the present results should be done with
caution since an aging effect such as a time-dependent hydrophobic recovery can occur at
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the zirconia surface, which would act as a limiting factor on the efficiency of the plasma
treatments [17]. Further investigations are required to identify the time scale for the hy-
drophobic recovery of the zirconia surface subjected to the plasma treatment with various
gas species to determine the effective treatment time of plasma discharge to improve the
bioactivity of zirconia surfaces.

4. Materials and Methods

4.1. Specimen Preparation and Plasma Surface Treatment

The 3Y-TZP (KATANA ML, Kuraray Noritake Dental, Osaka, Japan) sintered at
1500 ◦C for 2 h in air was used in this study. A total of 140 plate-shaped specimens
(10.0 mm × 10.0 mm × 1.0 mm) were prepared and polished to a uniform finish with an
800 grit SiC paper. After ultrasonic cleaning for 20 min, the specimens were subjected to
plasma irradiation at room temperature using a cold atmospheric pressure DBD plasma
generator (PR-ATO-001, ICD Co., Anseong, Gyeonggi-do, Korea). The plasma was verti-
cally applied to the specimen’s surface from a distance of 10 mm [39] for 60 s. The schematic
of the device is shown in Figure 7. All specimens were randomly allocated into five groups
(n = 28), with four of them treated by plasmas with four different gases and one group
untreated (control). As the feed gases, Ar, N2, N2/Ar mixture (10% nitrogen/90% argon) [7],
and He/O2 mixture (15% helium/85% oxygen) [8] were selected. The input voltage was
fixed at 5 kV with a high voltage transformer, and the operation frequency was set to
25 kHz using a digital oscilloscope (MSO4032, Tektronix, Beaverton, OR, USA). A mass
flow controller maintained a constant gas flow rate of 10 standard liters per minute (slm).

Figure 7. Schematic diagram of experimental setup for plasma surface treatments.

4.2. Surface Contact Angle and Surface Free Energy

The surface wettability of the specimen was characterized using a contact angle meter
(Phoenix 300 Touch, S.E.O., Suwon, Gyeonggi-do, Korea). Contact angle measurements
were performed by a sessile drop technique at room temperature and 60% relative humidity
using two different test liquids, distilled water (n = 10) and non-polar diiodomethane
(n = 10). All measurements were performed at the center of the specimen.
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The surface free energy was calculated by measuring the contact angles of two test
liquids according to the Owens–Wendt equation [49]. Total surface free energy (γtotal),
including the dispersion component(γd) and polar component (γp), was calculated.

4.3. X-ray Photoelectron Spectroscopy (XPS) Measurement

The elemental composition of the specimen of each group was performed by using
XPS (K-alpha, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a monochromatic Al
Kα X-ray source (1486.6 eV) at 12 kV and 3 mA (n = 1). Data acquisition and the processing
of core-level spectra were performed using a software (Thermo Avantage v5.980, Thermo
Fisher Scientific Inc., Waltham, MA, USA). All XPS spectra were calibrated with the C 1s
peak at 284.6 eV [26].

4.4. X-ray Diffraction (XRD) and Rietveld Analysis

One specimen from each plasma group was submitted to determine the crystal struc-
tures and phase transformations. The X-ray powder diffraction (XRD) pattern was taken at
room temperature in a DMAX-2200PC X-ray diffractometer (Rigaku, Tokyo, Japan) using
monochromatic CuKα1 radiation (λ = 1.5406 Å). The data were collected in the 2θ range of
20–90 with a step size of 0.02 and a step time of 4 s/step. The quantitative phase analysis
was obtained by Rietveld refinement implemented in the Fullprof program [15]. Especially,
Williamson–Hall (W–H) analysis was used to determine the changes in the crystallite
size and the lattice strain induced by the plasma treatment using the formula as given
below [50]:

βhkl cos θ =
Kλ

D
+ 4ε sin θ (1)

where β is the integral breadth or the full width at half maxima, D is the crystallite size, K
is a shape factor (0.9), and ε is the strain.

4.5. Surface Topography

Analyses of three-dimensional (3-D) surface characteristics were performed using
a confocal laser scanning microscopy (CLSM; LEXT OLS3000, Olympus, Tokyo, Japan)
at 50× magnification in a 256 × 192 μm2 area (n = 5). The surface texture parameters,
in particular the arithmetical mean height, Sa; the root mean square height, Sq; and
the maximum pit height, Sv, were calculated in accordance with ISO 25,178 [51]. The
surface analysis was independently carried out in 2 points at the center, and a total of
10 measurements was obtained for each plasma group.

The surface microstructures of the specimens were evaluated using a scanning electron
microscope (SEM; JSM-7800F Prime, JEOL, Tokyo, Japan) at an accelerating voltage of 5.0 kV
and a working distance (WD) of 6.0 mm at 3000×, 10,000×, and 30,000× magnifications (n = 1).

4.6. Statistical Analysis

The statistical significance of the data was assessed by a one-way analysis of variance
(ANOVA) with Tukey’s honesty significant difference (HSD) post hoc test at α = 0.05. All
analyses were performed using statistical software (IBM SPSS Statistics, v25.0, IBM Corp.,
Chicago, IL, USA).

5. Conclusions

We have investigated the effect of plasma gas types on surface physicochemistry and
surface topography of 3Y-TZP by contact angle, XPS, XRD, CLSM, and SEM analysis. With
the limitation of this in vitro study, the following conclusions can be drawn:

1. Plasma processing of 3Y-TZP with He/O2 mixture, N2/Ar mixture, N2, and Ar
decreased the contact angle and increased the surface energy without changing its
surface topography. In particular, the highest value of the polar component in the
surface energy was obtained in the N2/Ar group, which was probably related to the
high interaction energy of the zirconia surface.
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2. XPS revealed that a reduction in the surface C content along with an increase in
O content was pronounced in the case of N2/Ar compared to others, which was
responsible for high hydrophilicity of the surface. XRD showed that the changes in
crystallite size and microstrain due to oxygen atom displacements were observed in
the N2/Ar group.

3. Although further studies are required, promising findings obtained in this study
show that N2/Ar plasma treatment may contribute to enhancing the anti-microbial
properties, the osseointegration capability, and the adhesion performance of 3Y-TZP
by controlling the plasma-generated nitrogen functionalities.
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Abstract: The presence of saliva in the oral environment is relevant for several essential health
processes. However, the noncontrolled early saliva interaction with biomaterials manufactured for
oral rehabilitation may generate alterations in the superficial properties causing negative biological
outcomes. Therefore, the present review aimed to provide a compilation of all possible physical–
chemical–biological changes caused by the early saliva interaction in dental implants and materials
for oral regeneration. Dental implants, bone substitutes and membranes in dentistry possess different
properties focused on improving the healing process when in contact with oral tissues. The early
saliva interaction was shown to impair some positive features present in biomaterials related to quick
cellular adhesion and proliferation, such as surface hydrophilicity, cellular viability and antibacterial
properties. Moreover, biomaterials that interacted with contaminated saliva containing specific
bacteria demonstrated favorable conditions for increased bacterial metabolism. Additionally, the
quantity of investigations associating biomaterials with early saliva interaction is still scarce in the
current literature and requires clarification to prevent clinical failures. Therefore, clinically, controlling
saliva exposure to sites involving the application of biomaterials must be prioritized in order to
reduce impairment in important biomaterial properties developed for rapid healing.

Keywords: saliva; oral regeneration; interaction; biomaterials; bone regeneration

1. Introduction

Saliva present in the oral cavity is recognized as the first liquid that interacts with
materials or compounds coming from the external environment [1,2]. Furthermore, its
presence is crucial in several basic food processes, such as lubrication, digestion and
solubilization in the oral environment [2,3]. Saliva is predominantly water (99%); however,
there is a high range of proteins, different minerals, dead cells and a large amount of
bacteria associated with the composition [1,4]. The interaction of saliva and its compounds
with biomaterials applied in oral rehabilitation or tissue regeneration is inherent, thus
impacting the creation of small salivary pellicles [5,6] that may cause some chemical–
physical–biological alterations in biomaterials.

Currently, biomaterials developed for oral rehabilitation and tissue regeneration, such
as dental implants, membranes and bone substitutes, are made with extreme detailing of
properties aimed at the best biological responses when interacting with oral tissues [7–9].
Alterations such as the micro- and nanotexturization of surfaces are developed with the
aim of accelerated cellular response and high adhesion in contact with bone cells [7,10];
the porosity and mechanical strength are controlled in membranes and in bone substitutes
for better tissue responses in guided bone regeneration [8,11,12]; and wetting properties
are altered for superior physical–chemical interactions within surfaces and cells in oral
tissues [13,14]. However, the early interaction with saliva can cause significant changes in
these properties that can modify the desired effectiveness in biological terms.
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A recent report showed the loss of hydrophilicity on dental implant surfaces after
interaction with human saliva in vitro for 10 min, showing a negative outcome caused
by the early interaction with saliva [14]. Additionally, surfaces with microroughness and
high hydrophilicity showed greater adhesion of saliva proteins compared to smooth and
less hydrophilic surfaces, suggesting that surface properties influence the interaction with
saliva [15]. On the other hand, saliva shows some positive features against bacterial col-
onization due to its lubrication and viscosity properties; therefore, some investigations
demonstrated greater bacterial colonization in static biomaterials without the presence of
saliva compared with biomaterials embedded in saliva [16,17]. However, as a counterpoint
against the beneficial characteristics, there are many reports showing the growth of bac-
terial biofilms in biomaterials applied in tissue regeneration after interaction with saliva,
compromising properties and biocompatibility factors, normally caused by dysbiosis or
imbalance in the superficial region, and generating an enrichment of substances suitable
for pathogens [18–21].

It is well known that saliva has some influence on all biomaterials inserted in the oral
environment, especially on those that are subjected to exposure for long periods of time
such as dental implants and components for prosthetic rehabilitations [16,22]. However,
the early influence of salivary interactions with biomaterials for oral regeneration remains
poorly understood due to numerous innovative modifications in biomaterials and due to
the difficulty of analyzing biomaterials directly after their application in the oral region. The
aim of this review is to highlight the main early alterations caused in the physicochemical
properties of biomaterials for oral regeneration exposed to saliva and to demonstrate
their possible alterations in terms of biocompatibility and contamination when saliva
interactions occur. The review will conclude with clinical considerations about possible
effects derived from early salivary interaction with biomaterials for oral regeneration in the
clinical environment.

2. Search Strategy

An electronic search in the PubMed Medline, Scopus and Google Scholar databases
was conducted to identify in vitro, in vivo and clinical studies assessing the interaction of
saliva with biomaterials for oral regeneration. The electronic search was carried out using
key words and MeSH terms: “saliva” or “saliva contact” or “saliva interaction” or “saliva
proteins” and “biomaterials” or “implants” or “dental implants” or “membranes” or “bone
substitutes” or “bone regeneration” or “cells” or “bacteria”. The inclusion criteria for this
study were as follows: (1) English written studies, (2) reviews, (3) meta-analyses, (4) clinical
trials, (5) animal studies and (6) in vitro studies. The titles and abstracts were evaluated
individually to find possible relevant studies for this review. The key studies (85) were
then selected independently and analyzed to summarize the possible effects caused by the
saliva interaction with biomaterials for bone regeneration.

3. Saliva Composition

Saliva is mainly secreted by the major glands (parotid, sublingual and submandibular)
and minor glands such as labial, palatal and buccal glands [1,23]. The interaction of saliva
with any substrate inserted in the oral environment results in the formation of a thin film
with thickness measured in nanometers up to 1 h and in micrometers (approximately
1.3 μm) after 24 h [1,5].

The essential component of saliva is water (99%); however, inorganic elements such as
NaCl, KCl, NHCO3, HPO4 and CaCO3 and inorganic constituents such as proteins, mucin,
serum albumin and globulin, enzymes, epithelial cells and lymphocytes are found [4,23].
In recent years, more than 1400 salivary proteins have been identified [24] and have
specific actions in oral matter, such as lubrication, digestion, solubilization, defense, and
remineralization. The most commonly identified proteins in saliva are shown in Table 1.
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Table 1. Main groups of proteins found in human saliva and main functions.

Protein Main Function Percentages

Mucin Protection, lubrication, bolus,
inhibition of demineralization ~20%

Amylase Digestion ~25%

bPRP (basic proline-rich proteins Lubrication and
remineralization ~20%

“S” Cystatins Protection ~8%

aPRP (acidic proline-rich proteins) Lubrication and
remineralization ~12%

gPRP (glycosylated proline-rich proteins) Lubrication and
remineralization ~5%

Immunoglobulins Protection ~5%

The absorption of proteins from saliva on certain substrates depends mainly on
noncovalent interactions [1]. However, biomaterials used in oral regeneration, such as
dental implants, membranes and bone substitutes, have different surface characteristics
that aim for greater cellular interactions, such as hydrophilicity, porosity changes, greater
roughness and high surface energy [25–27]. These superficial alterations can modify the
interactions with saliva proteins, and the manufactured characteristics for better biological
performance in these biomaterials can be affected after interaction with saliva (Figure 1).

Figure 1. Scheme demonstrating the possible changes in biomaterials for oral regeneration after
early saliva interaction. Saliva pellicle formation, wettability alterations and stimulation/repulsive
responses for each type of cell were the most significant alterations. Created with BioRender.com.
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4. Effects of Saliva Interaction on the Physical–Chemical Properties of Biomaterials for
Oral Regeneration

4.1. Biomaterial Morphology/Roughness

Morphological characteristics and roughness measurements are essential features
for biomaterials with rapid healing properties, with surface modifications being partic-
ularly important for dental implants and topographies for membranes [28,29]. Different
morphologies have been proposed, aiming for immediate interactions at the micro- and
nanoscale level with the extracellular membrane of cells [10,27,28]. Moreover, differences
in roughness parameters have been reported to act on the adhesion properties of cells, as
well as in the initial contact [30,31]. As described previously, saliva has the potential to
create a thin layer over the substrate in a short period of time. In some cases, where specific
nanotopographies or nanoroughness measurements are developed for biomaterials, this
layer may affect or cause small alterations in these properties.

Normally, studies applying membranes for bone regeneration focus more on the
investigation of biodegradation characteristics rather than early contact with saliva. After
only 4 weeks of artificial saliva exposure, Liao et al. [32] observed some morphological
differences or biodegradation in their specific carbonized hydroxyapatite/collagen/PLGA
composite membrane. However, the literature is very scarce about the initial details that
may cause possible changes in morphologies induced by the formation of a salivary pellicle.
The current findings demonstrated only some adherence of impurities in dental implant
surfaces after exposure for 10 min [14], thus suggesting a promising topic to be further
investigated in dental biomaterials for oral rehabilitation.

Regarding roughness properties, some considerations are very clear within the studies
done today. Substrates with high roughness parameters showed increased adhesion of
saliva proteins compared with smooth surfaces; this statement is corroborated by diverse
studies with different standards of roughness and different base materials applied [14,15,33].
Furthermore, specific saliva proteins, such as mucin glycoprotein 2 and lactoferrin, were
reported as high-affinity proteins to rougher dental implant surfaces [33,34]. Additionally,
Souza et al. [35] demonstrated changes in the proteomic profile of saliva protein adsorp-
tion to SLA (sand-blasted/acid-attacked) surfaces compared with machined surfaces. In
contrast, the authors reported that roughness is not a parameter that creates specificity
of adhered proteins because most proteins found on surfaces are similar, varying only in
the quantification [15].

4.2. Biomaterial Surface Composition

The interaction with saliva may cause some specific adherence of different atomic
elements present in saliva. Saliva in the natural state is composed of a large quantity of
additional compounds present in the mouth. In addition to saliva proteins, minerals such
as calcium and phosphate are easily found in saliva, ions from metals might be found in
persons that have metallic devices in the oral environment and a wide number of impurities
may be exhibited in the mouth due to the continuous process of feeding and digestion.

The discussion about early contact with saliva with biomaterials for oral rehabilitation
and the possible atomic alterations caused by the interaction is another topic with few
reports in the literature. Kunrath et al. [14] applied dental surfaces (machined, rougher
and nanotexturized) to human saliva exposure for 10 min and 1 h. The results showed
nonsignificant findings regarding the composition of the surfaces, only demonstrating that
few impurities and minerals had adhered to the surfaces [14]. Moreover, other authors
reported the stability of electrochemical and corrosion behavior after exposure (7 days) in
artificial saliva of different commercial implant surfaces [36]. In contrast, another study
demonstrated the influence of saliva pH on corrosion resistance using pure titanium and
alloys for dental implants [37]. Lower pH values in saliva may represent an increased
corrosion rate and kinetics [37,38].

For bone substitutes, only scarce information is available revealing a nonalteration in
the atomic stability of granules derived from pork bone sludge after exposure for 60 days in
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artificial saliva. The authors recommended further studies involving contaminated saliva
to verify the differences with a real environment [39]. On the other hand, De Aza et al. [40]
showed a material structural transformation (pseudowollastonite–α-tricalcium phosphate
bioeutectic) internally and superficially after 30 days of exposure in human parotid saliva,
creating a hydroxyapatite-like phase in the related bone substitute.

Studies reporting analyses in short periods of time were not found in the literature,
and the understanding of the possible changes in biomaterials when in early interaction
clinically with human saliva remains poorly investigated regarding the structure and
surface composition.

4.3. Biomaterial Wettability

There is a consensus in the literature that hydrophobic solid surfaces are more at-
tractive to saliva and their proteins [1,41,42]. On hydrophobic surfaces, saliva proteins
adhere and group to the surface due to the process of not spreading under the entire
substrate, thus managing to create a film. However, on hydrophilic surfaces, this process
becomes more difficult due to the spacing and spreading of proteins when in contact with
the surface with high surface energy [41,42]. Investigations have shown that hydrophilic
surfaces provide the adhesion of specific saliva proteins, such as aPRP, bPRP, cystatin S and
Statherin, but in less variety and quantity than hydrophobic surfaces [41,43]. Moreover, the
interactions between saliva/substrate do not behave similarly to bacterial biofilm growth.
The formation of the saliva pellicle is explained by the adhesion of a molecular film com-
posed predominantly of saliva proteins [44]; thus, after the protein superposition over the
entire surface, the chemical intercommunication between substrate/proteins decreases.
Additionally, the saliva film creates properties of lubrication and viscosity derived mainly
from the mucin protein, which complicate the film development at a higher thickness [44].

Schweikl et al. [45] reported the influence of wettability characteristics in applying
different base materials used in dentistry, such as titanium, PTFE, PE and PMMA, re-
garding the adsorption of human saliva proteins. The authors showed slightly higher
adsorption of saliva proteins to hydrophobic surfaces; moreover, most material surfaces
with hydrophobic characteristics after saliva interaction had decreased measurements of
surface angle contact due to the formation of the saliva pellicle [44]. Similarly, other studies
found significantly higher adhesion of saliva proteins to hydrophobic surfaces on solid
surfaces (Figure 2) [42,46].
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Figure 2. Reports about wettability characteristics and saliva protein adsorption (hydrophobic
features demonstrated an increased level of saliva protein adsorption). (a) Different biomaterials
and the corresponding contact angle after (WS) and before (PBS) saliva interaction, (b) followed
by the level of protein adsorption for each different contact angle; images reproduced and adapted
with permission from [45]. (c) Alterations in the measurements of contact angle after bioaging in
human saliva for different surface treatments; saliva interaction affected hydrophilic properties in
SLA treatment, * represent significance in the same group and # � represent significance between
different groups; image reproduced and adapted with permission from [47].

Currently, there are huge numbers of publications referring to the advantages of
hydrophilic surfaces for dental implants or for bone regeneration materials [48,49]. Hy-
drophilic surfaces provide improvement in some important behavior aspects for bone
cells and soft tissue cells [48–50]; therefore, companies are developing biomaterials with
superhydrophilic properties to achieve the best response possible when inserted in the
desired oral environment. However, reports demonstrated that the early interaction of
hydrophilic dental implant surfaces with human saliva showed the loss of this characteristic
after interaction [14,47]. Additionally, Muller et al. [46] reported similar results that the
saliva pellicle could change the hydrophobic/hydrophilic properties and vice versa.

406



Int. J. Mol. Sci. 2022, 23, 2024

5. Effects of Saliva Interaction on Biocompatibility Properties of Biomaterials

5.1. Biocompatibility
5.1.1. Dental Implants

Dental implants are usually placed with extreme accuracy associated with a free-
contaminated environment during insertion in a planned site. However, controlling salivary
production around the surgical site may be a complicated procedure. Normally, during
implant insertion, the implant surface touches the bone tissue and/or the soft tissues
that interact with saliva present in the mouth. Moreover, if the surgery is not assisted by
surgical aspiration, saliva may touch the biomaterial due to normal saliva excretion by the
major and minor salivary glands. To minimize the risk of contamination, authors reported
techniques suggesting the use of a rubber dam during the placement of dental implants
and sinus lift procedures in order to prevent saliva contamination in surgical sites [51].

The first interactions with oral tissues occur when the implant is inserted and are
associated with blood protein adherence, pro-osteogenic cell adhesion and bone cell at-
tachment; therefore, dental implant surfaces are designed to promote a beneficial response
and attachment for these specific cells [7,10]. However, there are a huge number of reports
showing the impairment of cell viability after saliva interaction with surfaces compared
to surfaces without interaction [14,21,47,52]. The authors demonstrated that saliva in-
teraction with biomaterials prior to cell culture impaired the behavior of the MC3T3-E1
osteoblast cell line [14], MG63 human osteoblasts [52] and bone marrow cells derived from
Sprague-Dawley rats [21] (Figure 3); additionally, more reports showed the same problem-
atic behavior for soft tissue cells such as human gingival fibroblasts (HGFs) [47,53]. On the
other hand, Sun et al. [54] revealed that the addition of an isolated salivary protein (histatin-
1) to a titanium surface improved the spread and some features of MC3T3-E1 osteoblast
cells after culture for some days. Moreover, Caballe-Serrano et al. [55] demonstrated, using
in vitro models, that bone tissue contaminated with saliva showed less osteoclast reabsorp-
tion and presented some differences in the immune response, which highlights the need for
further investigation regarding the effects of saliva interaction in clinical or animal models.

Similarly, a study using animal models and implants contaminated with saliva prior
to insertion showed osseointegration parameters with reduced values in comparison to
implants not exposed to saliva, for example, lower bone-interface contact (BIC) [56]. Addi-
tionally, this specific report applied highly contaminated saliva collected from a patient with
periodontitis, and the results could not determine whether saliva alone was responsible for
the decreased results in terms of osseointegration. However, the study simulates a clinical
reality that is the presence of high-contaminated saliva and the application of biomaterials
in unhealthy patients.

5.1.2. Membranes and Bone Substitutes

As described in the previous chapter, the interaction with saliva has been studied
with more emphasis in dental implants regarding the effects caused in the biological
responses after saliva contamination. In the same way, a similar interaction may occur with
biomaterials for guided bone regeneration, such as membranes, particulate bone substitutes,
grafts and scaffolds. The clinical application of these biomaterials is normally aimed at the
same sites where implants are placed, and the interaction with saliva is difficult to control.

Nevertheless, the literature is scarce regarding the early interaction with saliva in
biomaterials for guided bone regeneration. Previous studies mostly employed cell cultures
applying saliva to the substrate without any additional biomaterials, suggesting negative
results for all the different types of cells applied, such as osteoblast-like cells or fibroblasts
that interacted with the saliva [57–59].
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Figure 3. Osteoblast response after culture on saliva-contaminated surfaces for dental implants.
Methodology for exposing surfaces to saliva (a); osteoblast morphology showing reduced spreading
characteristics for contaminated surfaces (b); and significantly lower levels of important behavior
features (Feret’s diameter, WST-1 absorbance, cell area, perimeter and Vinculin expression) for
osteoblasts seeded on contaminated surfaces with saliva (c); * p < 0.05, ** p < 0.01. Images reproduced
and adapted with permission from Elsevier, reference [21].

Thus, consistent research about the early reactions of biomaterials for guided regener-
ation is still necessary to provide knowledge about the integrity and biocompatibility after
possible saliva interactions in these biomaterials. Table 2 summarizes studies involving
different cells and their reactions to contaminated substrates with saliva, suggesting in
100% of the studies that saliva impairs the behavior or proliferation of specific cells. The
opposite is only revealed when studies propose the isolation of specific proteins (histatin-1)
to adhere to the substrate and create a beneficial effect for the cells [54,60].

Table 2. Studies showing saliva interaction and biocompatibility responses in dental materials for
bone regeneration.

Reference Study Model
Cells or Animals

Employed
Findings Biomaterial Applied

Zhou et al. [47] In vitro HGFs cell seemed over the
surfaces.

Decreased adhesion and
proliferation of HGF cells
after bioaging in saliva.

Dental implant surfaces.

Shams et al. [52] In vitro MG63 human osteoblasts.

Saliva contamination
altered morphology and

proliferation of
osteoblasts.

Dental implant surfaces.

Kunrath et al. [14] In vitro Osteoblast cell line
MC3T3-E1.

Saliva interaction reduced
the viability of osteoblast

cell line.
Dental implant surfaces.
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Table 2. Cont.

Reference Study Model
Cells or Animals

Employed
Findings Biomaterial Applied

Hirota et al. [21] In vitro Bone marrow cells from
rats.

Saliva contamination
impaired osteoblastic

behavior.
Dental implant surfaces.

Zöller and Zentner [53] In vitro Human gingival
fibroblasts-like cells.

Saliva contaminated
surfaces had less fibroblast

adhesion and
proliferation.

Dental implant surfaces.

Sun et al. [54] In vitro Osteoblast cell line
MC3T3-E1.

Histatin-1 was added to
titanium surfaces

promoting spreading of
osteogenic cells.

Dental implant surfaces.

Jinno et al. [56] In vivo Sheep.

Contaminated saliva from
a human with

periodontitis was
interacted (15s) with the
implants before insertion.

Osseointegration was
prejudiced regarding BIC
measurements by saliva

contamination.

Dental implants.

Sun et al. [60] In vivo Sprague–Dawley rats.

The study proposed the
addition of histatin-1

(saliva protein) to
absorbable collagen
sponge. The results

showed high bone volume
when the functionalized
membrane was applied.

Membranes.

Proksch et al. [57] In vitro Murine MC3T3
osteoblasts.

Saliva interaction hampers
the osteoblast behavior.

Decreased level of
proliferation, alkaline

phosphatase and
differentiation were
verified in groups

with saliva.

No biomaterial applied.
Cells were exposed
directly to culture

mediums with or without
saliva.

Heaney [58] In vitro Human gingival
fibroblasts.

Saliva interaction
decreased the cell

adherence to the substrate.

No biomaterial applied.
Cells were exposed

directly to plastic wells
with or without saliva.

Pourgonabadi et al. [59] In vitro
Bone marrow cultures and

RAW 264.7 mouse
macrophages.

Saliva activated
polarization into
proinflammatory
M1 macrophages.

No biomaterial applied.
Cells were exposed
directly to culture

mediums with or without
saliva.

Mi et al. [61] In vitro and in vivo Human umbilical vein
endothelial cells.

The study proposed the
application of

saliva-derived exosomes
in created skin wound in

mouse. The results
enhanced wound healing

through promotion
of angiogenesis.

Wound healing.

5.2. The Role of Saliva and Bacterial Contamination
5.2.1. Dental Implants

Biomaterial contamination in the initial stage of healing is one of the major causes of
clinical failure and early loss of dental procedures [62,63]. The mouth is a human body
area with an expressive quantity of bacteria, and saliva becomes an intraoral conductor
for these different bacteria [64]. Associated with these characteristics, numerous unhealthy
oral conditions, such as periodontitis, gingivitis, fungi and infections in adjacent teeth,
may stimulate proliferation and the presence of more types of bacteria in contact with oral
saliva.

Following these statements, dental implants inserted in contaminated patients with
oral diseases or adjacent infections interacting with local saliva present a high risk of surface
contamination. In addition, the conduction of bacterial cells to the bone tissue or to the
intragingival tissue can occur from contamination with saliva. Surfaces developed for
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dental implants contaminated with saliva were shown to stimulate the virulence of Candida
albicans [65]; in addition, the salivary protein mucin was demonstrated to be a receptor for
adhesion of C. albicans [66].

Other studies revealed that the salivary film formed over the surface could develop
a favorable environment for bacterial nutrition and metabolism on the surface of im-
plants [1,67] or teeth [1,68] (Figure 4). Rough surfaces provided greater adhesion of cells
and proteins from saliva and likewise showed greater adhesion of the S. oralis bacteria to
surfaces made with microscale roughness [14,67,69]. Surface physicochemical properties
such as morphology, roughness and wettability can significantly alter the level of bacterial
adhesion associated with saliva, suggesting that each substrate may differently influence
the adhesion of contaminated saliva [70,71].

 

Figure 4. Scheme showing the diverse early effects of saliva contamination on different dental surface
substrates. 1—Promotion of bacterial adhesion and colonization; 2—Promotion of surface staining;
3—Changes in the wettability, promoting different chemical interactions. Image reproduced with
permission from Elsevier, reference [1].

Promising features for dental implant surfaces have been reported to control bacterial
proliferation with the application of nanotexturizations or antibiotic-loaded surfaces [72,73],
suggesting a protective coating for contaminated environments. However, preclinical and
clinical studies are rare regarding assays with saliva-contaminated implants associated
with innovative surface treatments. Jinno et al. [56] demonstrated the insertion of implants
contaminated with human saliva derived from one patient with confirmed periodontitis; the
results showed impairment in the osseointegration process for all contaminated implants
compared to noncontaminated implants. Clinical studies revealed the presence of bacterial
contamination that may promote peri-implant resorption around the implant–abutment
interface, the region exposed to saliva, suggesting the requirement of special treatment
(Chlorhexidine 0.20%) to improve the tissues response [74,75]. Therefore, the critical issue
about the use of biomaterials close to contaminated saliva in oral sites should be confirmed
with long-term clinical studies.

5.2.2. Membranes and Bone Substitutes

Equivalent results were shown for biomaterials manufactured for oral regeneration,
such as modified membranes or hydroxyapatite substitutes [76–79]. The salivary film de-
posited over the biomaterial surface can mediate the adhesion of important bacteria present
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in oral infections [68,78]. Moreover, organic biomaterials may promote a favorable environ-
ment for bacterial metabolism due to the degradation of specific molecules compared to
inorganic biomaterials or synthetic biomaterials [76]. On the other hand, Lee et al. [79] re-
vealed, using in vitro models, that their PMMA membranes possess antibacterial properties
even after contamination with saliva. Studies applying saliva-contaminated biomaterials
are scarce in the literature due to the associated negative effects, mainly in animal models
and clinical models where the tissues can be damaged with these bacteria. Thus, it remains
unclear how early saliva contact may impair healing around these biomaterials. Table 3
summarizes the main studies using biomaterials for bone regeneration with saliva and
bacterial interactions.

Table 3. Studies showing saliva interaction with bacteria on different materials.

Reference Study Model Bacterial Information Results Biomaterial Applied

Gröbner-Schereiber et al. [80] In vitro Streptococcus mutans;
Streptococcus sanguis

Saliva had no significant
influence on the adherence of

the specific strains.
Dental implant surfaces.

Mabboux et al. [70] In vitro S. sanguinis; S. Constellatus

Results showed that the
physical–chemical properties

of bacterial cells were
influential on the bacterial
adherence to surfaces with

saliva contact.

Dental implant surfaces.

Hauser-Gerspach et al. [71] In vitro S. sanguinis
The bacterial vitality depends

on the physical–chemical
properties of the substrate.

Dental implant surface

Bürgers et al. [66] In vitro Candida albicans

Mucin protein serves as a
receptor for C. albicans

adherence and albumin may
act as a blocker for this

specific adhesion.

Dental implant surfaces.

Zhou et al. [47] In vitro S. sanguinis
Bacterial adhesion was
promoted by bioaging

in saliva.
Dental implant surface.

Dorkhan et al. [67] In vitro S. oralis Saliva pellicle enhanced the
bacterial metabolic activity. Dental implant surfaces.

Dorkhan et al. [69] In vitro S. oralis
Saliva pellicle associated with

rougher surfaces promoted
high bacterial adherence.

Dental implant surfaces.

Cavalcanti et al. [65] In vitro C. albicans Saliva contamination induced
high virulence for C. albicans. Dental implant surfaces.

Lima et al. [81] In vitro S. mutans;
Actinomyces naeslundii

Saliva exposure did not create
significant attachment of

bacteria compared to
noncontaminated surfaces

with saliva.

Dental implant surfaces.

Li et al. [76] In vitro Natural saliva (wide number
of microorganisms)

The substrate is significant to
the proliferation of

microorganisms. Biotic
substrates promote rich

environment for
bacterial growth.

Different materials for oral
regeneration (natural tissues,

titanium and
hydroxyapatite).

Mukai et al. [77] Clinical Human saliva (Wide number
of microorganisms)

The study showed
nonsignificance between the

specificity of bacteria attached
to each material. However, all

materials demonstrated
bacterial adhesion after

contamination with saliva.

Different biomaterials for oral
regeneration.

Carlen et al. [78] In vitro P. gingivalis; F. nucleation; A.
naeslundii; A. viscosuos

The study suggested that the
salivary pellicle could

mediate the adhesion of
bacteria present in gingivitis

and periodontitis.

Hydroxyapatite beads.

Lee et al. [79] In vitro E. coli and S. mutans

Saliva pellicle did not
promote bacterial

proliferation. The material
showed antibacterial
properties even when

saliva-coated.

Materials for oral
rehabilitation (PMMA).

Turri et al. [82] Clinical study
Biofilm oral flora;

Investigation focused on
Staphylococcus spp.

The membrane exposure to
the oral cavity promoted a
higher presence of bacteria
compared to teeth surfaces

exposed under the
same conditions.

Membranes for guided oral
regeneration (e-PTFE and

d-PTFE).
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6. Limitations of Studies Applying Saliva-Contaminated Biomaterials

In vitro or in vivo studies involving saliva may have some limitations when compared
with clinical investigations. The first issue about laboratory studies with saliva is related to
the use of human saliva or artificial saliva. The comparison between human and artificial
saliva cannot be translated with complete accuracy; although the solution composition is
almost the same, the presence of contaminants, impurities or cells cannot be created with
precision in artificial saliva, as well as some exclusive properties of human saliva [44,83].

A second and determinant problem reported when applying human saliva in labora-
tory studies appears to be the methodology chosen to collect saliva from humans. Studies
have applied different techniques to collect human saliva, such as collecting directly from
the human mouth without storage or treatment, using techniques for saliva stimulation,
filtering the saliva before application in the samples and application of different method-
ologies for storage and later investigation [14,15,35,56,84]. These different techniques need
to be carefully understood to be able to compare the results with the different studies
performed. Moreover, the clinical translation of some results applying different techniques
for saliva collection requires attention by the readers due to the possibility of masking im-
portant saliva characteristics when compared to clinical human saliva, which may prevent
some clinical conclusions.

From our point of view, the appropriate methodology to be applied in studies using
saliva is focused on the search for maximum similarities to clinical human saliva, includ-
ing all contaminants and impurities, and, if possible, should be associated with a direct
application in the experiment without storage. On the other hand, several studies have
demonstrated the stability of saliva composition and components using processes to store
saliva at cold temperatures [14,84], and this alternative should be considered to develop
and facilitate laboratory studies with scientific relevance.

7. Clinical Significance

The interaction between saliva and biomaterials is extremely difficult to control in
the clinical setting. Normally, surgical procedures require “four hands” handling or more
“hands” to create totally free-saliva environments applying good aspiration and perfect
management. Restorative treatments are commonly employed with absolute isolation to
prevent saliva contamination. In addition, the use of latex gloves by clinicians is often a
factor for saliva stimulation in some patients.

Saliva is present on all tissues exposed to the oral environment, including blood when
free in the mouth, soft tissues when accessed for gingival treatments and bone tissues when
exposed for surgeries (Figure 5) [85]. Therefore, a minimal interaction with saliva is almost
inherent. The formation of salivary pellicles over biomaterial substrates is quick and may
change some specific properties, as mentioned in this review. Additionally, with intense
biomaterial exposure to saliva, the positive biological response can be affected, reducing
important cellular reactions [53,61]. In addition, saliva contamination can promote an
environment for high bacterial metabolism and possible proliferation [68,78].

Thus, after removing the limitations of laboratory studies, clinical studies showed that
saliva interaction must be controlled with the maximum of effort to prevent alterations
in all types of biomaterials previously inserted in the oral environment. The early saliva
interaction is not a clear factor that results in unsuccessful treatments; however, it is reported
as a significant element that may impair positive properties developed for rapid healing in
biomaterials applied in oral regeneration [14,21].

Additionally, this review has some limitations due to the compilation of results from
different authors providing a wide visualization of all possible alterations caused by early
saliva interaction investigated until the current moment, in addition, due to the narrative
methodology. Therefore, studies applying preclinical and clinical investigations should be
prioritized for clinical conclusions.
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Figure 5. Scheme demonstrating the risks for biomaterial contamination with saliva in the oral
environment when submitted to surgical procedures. Oral tissues are usually in constant contact
with saliva, and the placement of biomaterials may generate early interactions. Created with BioRen-
der.com.

8. Conclusions

Within the limitations of this critical review, different issues about the interaction
between saliva and biomaterials for oral rehabilitation were clearly identified and eluci-
dated. A constant tissue interaction and minimal biomaterial contact with saliva are almost
inherent in surgical procedures involving dental implants, bone substitutes and membranes
for guided regeneration. Therefore, some conclusions can be made after critical analysis of
the investigations explored in this study:

1. Salivary pellicle formation over biomaterials is an extremely quick and natural process
that occurs within the first minute of interaction with saliva. The pellicle thickness
depends on the exposure time to saliva and on the physical–chemical properties of
the substrate.

2. Accordingly to the physical–chemical studies explored, hydrophilic and hydrophobic
characteristics are clearly altered by the interaction with saliva, causing substantial
changes in biomaterials with surfaces designed for rapid healing. Moreover, rougher
biomaterial surfaces showed high salivary protein adsorption.

3. Accordingly to the basic biological studies analyzed, biomaterial biocompatibility
with different types of cells is significantly impaired after saliva interaction compared
to biomaterials noncontaminated with saliva. In addition, salivary pellicle formation
promoted specific conditions for bacterial adhesion and proliferation.

4. Clinically, there are no studies demonstrating that early saliva interaction is a factor
for direct biomaterial rejections or infections. However, the saliva interaction can alter
early biological responses at the surgical site that should be prevented. Efforts to
control saliva invasion in surgical sites involving biomaterials for oral regeneration
must be maximized to maintain all the basic physical–chemical–biological properties
of the biomaterials.
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