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1. Introduction 
Due to the major advances in oral implantology, which have been achieved over the last 

few decades, placing dental implants has become one of the preferred restorative options for 
replacing missing teeth. Despite the high success rate, with an ever increasing number of 
dental implants being in situ for increasing number of years in an aging patient population 
with respective comorbidities, there also has been an increase of peri-implant disease and 
peri-implantitis, which challenges the long-term success of dental implants (Berglundh et al. 
2018). Successful osseointegration is an important criterion for the success of dental implants, 
which entails that the endosseous implant surface has a direct and well-organized functional 
and structural contact with the bone tissue, which is histologically demonstrated by the direct 
contact of the implant with the bone tissue without fibrous connective tissue attachment 
(Listgarten et al. 1991). Aggregation and adhesion of osteoblasts on the implant surface is 
essential for the formation of osseointegration (Anselme 2000). As early as the 1980s, 
Albrektsson suggested that surface has an important influence on osteogenesis (Albrektsson 
et al. 1981). In addition, dental implants interface both with bone and the mucosal soft tissue. 
Hence, the clinical success of dental implants is not only strongly dependent on its 
osseointegration, but also on the stable anchorage of the epithelial and submucosal 
connective-tissue to the implant surface. Anti-inflammatory and antibacterial properties of 
the implant surface can support long-term stability of this soft tissue anchorage by preventing 
peri-implantitis.  

Titanium and its alloys, especially Ti-6AL-4V, are widely used for dental and orthopedic 
implants such as fracture fixation devices due to their high biocompatibility and corrosion 
resistance, and mechanical strength (Qizhi Chen, George A. Thouas 2015). Microstructured 
titanium implant surfaces with a dual superimposed microroughness facilitate an accelerated 
osseointegration process compared to smooth and rough plasma-sprayed surfaces. Ionic 
dissolution products of titanium and titanium alloy can give rise to problems in sensitive 
individuals (Apaza-Bedoya et al. 2017; Gilbert et al. 2012; Kasai et al. 2003; Verstraeten et al. 
2008; Costa et al. 2019). In addition, AL and V ions are known to affect the normal bone healing 



2  

process by influencing the expression of osteogenesis-related genes in osteoblasts (Thompson 
and Puleo 1996; Sun et al. 1997; Hallab et al. 2002). Moreover, the grayish color of titanium 
can lead to discoloration of the soft tissues around the implant, which especially affects the 
oral aesthetics of some patients with a high upper lip line or gingival recession. 

Zirconia implants have become the preferred choice for patients with high aesthetic 
demands and allergies to titanium and its alloys. Zirconia is increasingly used due to its physical, 
mechanical (i.e., superior strength, resistance to abrasion and corrosion, and excellent fracture 
toughness) and chemical properties (Hisbergues et al. 2009), along with superior 
biocompatibility and aesthetic properties (Sivaraman et al. 2018). In particular, personalized 
abutments made from zirconia have demonstrated satisfactory restorative results in implant 
restorations in the anterior aesthetic zone. On the other hand, zirconia implants have lower 
osteogenic properties compared to state of the art titanium dental implant surfaces with a 
dual superimposed microrough surface topography (Gahlert et al. 2012; Gahlert et al. 2009; 
Kubasiewicz-Ross et al. 2018; Kohal et al. 2004). From a biological perspective, zirconia 
surfaces exhibit favorable soft-tissue integration with hardly any inflammatory infiltrate 
(Cionca et al. 2017), and the bacterial adhesion rate on the zirconia implants surface also was 
significantly lower than that on titanium implants (Roehling et al. 2017), which are important 
properties for reducing the occurrence of peri-implantitis. Nevertheless, zirconia is biologically 
inert and thus does not possess the bioactive properties of calcium phosphate ceramics or 
glasses, making it difficult to obtain an enhancement effect with respect osteogenesis and 
osseointeggration. 

Our previous studies as well as the studies of others have shown that subtle differences 
in surface microstructural features had a significant impact on osteogenic phenotype 
expression in vitro, which could potentially influence the in vivo performance of the implant 
in patients (Knabe C., Naumann I., Houshmand A. Lopez-HerediaI M. A., Stiller M., Niem 
T.,Wöstmann B., Hübner A., Müller-Mai C. et al. 2015). In this context, extensive research effort 
have been devoted in the field of oral implantology to exploring effective surface modification 
treatment methods for titanium and titanium alloys and zirconia. Numerous novel strategies 
for material fabrication and surface modification have been developed in order to improve the 
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osseointegration, soft tissue attachment and antibacterial properties of dental implants while 
minimizing immunological responses in peri-implant tissues (He 2024; Kaliaraj et al. 2021; 
Kang et al. 2021; Zhang et al. 2018; Scarano et al. 2024). Zirconia and titanium and its alloy 
exhibit substantial differences in material properties, necessitating distinct surface 
modification technologies. However, current surface modification methods for titanium or 
titanium alloys, and zirconium oxide primarily fall into two categories: the first involves 
employing physical or chemical methods to alter the morphology and roughness of the 
implant surface (subtractive surface modification methods), which is conducive to 
osseointegration, while the second entails the application of bioactive coatings to augment 
the biological properties of the material surface (additive surface modification methods). 
1.1. Surface modification technology 
1.1.1. Subtractive surface modification methods 

The treatment of sandblasting can effectively increase the roughness of the surface of 
zirconia materials and improve wettability, thus promoting osteoblast adhesion (Al Qahtani et 
al. 2017). Linez-Bataillon et. al (Linez-Bataillon et al. 2002) changed the surface roughness of 
titanium alloy Ti-6Al-4V by adjusting the parameters of the sandblasting treatment and found 
that the reduction of the roughness decreased the adhesion of mouse osteoblasts MC3T3-E1 
on the Ti-6Al-4V surface and expression of related proteins. The main advantage of 
sandblasting is that uniform roughness can be obtained on hard materials such as ceramics, 
glass, and silicon at a low cost, but the particles used for sand- or gritblasting can remain on 
the surface, which may slightly alter the surface chemistry and cause contamination, as well 
as lead to microcracks on the implant surface. Acid-etching can effectively roughen the surface 
without damaging the material and can eliminate the residues from sandblasting on zirconia 
surfaces, thus sandblasting is generally performed in combination with acid-etching treatment 
(SLA). Yttria-stabilized zirconia (YZ) surface, treated with SLA, exhibit a favorable effect on 
human primary osteoblasts, resulting in diminished cell spreading while significantly 
enhancing cell maturation, facilitating mechanical interlocking between the cells and the 
porous microstructured interface (Bergemann et al. 2015).  
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However, the treatment may leave residues of strong acid on the implant surfaces (Buser 
et al. 2004), which is a safety hazard, and too long a period of hydrofluoric (HF) acid-etching 
reduces the zirconia implant's flexural strength (Quentin Flamant 2016). 

Contamination of zirconia and titanium with hydrocarbons in the air leads to biological 
aging, and UV irradiation is effective against such contamination (Xie Liu R, Wu Xiu T, Li Wen L, 
Liao Hong B 2017) and can greatly enhance the wettability of the surface of zirconia materials, 
yielding elevated hydrophilic properties (Noro et al. 2013; Att et al. 2009), as well as improve 
the zirconia surface properties with respect to cell attachment and spreading of osteoblastic 
cells derived from primary human alveolar bone (PhABO) (Att et al. 2009; Tuna et al. 2015). 
This is in addition to eliciting improved fibroblast adhesion to titanium, zirconium oxide, and 
modified polyether ether ketone (PEEK, BioHPP) surfaces (Guo et al. 2019), enhanced 
osteoconductivity without affecting zirconium oxide's mechanical properties, while 
accelerating the process of osseointegration leading to an increased the amount of bone 
around the implant (Brezavšček et al. 2016). After this pretreatment, zirconia implants may 
osseointegrate faster in vivo with improved bone-implant contact (Tuna et al. 2015). 

Laser treatment can increase the surface roughness of the implant without generating 
material surface contamination. The main lasers in common use today are neodymium-doped 
yttrium aluminum garnet (Nd:YAG) lasers and femtosecond lasers. Compared with 
conventional sandblasted/acid-etched zirconia, Nd:YAG laser-treated zirconia surfaces showed 
better wettability and anti-aging properties and better initial stability (Moura et al. 2017), and 
Nd:YAG laser treatment had a higher bone-implant contact rate than sandblasted HF-treated 
yttria-stabilized tetragonal zirconia polycrystalline ceramic (Y-TZP) (Hirota et al. 2019), and 
there was no significant effect on ceria-stabilized tetragonal zirconia polycrystals (Ce-TZP) 
bone response (Hirota et al. 2019). However, the Nd:YAG laser may lead to the generation of 
microcracks on the surface of 3Y-TZP zirconia, resulting in a decrease in the mechanical 
strength and surface integrity of the zirconia material (Roitero et al. 2018). Femtosecond lasers 
can rapidly form micrometer and nanometer regular microgrooves on the surface of zirconia 
implants without inducing a phase transition in zirconia (Zhou et al. 2018), and these 
microgrooves establish an advantageous microenvironment for the distribution of stresses on 
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the surface of zirconia, increase the quantity of transverse collagen fibers, and facilitate the 
infiltration of blood vessels and osteocytes, which is promoting the peri-implant bone 
reconstruction (Delgado-Ruiz et al. 2015). 

Plasma spraying is appropriate for surface modification of materials with intricate 
geometries and substantial mass, capable of introducing oxygen-containing functional groups 
without altering the surface morphology of zirconia, modifying the surface C/O ratio (Zheng 
et al. 2019), improving wettability, and facilitating cell proliferation and adhesion (Smeets et 
al. 2019; Canullo et al. 2017). 

After silver ions were injected on titanium surfaces using ion implantation techniques, 
Cao et al. (Cao et al. 2011) showed that the growth of Staphylococcus aureus (S.Aureus) and 
Escherichia coli (E.coli) was inhibited and the proliferation of the osteoblast-like cell line, MG63, 
was enhanced. 

Das et al. (Das et al. 2008) synthesized titanium dioxide nanotubes by electrochemical 
oxidation (EC) and subsequently subjected them with silver deposition, these nanotubes 
promoted osteoblast adhesion and proliferation and served as carriers of silver nanoparticles 
to inhibit bacterial growth. However, zirconium oxide is an insulative substance, rendering this 
method ineffectual for its application. Nonetheless, this problem is solved by the 
electrochemical deoxygenation (ECD) technique. Interestingly, this technique effectively 
formed micropores on the surface of ceria-stabilized zirconia / alumina nanocomposite 
(NANOZR) but did not have any significant advantage for cell adhesion and proliferation on the 
surface of 3Y-TZP (Liu et al. 2017). The upgraded version of EC, microarc oxidation (MAO) 
technology, promotes cell adhesion on the implant surface (Ribeiro et al. 2015), which also 
showed good antibacterial ability against E.coli and S.Aureus with the incorporation of zinc, 
calcium, and phosphorus (Du et al. 2018). 
1.1.2. Additive surface modification methods 

Hydroxyapatite (HA) and various calcium phosphates (CP) have similarities to the mineral 
composition of bone, and applying their coatings to zirconia surfaces can enhance the 
osseointegration properties of zirconia surfaces (Aboushelib and Shawky 2017; Faria et al. 
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2019), and the effect of the CP coating is slightly better than that of the HA coating (Kozelskaya 
et al. 2018). Moreover, the adhesive strength of the coatings to the implants is further 
improved by the doping filler materials such as tricalcium phosphate (TCP) and zirconia in the 
coatings (Pardun et al. 2015b; Pardun et al. 2015a). 

Polydopamine-coated (PDA) is the first chemical modification that has been found to be 
usable on the surface of almost any inorganic or organic material, with a simple preparation 
process, excellent biocompatibility, and strong adhesion (Lee et al. 2007; Cheng et al. 2019), 
which can improve the hydrophilicity of zirconia implant surfaces as well as the ability to 
mineralize apatite (Zain et al. 2015; Liu et al. 2013; Zain et al. 2014), and it can also improve 
gingival fibroblasts' adhesion, and accelerate the osseointegration process of zirconia implants, 
as well as having some antimicrobial properties, which are beneficial for peri-implant soft 
tissue healing (Liu et al. 2015). 

Bioactive glass (BS), which is capable of stimulating bone cell function and bone tissue 
formation, forms as a result a stable chemical bond with bone tissue (Hench 2006). Heat 
treatment with the BS Biosilicate® led to the formation of a homogeneous coating on the 
surface of zirconia consisting of Si, Na, O and Ca, which resulted in a substantial augmentation 
of the roughness and free energy of the zirconia surface and promoted the diffusion, 
proliferation and collagen expression of gingival fibroblasts (Barros et al. 2019). Bioactive 
ceramic coatings prepared on titanium alloy surfaces enhanced cell adhesion (Scislowska-
Czarnecka et al. 2012). 

Graphene oxide (GO) coatings have been shown to promote the attachment of bone 
mesenchymal stem cells (BMSC) and to also display better bacteriostatic properties against 
Porphyromonas gingivalis (P.gingivalis) (Xueyang Deng 2018). Following the immersion of 
plasma-activated silicon in GO dispersion and subsequent application of the GO coating, the 
coating exhibited significant antibacterial efficacy against E.coli and S.Aureus, particularly 
against E.coli (Liu et al. 2018). A further study demonstrated that GO-coated surfaces, 
generated via two distinct processes, effectively inhibited biofilm development for both 
S.Aureus and E.coli (Yadav et al. 2017). 
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The new molecular sieve (also known as zeolite) coating can improve the biocompatibility 
and corrosion resistance of Ti-6AL-4V (Bedi et al. 2012), and also effectively prevent harmful 
AL and V ion from entering the surrounding tissues (Bedi et al. 2009a). Meanwhile its 
composite coating with HA can enhance osteointegration (Bedi et al. 2009b). Li (Li et al. 2015) 
et al. prepared zeolite molecular sieve coatings on the surface of Ti-6AL-4V and and 
demonstrated for the first time through in vivo experiments that the coatings had the effect 
of promoting osteogenesis and improving osteointegration. 
1.1.3. Combination of subtractive and additive modification methods 

Subtractive surface modification techniques mainly concentrate on enhancing the 
surface roughness of the implant to promote the adhesion, proliferation, and differentiation 
of osteoblasts on its surface, however, these techniques may compromise the mechanical 
properties of the implant, subsequently impacting its long-term stability. The additive 
technique can amalgamate the advantageous characteristics of many materials without 
reduction of the mechanical properties of the implant, however, it poses the risk of 
delamination between the coating and the implant, potentially resulting in osseointegration 
failure. Consequently, some researchers conclude that optimizing surface property 
requirements alone through surface modification techniques is challenging, and that a 
combination of subtractive and additive modification technologies may have to be employed. 

Shih-Kuang Hsu et al. chemically modified 3Y-TZP with aqueous solutions of acetic acid, 
phosphoric acid, and sodium hydroxide before immobilizing the Arginylglycylaspartic acid 
(RGD) peptide on the ceramic surface by silylation (Hsu et al. 2015). Ayako Oyane et al. used a 
combined approach of femtosecond laser and coating technique, in which zirconium oxide 
materials were laser roughened and then immersed in a supersaturated calcium phosphate 
solution, which resulted in the formation of a complete and strongly bonded apatite coating 
(Oyane et al. 2016). Similarly, J. Mesquita-Guimares et al. found that zirconia surfaces treated 
with femtosecond laser and then immersed in hydroxyapatite and 45S5 bioactive glass, 
respectively, showed a 90% enhancement of MC3T3-E1 cell viability compared to flat surfaces 
(Mesquita-Guimarães et al. 2020). Yang et al. combined calcium coatings and SLA (XPEED ® ) 
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applied to titanium surfaces and found that early osteoblast formation was enhanced and 
apatite formation was accelerated in this environment, and their surfaces exhibited more 
uniform and dense mineralized bone deposition, as well as preferable osseointegration and 
mechanical stability of implants (Yang and Hong 2024). 

In general, the research on surface modification of implant materials remains in the 
exploratory stage, necessitating further experimentation to establish the specific parameters 
for non-coating methods, and there is a lack of horizontal comparison among various coating 
methods, which makes it challenging to identify the most effective option. 
1.2. Carbon Nanomaterials 

Carbon nanomaterials possess excellent mechanical properties and biocompatibility, 
they are suitable for biodegradation, non-toxic to cells (Carvalho et al. 2018), and exhibit 
intrinsic antimicrobial activity, independent of any external antibiotics (Umeyama and Imahori 
2013). Consequently, they have found extensive application in bone tissue engineering, 
serving as both matrix materials and additional reinforcement in polymer nanocomposites (Yu 
et al. 2015). Carbon nanomaterial coatings on titanium based implants showed enhanced 
osteoconductive activity and were able to induce osseointegration in vivo (Li and Wang 2020; 
Park et al. 2014; Kang et al. 2021). In addition, its osteoconductive properties and excellent 
stimulation of osteoblast gene expression and proliferation make it an optimal material for 
bone implants (Govindarajan et al. 2024; Eivazzadeh-Keihan et al. 2019). Moreover, carbon 
nanomaterials have demonstrated their efficacy as substrates for the adhesion, proliferation, 
and differentiation of human osteoblasts and BMSCs (Bacakova et al. 2014). The reason for 
this is that these materials imitate the nanostructure of the natural extracellular matrix (ECM) 
and facilitate the adsorption of cell adhesion-mediating molecules with favorable geometrical 
configurations (Bacakova et al. 2014). Among these molecules, the carbon nanomaterials 
preferentially adsorb vitronectin, which is primarily recognized by osteoblasts (Webster et al. 
2000; Webster et al. 2001), resulting in the priority adhesion and proliferation of osteoblasts 
compared to other "competing" cell types, such as fibroblasts, and thus restricting the 
development of fibrous tissue surrounding the bone implant and its subsequent loosening 
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(Grausova et al. 2009). It has also been revealed that carbon nanostructures possess inherent 
anti-inflammatory capabilities. They can reduce pro-inflammatory cytokines (e.g., IL-1β, IL-6, 
and IL-12) produced by activated dendritic cells or macrophages, accompanied by an increase 
in dendritic cell tolerance. Also carbon nanomaterials can induce T cells to mature into anti-
inflammatory Th2 cells. Some studies propose that carbon nanomaterials may exert a potent 
influence on the immune response and metabolic activity of activated macrophages, leading 
to the modulation of genes and the suppression of pro-inflammatory cytokine expression, 
thereby contributing to their anti-inflammatory action (Soltani et al. 2020). The main 
antimicrobial mechanisms of carbon nanomaterial (CNM) are thought to be physical 
membrane damage, reactive oxygen species (ROS) production and disruption of metabolic 
pathways (Alavi et al. 2024). In general, the antimicrobial efficacy of CNT is impacted by its 
composition, diameter, length, surface modification and the properties of the functional 
groups on the surface, as well as by the target bacteria (Alavi et al. 2024; Azizi-Lalabadi et al. 
2020). 
1.3. Fullerene 
1.3.1. Discovery and Structure of Fullerene 

In 1984, Rohlfing, Cox, and Kldor of the Exxon Laboratory in New Jersey, USA, using a laser 
vaporization cluster beam generator designed by American scientist Richard Errett Smalley of 
Rice University, vaporized evaporated graphite with laser vaporization, and a series of peaks 
for Cn (n=3, 4, 5, 6) and C2n (n>=10) were detected by time-of-flight mass spectrometry, while 
the more closely spaced C₆₀ and C7₀ peaks were the strongest (Rohlfing et al. 1984). In fact, 
this appears to be the first evidence of a spectrum for the presence of fullerenes. But 
unfortunately, the peak did not attract their attention and they did not conduct further 
research to explore the significance of this strong peak. And they also did not think that it was 
produced by clusters such as C₆₀ (Rohlfing et al. 1984). Then in 1985, Richard Errett Smalley 
and the British chemist Dr. Harold Kroto et al. accidentally synthesized for the first time the 
molecule C₆₀, a structured molecule of clusters of carbon atoms consisting of 60 carbons, in 
their experiments of vaporizing evaporated graphite by laser vaporization in a stream of 
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helium gas (Kroto et al. 1985). For this, Kroto and Smalley were awarded the 1996 Nobel Prize 
in Chemistry.  Interestingly, the origin of the name C60 is that they were inspired by the 
spherical domed thin-shell building of the World's Fair in Montreal, Canada, designed by the 
famous American architect Richard Buckminster Fuller, and thought that the C₆₀ might have a 
sphere-like structure, and thus named it buckminster, or fullerene for short. They also 
proposed that fullerenes might exist in interstellar space (SU et al. 2022). Since there was no 
sufficient amount of fullerene for experiments, research on it was focused on theories (Jin et 
al. 1992). It was not until 1990, when Donald Huffman and Wolfgang Krätschmer, among 
others, first reported a method for synthesizing C₆₀ in large quantities (Krätschmer et al. 1990a; 
Krätschmer et al. 1990b), that a great deal of research on C₆₀ was carried out, and in 1991, 
Joel Hawkins of UCLA obtained the first crystal structure of a fullerene derivative, marking the 
accurate determination of the fullerene structure (The buckyball lives 1991). Fullerene, one of 
the carbon nanomaterials discovered by Kroto's team in 1985, is a carbon allotrope with a 
closed cage-like structure of sp2 hybridized carbon atoms in spherical, ellipsoidal, columnar or 
tubular shapes (Eivazzadeh-Keihan et al. 2019). Its diameter is only 0.71 nm, and structurally 
it contains five- and six-membered rings, and occasionally seven-membered rings. It is the 
molecular structure with the strongest symmetry found so far (Kroto et al. 1985).  

Mathematically, fullerenes are all structured as convex polyhedra composed of 
pentagonal and hexagonal faces. C₆₀ is the most accessible, pure, and economical member of 
the fullerene family, making it and its derivatives the most extensively researched and utilized 
fullerenes. It is a carbon allotrope. Mass spectrometry and X-ray analysis have shown that it is 
a closed cage structure composed of sp2 hybridized carbon atoms (Eivazzadeh-Keihan et al. 
2019) with a diameter of only 0.71 nm. Its molecular structure is a spherical 32-hedron, which 
is a hollow symmetrical molecule with 30 carbon-carbon bonds and is composed of 60 carbon 
atoms connected by 20 six-membered rings and 12 five-membered rings (Figure 1). Therefore, 
fullerene is also called buckyballs. It is the most symmetrical molecular structure discovered 
so far (Kroto et al. 1985). Fullerene materials possess appealing physiochemical properties, 
applicable in medicinal chemistry (Sivaraman et al. 2001), for disrupting biological membranes 
and demonstrating antibacterial activity (Bosi et al. 2000). The utilization of fullerene materials 
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in biological applications presents novel opportunities in bone tissue engineering (Eivazzadeh-
Keihan et al. 2019). Furthermore, there is a lot of evidence suggesting a promising future for 
fullerenes for improving medical and dental clinical applications (Butler et al. 2023). 

 
Figure 1. Fullerene C60 molecular structure comprising six-membered and five-membered rings. 
1.3.2. Osteogenic Properties of Fullerene 

It is worth noting that fullerene can be used as a novel building block for constructing 
biomimetic artificial nanostructured surfaces because its nanostructure resembles closely the 
natural ECM, which serves as an excellent substrate for promoting osteoblast adhesion, 
expansion and maturation, as well as for generating bone tissue (Grausova et al. 2009; Woo et 
al. 2003; Tan and Saltzman 2004; Wei and Ma 2004). Fullerene derivatives have been 
documented to promote osteogenic differentiation of human adipose stem cells and inhibit 
adipogenesis in cloned mouse bone marrow cell lines (Liu et al. 2012; Yang et al. 2014a). Under 
exogenous oxidative stimulation in culture, fullerene derivatives antagonize unfavorable 
factors, promote proliferation and osteogenic differentiation of mouse bone marrow 
mesenchymal stem cells, and inhibit apoptosis induced by oxidative stress. Lubica et al. found 
that by depositing a layer of fullerene C₆₀ molecules on carbon fiber reinforced carbon 
composites, the colonization by human osteoblasts-like cells cultured on these materials can 
be increased (Grausova et al. 2009). Bacakova et al. fabricated carbon nanofibers with 
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fullerene coatings, resulting in improved adherence of osteoblastic MG 63 cells and a 4.5-fold 
increase in cell proliferation over a 7-day period (Bacakova et al. 2007). Kopova et al. 
demonstrated that fullerenes can increase osteoblast activity without causing DNA damage or 
changes in osteoblast morphology (Kopova et al. 2013). Piotr Piotrowski's data demonstrated 
that low concentrations of fullerene derivatives can stimulate the growth and proliferation of 
osteoblasts without having any toxic effect, and that water-soluble fullerene derivatives 
(C60NPEG 5000) have a positive effect on human osteoblast responses in vitro (Piotrowski et 
al. 2021). Whereas, there are additional data indicating that the hydrophobic soluble fullerene 
C₆₀ layer has advantageous effects on the adhesion, proliferation, and differentiation of 
osteoblast-like MG-63 cells (Vandrovcova et al. 2008; Kopova et al. 2015; Grausova et al. 2008). 
Apart from these observations, interestingly, prearranging or patterning the fullerene films 
also stimulated the growth and adhesion of osteoblasts (Dorner-Reisel et al. 2023; Krishnan et 
al. 2015; Bacakova and et al 2008). For example, Krishnan et al. deposited aligned fullerene 
C₆₀ nano-whiskers onto a flat glass substrate using the vortex rotation technique and used it 
as a cell culture scaffold with the result that human osteoblasts adhered to the C₆₀ nano-
whiskers very extensively. More surprisingly, it was discovered that osteoblasts exhibited 
growth parallel to the axis of the C₆₀ nano-whiskers, indicating their potential influence on cell 
alignment (Krishnan et al. 2015). In addition, regarding the early deposition of fullerene C₆₀ 
and C₆₀/Ti composites in the form of continuous and micropatterned films on carbon-based 
or glass substrates , Ivana Kopova et al. (Bacakova et al. 2007; Grausova et al. 2008; Grausova 
et al. 2009; Vandrovcova et al. 2008; Vacik et al. 2010) have shown that these special treated 
films effectively facilitated the attachment, proliferation, viability and maturation of human 
osteoblast-like MG - 63 cells. Furthermore, either aged or fresh fullerene films favor the 
adhesion and growth of MG-63 cells (Bacakova et al. 2014), and as it ages, its physicochemical 
properties improve, making it more suitable for cell culture (Kopova et al. 2013). Liu. et al. 
attributed the ability of fullerene derivatives to modulate adipogenesis and osteogenesis in 
their study to its antioxidant properties (Liu et al. 2012). Previous studies have shown that ROS 
increase the production of oxidative stress in cells (Tomczak et al. 2004), leading to cycle arrest 
and apoptosis of MSC cells, osteoblasts, etc. (Kostyuk et al. 2021; Pinna et al. 2021; Liu et al. 
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2021; Tao et al. 2020) to the point of inhibiting osteoblast differentiation (Kostyuk et al. 2021; 
Atashi et al. 2015; Kim et al. 2019; Lee et al. 2021). In addition, fullerene is an effective free 
radical scavenger (even been called a "free radical sponge") (Grebowski et al. 2013; Chaudhuri 
et al. 2009; Sachkova et al. 2017; Injac et al. 2013), which can reduce ROS levels in cells 
(Mousavi et al. 2017; Fernandes et al. 2022). Specifically, Yang et al. generated microfluidic 
microspheres by incorporating fullerene derivatives into the Gelatin methacryloyl solution, 
demonstrating the ability of fullerene derivatives to shield BMSCs from oxidative stress (Yang 
et al. 2021). Studies on the process of osteogenic differentiation showed that after fullerene 
treatment, alkaline phosphatase (ALP) and osteocalcin (OC) levels and cell mineralization were 
enhanced, and that the expression of forkhead box O1 (FoxO1), which is related to Runt-
related transcription factor 2 (Runx2) and prevents the emergence of ROS in bone tissues, was 
also improved. Consequently, fullerene can enhance the osteogenic differentiation of stem 
cells through the up-regulation of these key osteogenic markers (Yang et al. 2014a; Liu et al. 
2012; Yang et al. 2021). Furthermore, a positive effect on bone healing in terms of the amount 
of new bone generated in cranial defects in rats was demonstrated by Yang et al. (Yang et al. 
2021). Therefore, incorporation of fullerenes may a promising and effective way for increasing 
the osteogenic capacity of implants (Duru et al. 2023). Moreover, fullerene may also hold  
great promise for bone tissue engineering, i.e. as a potential coating biomaterial for bone 
implant materials and scaffolds (Kopova et al. 2013). 
1.3.3. Anti-inflammatory Properties of Fullerene 

Fullerenes are known to be anti-inflammatory substances (Lynch and Lavelle 2022; Yin et 
al. 2020; Ryan et al. 2007) with inhibitory effects on cellular stress levels (Dorner-Reisel et al. 
2023). Geng et al. discovered that water-soluble fullerenol nanoparticles have the capacity to 
augment the proliferation of bone marrow-derived macrophages (BMM) (Geng et al. 2017). 
Fullerene derivatives act as free radical scavengers and are highly responsive to ROS which are 
closely associated with inflammation and on which various pro- and anti-inflammatory 
signaling pathways depend (Proskurnina et al. 2021; Nolan et al. 2020). They increase the 
viability of BMM (Geng et al. 2017) while decreasing the activity of mast cells (MC) (Soltani et 
al. 2020), and may prevent the major pro-inflammatory cytokines induced by the expression 
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of ROS, such as TNF-α and IL-1β (Nolan et al. 2020; Djordjevic and Bogdanovic 2008). A bis-
malonic acid fullerene derivative has been demonstrated to suppress the IL-6 expression and 
NF-кB activation in bone marrow-derived mast cells (Funakoshi-Tago et al. 2016). Wang et al. 
evaluated the anti-inflammatory activity of encapsulated fullerene using rat ear swelling test, 
and the results showed that both the swelling rate and IL-6 level were considerably diminished 
in the group of fullerene modification, which suggested that fullerenes possess advantageous 
anti-inflammatory activity (Wang et al. 2022). Xiao et al. proposed that the antioxidant activity 
of fullerenes inhibits inflammation and metabolic abnormalities in adipose tissue and 
preadipocyte-monocyte co-culture systems (Xiao et al. 2010). Pei et al. showed that fullerene 
derivatives suppress the formation of nitric oxide in macrophages while decreasing the release 
of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in response to inflammatory stimuli, in 
combination with inhibited synovial inflammation and chondrocyte damage in osteoarthritic 
rats (Pei et al. 2019). Yudoh et al.'s arthritic rat experiments also showed that the inhibitory 
effect of fullerenes on cytokine production in synovitis-associated cells led to a reduction in 
osteoclasts as well as in synovitis (Yudoh et al. 2009a, 2009b). Rym et al. discovered that the 
fullerene derivatives exhibited inhibition of MC activation in vitro, and also in MC- Cre-Master 
mice relatively effective, indicating their inherent anti-inflammatory capabilities on arthritis-
related cell types, synovial fibroblasts and osteoclasts (Djordjevic and Bogdanovic 2008). Ryan, 
J et al. concluded that fullerenes have the capability to suppress the production of allergy 
mediators in human mast cells and peripheral blood basophils when tested in a controlled 
environment. Thus, they have the opinion that fullerenes may have the potential to regulate 
diseases that are dependent on mast cells, such as asthma, inflammatory arthritis, heart 
disease, and multiple sclerosis (Ryan et al. 2007). They also showed in mice that fullerenes 
down-regulate histamine secretion, which is involved in local immune and inflammatory 
responses (Ryan et al. 2007). Moreover, fullerenes derivatives also activate a variety of genes 
in cells (Ershova et al. 2016a; Ershova et al. 2016b), and gene expression in rats’ lungs after 
systemic inhalation of C₆₀ showed that genes associated with inflammatory responses, 
oxidative stress, and processes related to the immune system were upregulated (Fujita et al. 
2009). Thus they were considered as an efficient alternative to treat inflammatory and allergic 
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diseases in mice models (Shershakova et al. 2016; Yudoh et al. 2009b; Byelinska et al. 2018; 
Wang et al. 2022). 
1.3.4. Antibacterial Properties of Fullerene 

At the same time, fullerenes are considered as suitable nanomaterials for anti-bacterial 
applications due to their unique physicochemical properties at the nanoscale (Alavi et al. 2021; 
Ahmed et al. 2013; Gopal et al. 2023). From the beginning of the 1990s until now, several 
studies have been reported the promising use of fullerenes for achieving inhibition of a wide 
range of bacteria such as Enterococcus, Candida albicans (C.albicans), Bacillus subtilis 
(B.subtilis) and others (Da Ros et al. 1996; Mashino et al. 1999; Bosi et al. 2000). The inhibitory 
properties of fullerenes against B.subtilis E.coli in buffered systems were demonstrated by 
Fortner et al. (Fortner et al. 2005). Lyon et al. tested the lowest inhibitory concentrations of 
fullerenes against these two bacteria in low-salt media at 0.5-1.0 mg/L and 1.5-3.0 mg/L, 
respectively (Lyon et al. 2006; Lyon et al. 2005). Lyon also reported that the antimicrobial 
activity of the fullerenes decreased with increasing salt concentration (Lyon et al. 2005). 
Alekseeva et al. found fullerene derivatives to be antibacterial against S.aureus, E.coli and 
C.albicans (Alekseeva O, Bagrovskaya N, Noskov A. 2013), while Mizuno et al. found it to have 
the highest antibacterial activity against S.aureus, followed by the other two (Mizuno, K., 
Zhiyentayev, T., Huang, L., Khalil, S., Nasim, F., Tegos, G.P., Gali, H., Jahnke, A., Wharton, T., 
Hamblin, M.R. 2011). Mashino et al. also demonstrated that fullerene derivatives can exert an 
inhibitory effect on the activity of E.coli by inhibiting its metabolism (Mashino et al. 2003). in 
vitro investigations of carboxyfullerene have shown that it inhibits the growth of Streptococcus 
pyogenes (S.pyogenes) and protects 33% of mice from infection and death after administration 
(Tsao et al. 2001). Also, fullerene derivatives have shown strong antibacterial properties in the 
treatment of wastewater (Tong et al. 2016). A some researchers think that fullerenes can 
inhibit bacterial growth by disrupting the respiratory chain of bacteria (Cataldo et al. 2008; 
Deryabin et al. 2014), while other scientists are of the opinion that the cell membranes of 
bacteria are disrupted by fullerenes, which leads to bacterial fermentation and metabolic 
reactions being reduced, and thus inhibits the growth of bacterial cells (An and Jin 2012; Fang 
et al. 2007; Maleki Dizaj et al. 2015). Other scholars believe that the fullerene nanoparticles 
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which are internalized by bacteria, subsequently inhibiting the energy metabolism of bacteria 
(Maleki Dizaj et al. 2015; Shvedova et al. 2012) are responsible for the antibacterial effect. In 
conclusion, fullerenes and their derivatives adversely affect bacterial growth and metabolism, 
resulting in antimicrobial effects (Maleki Dizaj et al. 2015; Medicinal chemistry and 
pharmacological potential of fullerenes and carbon nanotubes 2008). 
1.3.5. Applications of Fullerenes in Various Domains 

Friedman et al. indicated that the incorporation of fullerene molecules into the catalytic 
cavity impeded HIV protease activity (Friedman et al. 1993; Sijbesma et al. 1993). Amino acid 
derivatives of fullerenes, which are able to inhibit HIV (Kotelnikova, R.A., Bogdanov, G.N., Frog, 
E.C., Kotelnikov, A.I., Shtolko, V.N., Romanova, V.S., Andreev, S.M., Kushch, A.A., Fedorova, N.E., 
Medzhidova, A.A., Miller, G.G 2003), exhibit superior antiviral activity compared to cationic 
and anionic derivatives of fullerenes (Mashino et al. 2005). Furthermore, fullerene derivatives 
demonstrate greater potency in inhibiting HIV activity than the nevirapine which is utilized as 
HIV inhibitor clinically (Mashino et al. 2005). Troshin et al. even evaluated the anti-HIV activity 
of fullerene derivatives of carboxylic acids against HIV-1 and HIV-2 (Tanimoto et al. 2008). In 
conclusion, based on their structure, fullerene derivatives are able to complex and inhibit the 
HIV protease and then effectively bind to the luminal region of the protease, resulting in 
significant inhibition of viral replication (Ma and Liang 2010; Dellinger et al. 2013). 

Furthermore, a correlation exists between fullerenes and the viability of hippocampal 
neurons; low concentrations of fullerenol enhance neuron viability and demonstrate 
neuroprotective properties, while high concentrations result in diminished neuron viability 
and subsequent apoptosis (Zha et al. 2012). Fullerenol can reduce neuronal degeneration 
associated with ROS (Dugan et al. 1996). It is also able to reduce apoptosis in cortical neurons 
and block glutamate receptors (Dugan et al. 1996; Jin et al. 2000), which are overexcited and 
trigger chronic neurodegenerative diseases such as Alzheimer's and Parkinson's (Bosi et al. 
2003). Furthermore, numerous researches have shown its beneficial impact on the treatment 
of amyotrophic lateral sclerosis (ALS) (Dugan et al. 1997), human multiple sclerosis (Dellinger 
et al. 2013), and other neurodegenerative diseases (Lamparth and Hirsch 1994; Chi et al. 1998). 
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Therefore, fullerenes are also considered as neuroprotective agents (Goodarzi et al. 2017). 
Fullerenes also have promising applications in drug delivery systems (Bakry, R., Vallant, 

R.M., Najam-ul-Haq, M., Rainer, M., Szabo, Z., Huck, C.W., Bonn, G.K. 2007; Azzam and Domb 
2004; Xu et al. 2006). The most common clinical modes of drug delivery are oral and injection, 
and in special cases, transdermal, transmucosal, ocular and pulmonary delivery can be used 
(Hughes 2005). The utilization of specialized drug delivery systems, such as nanoparticles as 
carriers, significantly enhances pharmacokinetics (Allen and Cullis 2004). Fullerenes can serve 
as drug carriers for biologically active molecules by functionalizing the hydrophilic portion to 
obtain water solubility (Goodarzi et al. 2017). Foley et al. found that fullerene derivatives can 
deliver drugs to organelles targeted by penetrating cell membranes and localizing to 
mitochondria (Foley et al. 2002; Xu et al. 2006), while Rouse et al. determined that fullerene-
based peptides enable drug delivery is by penetrating the intact skin (Rouse et al. 2007). 
Another newly synthesized water-soluble fullerene derivative can complex DNA and elicit gene 
expression upon delivered into cells (Sitharaman et al. 2008). Meanwhile, the use of drug 
delivery systems is a very effective way to mitigate the side effects of anticancer drugs 
(Novoselov et al. 2004). Therefore, some researchers have combined fullerene derivatives with 
the anticancer drug doxorubicin (DOX) in a unique way that makes the carrier more water-
soluble (Lu et al. 2009), facilitates effective delivery (Yuriy Prylutskyy, Agnieszka Borowik, 
Grzegorz Gołuński, et al. 2016; Chaudhuri et al. 2009), inhibits the proliferation of cancer cells 
in vitro and causes them to undergo apoptosis (Goodarzi et al. 2017), and the conjugate shows 
a high level of antitumor activity without causing systemic toxicity as is the case with DOX 
(Chaudhuri et al. 2009). It is worth noting that the combination of DOX and fullerene, following 
specific treatment, can create an "on-off" drug delivery system that regulates the release of 
DOX, enabling the integration of photodynamic therapy and chemotherapy for tumor 
treatment (Shi et al. 2016). In addition, cancer cells are prone to drug resistance, which needs 
to be overcome by combining multiple drugs, and the advantage of fullerene-based drug 
delivery systems is the capability to carry multiple drugs, which is beneficial with respect to 
solving this problem (Ashcroft et al. 2006). Furthermore, fullerenes can transport bioactive 
molecules, such as erythropoietin (EPO), which are absorbed by porous materials containing 



18  

fullerenes, leading to a substantial enhancement in bioavailability compared to the 
conventional intravenous method, where bioactivity is markedly diminished (Montellano et al. 
2011; Venkatesan et al. 2005). 

Fullerenes are utilized in oncological treatment approaches, particularly in light-mediated 
therapies, including photodynamic therapy and photothermal therapy (PTT) (Mroz et al. 2007; 
Grobmyer and Krishna 2012). Specifically, fullerene can be used as a photosensitizer (PS) in 
photodynamic therapy (Sharma et al. 2011; Duncan et al. 2008), PS and light irradiation induce 
the generation of ROS in tumor tissues, resulting in damage and apoptosis of tumor cells 
(Goodarzi et al. 2017). Fullerene pyrrolidine salts, functioning as efficient PS, can initiate 
apoptosis when exposed to light, thereby eliminating cancer cells (Mroz et al. 2007). Four 
distinct forms of fullerenes, synthesized by Zhao et al. through a specialized method, were all 
effectively photogenerated superoxide and singlet oxygen (Zhao et al. 2008). Another 
fullerene derivative synthesized by Hu et al. showed higher uptake in HeLa cells than in normal 
cells, and the derivative induced apoptosis up to 95% under visible light irradiation (Hu et al. 
2012). in vitro studies indicate that pullulan-fullerene derivatives can suppress the 
proliferation of HepG2 hepatocellular carcinoma cells and exhibit enhanced antitumor efficacy 
(Liu and Tabata 2010). Furthermore, fullerene-based drug delivery systems can assist in tumor 
treatment, as previously described. In addition, microwave thermotherapy serves as a clinical 
treatment for cancer, and the incorporation of fullerene derivatives alongside microwave 
heating increases the susceptibility of cancer cells to microwave thermotherapy, thereby 
augmenting its therapeutic efficacy (Sun et al. 2016). In conclusion, fullerene derivatives 
integrate with various materials or methods to create multifunctional composite systems 
applicable in tumor treatment, thereby offering more personalized and precise therapeutic 
strategies. 

Fullerenes can also serve as mediators for biosensor electrodes, and their derivatives are 
effective materials for biosensors as well (Biju 2014; Afreen et al. 2015). And the efficacy of 
biosensors in applications has been enhanced through functionalization of fullerenes and their 
derivatives (Pérez 2004). In addition, groups such as hydroxyl and carboxylic acids play a 
positive role in the interaction between fullerenes and biomolecules (Chung et al. 2011). It has 
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been demonstrated that the sensitivity of amperometric biosensors in targeting glucose 
oxidase is enhanced by the quantity of immobilized fullerenes (Gavalas and Chaniotakis 2000). 
New advancements in glucose biosensors (Zhilei et al. 2010) and urea biosensors (Saeedfar et 
al. 2013)on the basis of fullerenes demonstrate elevated sensitivity and satisfactory response 
times. Further optimization of fullerenes and their derivatives is anticipated to improve the 
sensitivity and stability of biosensors, thereby facilitating the extensive use of fullerene-based 
biosensors in clinical diagnostics and health monitoring. 

Embedded fullerene can keep entrapping the metal atoms in a molecular cage without 
releasing them, so it is also one of the good alternative for contrast agents (Bakry, R., Vallant, 
R.M., Najam-ul-Haq, M., Rainer, M., Szabo, Z., Huck, C.W., Bonn, G.K. 2007; Bosi et al. 2003). 
The good ability of fullerene derivatives as contrast agents in magnetic resonance imaging has 
been demonstrated (Shu et al. 2009; Shu et al. 2006; Shu et al. 2008). This also provides a 
scientific basis for the application of fullerenes in medical imaging and further broadens their 
potential value in clinical diagnosis. 

Fullerenes are used in skin care such as moisturizers and anti-aging products due to their 
antioxidant activity and anti-melanogenesis (Goodarzi et al. 2017; P Bhat 2013). Ultraviolet 
radiation b (UVB) inhibits the proliferation of skin keratinocytes, leading to impaired barrier 
function. Fullerenes can prevent this process, repair and promote keratinocyte differentiation, 
and restore the integrity of the skin barrier, thus effectively preventing photodamage 
(Murakami et al. 2013). Also, fullerene-based gels can reduce inflammation in skin acne (Inui 
et al. 2011) and improve skin barrier disorders. Furthermore, fullerenes have also shown 
positive effects on stimulating hair growth, both hair growth and the number of hair follicles 
increased in mice treated with fullerenes (Zhou et al. 2009). However, the use of fullerenes in 
skin care increases human exposure (Bangale, M.S., Mitkare, S.S., Gattani, S.G., Sakarkar, D.M. 
2012). Therefore, although fullerenes show potential for skin care and hair growth, their safety 
needs to be further validated to ensure that their widespread use in cosmetics does not 
adversely affect human health. 

The conclusion is that fullerene, owing to its distinctive structure and properties, 
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possesses the significant potential for diverse medical applications and holds prospects across 
various domains. Moreover, the presence of fullerene offers innovative solutions for numerous 
challenges, making it imperative to pursue extensive research. 
1.4. Straumann SLA® 

The clinically established Straumann SLA® surface is one of the best documented surfaces 
in dental implantology (Derks and Tomasi 2015). SLActive implants are surface treated in a 
nitrogen atmosphere and stored in saline (Zhao et al. 2005). This treatment results in a thicker 
layer of titanium dioxide on the implant surface and avoids the contamination of carbon in the 
atmosphere. Simultaneous elemental measurements of the implant surface revealed that 
there are more oxygen and titanium in the SLActive surface, while carbon was significantly 
reduced (Schwarz et al. 2009; Buser et al. 2004). In addition, high magnification scanning 
electron micrographs revealed a unique nanostructures on the hydrophilic surface, which 
further promoted osseointegration (Wennerberg et al. 2014; Wennerberg et al. 2013), and the 
hydrophilicity and higher surface free energy of the SLActive implant surface had the effect of 
stabilizing clots (Rupp et al. 2006), promoting early vascularization, facilitating early cellular 
adherence, and inhibiting inflammatory responses (Hong et al. 2013). Our previous work also 
has proven that the SLA® surface showed the greatest stimulatory effect on cell proliferation 
and differentiation, and ECM formation and mineralization in comparison with other tested 
titanium implant surfaces. Therefore, the Straumann® SLActiv® surface is highly reliable as the 
gold standard.  
1.5. Aim of study 

Based on the fact that different fullerene-functionalized zirconia and titanium dental 
implant surface variants have been developed by our collaborators over the past few years in 
order to endow them with antimicrobial, ant-inflammatory and advantageous osteogenic 
properties, this study conducts a comparative analysis of the osteogenic, anti-inflammatory, 
and antimicrobial properties of ZrO₂ and Ti-6AL-4V implant surfaces coated with fullerene 
films and subjected to various surface treatments, with the aim of identifying the variant with 
the optimal osteogenic, anti-bacterial, and anti-inflammatory characteristics, which would 
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further translate into dental implants and Ti-6AL-4V-based fracture fixation devices for clinical 
applications. 
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2. Material and Methods 
2.1. Implant samples and deposition of fullerene C₆₀ films 

ZrO₂ dental implant surface discs and Ti-6AL-4V dental implants with a threaded-screw 
design (Figure 2a) (Jiangsu KeRunXi Medical Technology Development Co. Ltd. PRC, China) and 
ZrO₂ dental implants with a threaded-screw design (Figure 2b) (Moje GmbH, Petersburg, 
Germany), whose design features were outlined in a previous publication (Dorner-Reisel et al. 
2023), were used for depositing fullerene C₆₀ films utilizing high vacuum-sublimation as 
described in detail previously (Dorner-Reisel et al. 2023). 

 
Figure 2. Ti-6Al-4V (a) and ZrO2 (b) dental implants used for deposition of the C60 fullerene film. 

2.2.  Deposition of fullerene C₆₀ films 
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In brief, fullerene C₆₀ films were deposited on the Ti-6AL-4V and ZrO₂ and dental implant 
surfaces utilizing C₆₀ powder with a purity of 99.9% (article No. 99685-96-8, Sigma-Aldrich®, 
Darmstadt, Germany) and high-vacuum sublimation (1.4x10-6 mbar) at 540°C for 4 hours after 
placing the samples in a quartz tube (ϕ=200 mm, length = 600 mm). The thickness of the 
deposited fullerene films ranged from 22.2 nm to 92.2 nm depending on the position of the 
substrate in the sublimation tube, as described previously (Dorner-Reisel et al. 2023).  
2.3. Surface treatments of fullerene coated implant specimens 

ZrO₂+C₆₀-35Ncm-1 dental implants with or without plasma treatment were screwed 
under dry (no pre-treatment) or wet (under irrigation with Hanks Balanced Salt Solution (HBSS) 
at RT) conditions with 35 N/cm torque into wooden bone model plates in order to model the 
mechanical loading occurring during implant placement of dental implants with a threaded 
screw design, which are screwed into the osseous implant bed using a ratchet with torque 
control at 35N/cm and wet conditions (saline irrigation for cooling).  

Plasma treatment was performed utilizing a Type Zepto plasma treatment device model 
(Diener Electronics GmbH). ZrO₂+C₆₀ dental implants were plasma treated in a nitrogen gas 
atmosphere of desired pressure with the equipment setting of 100% 100 W output, and the 
Ti-6Al-4V+C₆₀ dental implants were treated with the setting of 26 min at 100% or 100 W.  

Laser structuring of the respective ZrO₂ dental implant surface discs samples was 
achieved by exposure to UV light with a wavelength of 365 nm. Additional samples were 
subjected to a scratch procedure of the disc surfaces in order to simulate tribological loading 
which is expected to activate C₆₀ Fullerene molecules. To this end, a CSM Revetest Scratch 
Tester Machine (diamond tip or zirconia ball) was utilized with a contact force of 1 N or 4 N 
and frequency of 5 Hz, each disc received 12 scratches with a distance of 1 mm, each scratch 
had 25 wear traces (8 min contact time per trace, 200 µm in length) (Dorner-Reisel et al. 2022). 
Dry conditions constituted no pre-treatment, while wet conditions were created by applying 
drops of HBSS onto the disc surface prior to the scratching procedure (Figure 3). 
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Figure 3. Schematics illustrating the two different tribological loading patterns that the ZrO2 
sample surfaces were subjected to. 

2.4. Raman spectroscopy 
A Renishaw in Via QTT5394 Raman Sprectroscope (Renishaw GmbH, Germany) was 

employed. 
Raman spectra were acquired to analyze the structure of fullerene C₆₀ films using the 

following settings: room temperature, Nd:YAG laser 532 nm wavelength, power 0.1% of the 
45 mW power, 1cm-1 spectral resolution. An optical microscope Leica DM4 B (Leica 
Microsystems GmbH, Germany) and a magnification of 50× were utilized for determining the 
measurement positions. Raman spectra were obtained over a duration of 10 seconds and 
recorded a total of 20 times, as previously delineated (Dorner-Reisel et al. 2023). 

Utilizing the aforementioned parameters, the acquisition duration was adjusted (up to 
120 s) and accumulated 10 times to record Raman spectra and extract additional information 
regarding the carbon, as described in (Dorner-Reisel et al. 2022). 

The sensitivity to laser irradiation was examined by incrementally increasing power of the 
laser beam of the Raman spectrometer. Various ratios of laser power from a 45 mW laser (532 
nm wavelength) were applied to the “as-received” fullerene, followed by heat treatment at 
80 °C or 160 °C, and then the structural alterations of the fullerene were recorded by Raman 
spectroscopy (Dorner-Reisel et al. 2022). 
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Utilizing a translatory oscillation apparatus manufactured by Optimol Instruments GmbH, 
Munich, Germany, a force of 1 N was applied to a zirconia ball in laboratory air (relative 
humidity: 30%; temperature: 25 °C), which then performed a sliding movement on a medical 
grade zirconia ceramic disc in a controlled fashion at different frequencies and velocities, while 
fullerene C₆₀ powder was placed between the ball and the disc (Figure 4) (Dorner-Reisel et al. 
2022). This procedure was performed for 15 minutes, during which the coefficient of friction 
(COF) was recorded, and the fullerenes and the products which had formed in the sliding tracks 
were analyzed by Raman spectroscopy subsequent to the sliding procedure (Dorner-Reisel et 
al. 2022). 

 
Figure 4. Schematic representation of the mechanical loading of fullerene C₆₀ utilizing a ball-
on-disk configuration (Dorner-Reisel et al. 2022). 

2.5.  Atomic force microscopy 
Atomic force microscopy (AFM, Veeco Dimension V) of the physically deposited C₆₀ layers 

was performed utilizing a non-contact atomic force microscope Omega M20-C2 (Nano Analytik 
GmbH, Germany). For the nano-mechanical test, the loading and unloading curves were 
analyzed and assessed at ambient temperature utilizing a Bruker nanotribometer Hysitron 
TS77 (version: 11.0.15) and Berkovich diamond tip, utilizing the method described by Oliver 
and Pharr (W. C. Oliver, G. M. Pharr 2011). AFM (part of the Hysitron TS77 apparatus) was then 
applied to visualize the nanoindentation of the titanium samples and to analyze the 
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differences between samples with (Tipolished + C₆₀) and without (Tipolished - C₆₀) a fullerene 
film (Dorner-Reisel et al. 2023). 
2.6. Digital microscopy 

A KEYENCE 950-VHX digital microscope was used for imaging the implant surfaces and 
determining the arithmetic mean surface roughness Sa and the mean roughness depth Sz at 
five distinct locations, as illustrated in figure 5(Dorner-Reisel et al. 2023), three measurements 
per location. Every sample is 50 μm × 200 μm in size. A scanning electron microscope (SEM) 
(Jeol JSM-6380, JEOL GmbH, Germany) with high resolution of 3.0 nm was utilized for 
collecting the images, as described previously (Dorner-Reisel et al. 2023). 

 
Figure 5. Schematic (not to scale) of cross-section indicating measurement locations (Dorner-
Reisel et al. 2023). 

2.7.  Analysis of osteogenic properties  
2.7.1. Cell culture 

Mouse preosteoblastic MC3T3-E1 subclone 4 cells (ATCC, CRL-2593) were cultured in 
αMEM medium with 10% FCS, 0.5% PenStrep and 3.5 g/L glucose. After 24 hours, the cell 
culture medium was changed to osteogenic differentiation medium (culture medium 
supplemented with 50 µg/ml ascorbic acid and 10 mM β-glycerophosphate). Cells were 
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maintained in an incubator in a 5% CO2 atmosphere at 37°C and the medium was renewed 
every 2-3 days. 

The dental implants with a threaded screw design were secured into place in the 12-well 
plate by using 5% agar with the functionalized surface pointing upwards, the tissue culture 
plastic (TCP) surface cover slips (Thermanox®), which served as reference, and the sample discs 
were placed in the 24-well plate with the functionalized surface pointing upwards (Table 1). 
MC3T3-E1 were seeded at the density of 50,000 cell/cm², and medium was sampled 2 days 
after the medium had been changed. Zirconia dental implants and discs without surface 
functionalization (ZrO₂) served as negative control, and the Straumann SLActive® dental 
implant (TiZr) served as the positive control. The SLActive® implant displays a micro-textured 
endosseous surface with dual superimposed micro-roughness whose excellent osteogenic 
properties have been widely documented both in vitro and in animals and humans in vivo, due 
to which it is commonly regarded as the gold standard. 
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Table 1. List of tested samples. The dental implants with a threaded screw design were 
assigned to the sample ID with the prefix of ``S.´´, and the discs were assigned to the sample 
ID with the prefix of ``D.´´. 

Sample ID   Material C60 fullerene Treatment condition Form 
S.A ZrO2 No native, as-received dental implant 
S.B ZrO2 + C60 Yes 35 Ncm-1, wet dental implant 
S.C ZrO2 + C60 Yes as-deposited dental implant 
S.D ZrO2 + C60 Yes 35 Ncm-1, dry dental implant 
S.E ZrO2 + C60 Yes Plasma, 35 Ncm-1, dry dental implant 
S.F ZrO2 + C60 Yes Plasma dental implant 
S.G Ti-6Al-4V No as-received dental implant 
S.H Ti-6Al-4V + C60 Yes N2-Plasma, 26 min, 

100% dental implant 
S.K Ti-6Al-4V + C60 Yes as-deposited dental implant 
S.L TiZr (SLActive®) No as-received dental implant 

     
D.A ZrO2 No native, as-received disc 
D.B ZrO2 + C60 Yes 1 N, dry, ball disc 
D.C ZrO2 + C60 Yes 4 N, dry, ball disc 
D.D ZrO2 + C60 Yes 1 N, dry, diamond tip disc 
D.E ZrO2 + C60 Yes 1 N, wet, ball disc 
D.F ZrO2 + C60 Yes 4 N, wet, ball disc 
D.G ZrO2 + C60 Yes 1 N, wet, diamond 

tip disc 
D.H ZrO2 No laser structured disc 
D.K ZrO2 + C60 Yes laser structured disc 
D.L Ti-6Al-4V No Native, as-received disc 

 
2.7.2. Alkaline phosphatase activity 
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The ALP activity in the cell culture media was measured utilizing an alkaline phosphatase 
activity fluorometric assay kit (Sigma-Aldrich) on day 3, 7, 14 and 21 according to the 
manufacture’s instruction. The fluorescence (RFU) was measured with Glomax Multi+ plate 
reader (Promega) at λEx = 360 nm/λEm = 440 nm. 
2.7.3. Osteocalcin concentration 

The secreted OC level in the cell culture media was measured utilizing a mouse OC/BGP 
(Osteocalcin) ELISA kit (Elabscience) on day 3, 7, 14 and 21. The cell-free supernatants were 
prepared and stored according to the manufacture’s instruction. Samples were loaded in 96-
well microwell-plates without dilution. 
2.7.4. Alizarin red staining 

After 21 days, the TCP cover slips were washed, fixed in 96% ice cold methanol for 10 min, 
stained in 2% Alizarin red S solution (pH 4.2) for 30 min, and finally observed under a light 
microscope (Olympus BX63F) for calcium nodules. 

To quantify the calcium deposition, 1 ml 10% cetylpyridiniumchloride (CPC, w/v, in 10 
mM Na-phosphate, pH 7.0) was added to each sample, and incubated for 1 hour. The calcium 
deposition was expressed as OD (optical density) value (OD=560 nm), and normalized. 
2.8. Analysis of anti-inflammatory properties 
2.8.1. Cell culture 

Human monocyte THP-1 cells (ATCC TIB-202) were cultured in RPMI-1640 medium 
supplemented with 10% FCS, 1% PenStrep, and 50 μM 2-mercaptoethanol. Cells were 
subcultured by addition of fresh medium when the cell concentration reached 8 x 105 cells/ml.  

The dental implants with a threaded screw design were secured into place in the wells of 
a 6-well plate by using 5% agar with the functionalized surface pointing upwards (Table 1). 
THP-1 cells were seeded at a density of 100,000 cell/cm² and differentiated into macrophage-
like cells by adding 50 ng/ml phorbol 12-myristate 13-acetate (PMA). After 48 hours, the cells 
were washed and treated, i.e. challenged, with 1 μg/ml lipopolysaccharide from P.gingivalis 
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(LPS). Native ZrO₂ and TiZr dental implants served as the negative and positive control, 
respectively. 
2.8.2. Quantification of cytokine production 

The protein contents of IL-1β, IL-6 and TNF-α were quantified in cell culture supernatants 
collected after 0 h, 12 h, 24 h and 48 h of treatment with LPS (Elisa Kits, Ray Bio-tech) according 
to the manufacturer’s instructions. Samples for TNF-α and IL-6 analysis were loaded without 
dilution, and samples for IL-1β quantification were diluted by the factor 10. 
2.8.3. Gene expression analysis 

After treatment with LPS for 48 hours, the cells were harvested and the total RNA was 
isolated (Aurum total RNA mini kit, Bio-Rad). qRT-PCR was performed by iScript cDNA synthesis 
kit and SsoAdvanced universal SYBR green supermix (Bio-Rad) with the following conditions: 
2 min at 98°C, 40 cycles of 98°C for 10 s and 60°C for 20 sec. The comparative quantification 
followed the Livak method (ΔΔCt analysis), GAPDH was used as housekeeping gene. The gene 
specific primers are listed in Table 2. 
Table 2. Primers sequence used quantitative real-time PCR . 

Gene Sequence 5’ to 3’ 
GAPDH fw CTGCACCACCAACTGCTTAG 
GAPDH rev TCTTCTGGGTGGCAGTGATG 
TNF-α fw GCCCATGTTGTAGCAAACCC 
TNF-α rev AGGACCTGGGAGTAGATGAGG 
IL-1β fw TTTGAGTCTGCCCAGTTCCC 
IL-1β rev TATATCCTGGCCGCCTTTGG 
IL-6 fw TTCGGTCCAGTTGCCTTCTC 
IL-6 rev TGAAGAGGTGAGTGGCTGTC 

2.9. Antibacterial property assay 
For this proof-of-concept study E.coli was selected as representative pathogen for 

characterizing the antibacterial properties of the fullerene coated implant surfaces, since E.coli 
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belongs to the group of microorganisms significantly involved in causing SSI (Pu et al. 2023). 
E.coli (ATCC 33876) was grown on the Trypticase soy agar plates (BD, #212305) at 37°C. E.coli 
suspension (106 CFU/ml) was placed onto the surfaces of the dental implants and test discs 
with a final amount of 5 x 104 CFU. Native ZrO₂ and TiZr served as the negative and positive 
control, respectively. After 24 hours, the samples were washed in PBS (0.3% Tween20, 45 min, 
170 rpm) and resuspended in PBS. After proper dilution, 50 μl of the liquid were plated onto 
the counting agar plates (BD, #254483). After 16 hours incubation, the colony number was 
counted (Olymplus CellSence software), and the anti-bacterial rate (R) was calculated based 
on the number of bacterial colonies (N): R= (Ncontrol-Nsample)/Ncontrol*100%. 
2.10. Statistical analysis 

For the various assays, each sample condition was assessed in two independent 
experiments (n=4). Statistical analysis was carried out using the RStudio packages for statistical 
computing. Data obtained were subjected to the Welch’s Anova (oneway. test function) and 
normalized according to the surface area to per cm². Significance was assumed to have been 
achieved for p < 0.05 (t-test function). 
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3. Results 
3.1. Surface analysis 

A detailed description of the surface analysis data was published in 2 previous 
publications in “Diamond & Related Materials” (Dorner-Reisel et al. 2022; Dorner-Reisel et al. 
2023). 
3.1.1. Deposition of fullerene C₆₀ films on the Ti-6AL-4V and ZrO₂ dental implant surfaces 

by high-vacuum sublimation 
As described previously (Dorner-Reisel et al. 2023), the high-vacuum sublimation process 

developed by our group facilitated deposition of homogeneous C₆₀ films on the Ti-6AL-4V and 
ZrO₂ dental implants with a threaded screw design.  
3.1.2. Surface topography 

The surface topography of the C₆₀ films deposited on the titanium alloy dental implants 
and subjected to the various surface treatments were reported in our previous publication in 
Diamond and Related Materials (Dorner-Reisel et al. 2023). Representative digital light 
microscopic images are given in Figure 6 (Dorner-Reisel et al. 2023). Representative AFM 
images of the C₆₀ fullerene film deposited on the ZrO₂ dental implant surfaces are depicted in 
Figure 7 (Dorner-Reisel et al. 2023).  
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Figure 6. Digital light microscopic images of Ti-6Al-4V (a) and ZrO2 (b) dental implant surfaces 
with deposited C60 fullerene film (magnification 50x), the scale bar represents 100μm. 

 
Figure 7. AFM images of C60 films on ZrO2 dental implants surfaces. Regarding the 
corresponding images of the C60 films on the Ti-6Al-4V dental implant surfaces the interested 
reader is referred to Dorner Reisel et al. 2024. 

Figure 8a (Dorner-Reisel et al. 2023) shows an SEM image of position 1 (Figure 5) of a 
dental implant featuring a threaded configuration. The presence of the C₆₀ film, although 
covering the original typical metal cut marks (Figure 8b) (Dorner-Reisel et al. 2023), does not 
affect the visualization of the original contours.  
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Figure 8. Scanning electron micrographs showing (a) the surface topography of a medical-
grade titanium substrate (dental implants featuring a threaded-screw design) prior fullerene 
C60 deposition (b) the surface topography of a C60 film on the medical-grade titanium substrate 
(Dorner-Reisel et al. 2023).  

The Scanning electron micrographs show that the C₆₀ film exhibits a clustered 
morphology, interspersed with areas containing minimal or no C₆₀. The AFM shows that the 
surface shape of the C₆₀ film is a dome-like shape with diameters ranging from a few hundred 
nanometers to 2 micrometers, which is displayed in Figure 9 (Dorner-Reisel et al. 2023). 
  



35  

 
Figure 9. AFM images depicting the surface topography of the “as-deposited” C60 film on the 
medical-grade titanium substrate: (a) AFM image: 20 μm × 20 μm; (b) AFM image: 5 μm × 5 
μm (Dorner-Reisel et al. 2023). 

3.1.3. Surface roughness 
The surface roughness data of the C₆₀ films deposited on the titanium alloy dental 

implants and subjected to the various surface treatments were reported in our previous 
publication in Diamond and Related Materials (Dorner-Reisel et al. 2023). To be specific, both 
thicker (darker) and thinner (lighter) coatings had minimal impact on the surface roughness of 
the samples, and the uneven morphology of the C₆₀ film did not positively influence the 
roughness of surface, and the roughness of the uncoated threaded design of the Ti-6Al-4V 
dental implant (Figure 10) (Dorner-Reisel et al. 2023) exhibited higher roughness.  

Generally speaking, the average roughness depth Sz exceeds the arithmetic average 
surface roughness Sa.  
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Figure 10. Arithmetic mean surface roughness of C60 films and uncoated dental implants 
(Dorner-Reisel et al. 2023). 

The results of the surface roughness analysis of the fullerene coated ZrO₂ dental implant 
surfaces (Arithmetic mean surface roughness Sa) are given in Table 3. Surface roughness was 
measured in the grooves of the threaded implant portion in an identical position. Uncoated 
ZrO₂ dental subjected to 35N/cm served as reference. The screwing-in procedure at 35N/cm 
under wet and dry conditions resulted in an increase in surface roughness of ZrO₂ dental 
implant surfaces with and without C₆₀ films. The same was true for ZrO₂ dental implant 
surfaces with C₆₀ fullerene surface modification and plasma treatment (Table 3). 
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Table 3. Arithmetic mean surface roughness Ra of the ZrO2 dental implants. Implants with 
deposited C60 film and subjected to various surface treatment modes measured in the grooves 
of the threaded implant portion. An uncoated implant subjected to 35Ncm-1 torque loading 
served as reference. 

Sample 
ID 

ZrO2 implant with C 60 film and 
surface treatment 

Mean Surface roughness Ra 
prior to torque loading [µm] 

Mean Surface roughness Ra 
after torque loading [µm] 

S.A ZrO2 108.72 116.77 
S.B ZrO2 + C60, 35 Ncm-1 wet 101.31 105.08 
S.D ZrO2 + C60, 35 Ncm-1 dry 93.83 95.87 
S.E ZrO2 + C60, Plasma, 35 Ncm-1,  dry 99.80 108.01 
  Mean Surface roughness Ra 

prior to plasma treatment [µm] 
Mean Surface roughness Ra 
prior to plasma treatment [µm] 

S.F ZrO2 + C60, Plasma 83.6 112.11 
 
3.1.4. Nano-mechanical tests  

The AFM results show that titanium metal without C₆₀ film produces the shallowest 
indentation at a maximum load of 1000 μN, and the recorded load-displacement curves are 
smooth, both loaded and unloaded, with no irregularities (Figure 11a) (Dorner-Reisel et al. 
2023). The flat polished fullerene C₆₀-coated reference sample had an irregular load curve 
(Figure 11b) (Dorner-Reisel et al. 2023). And position 1, the Ti-6Al-4V dental implant with C₆₀ 
coating, has the largest area under the loading/unloading curve (Figure 11c) (Dorner-Reisel et 
al. 2023), indicating that significant energy dissipation occurs during the loading and unloading 
processes. As described in our previous publication in Diamond and Related Materials (Dorner-
Reisel et al. 2023). 
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Figure 11. Examples of typical load–displacement curves: (a) uncoated Ti; (b) Ti polished + C60 
(flat reference sample); (c) Ti-6Al-4V dental implants with threaded-screw design with 
fullerene C60 film at position 1 (Figure. 5) (Dorner-Reisel et al. 2023). 
3.1.5. Raman spectroscopy  

The Raman spectra of the C₆₀ films deposited on the Ti-6Al-4V dental implants and 
subjected to various surface treatments were reported in our previous publication in Diamond 
and Related Materials (Dorner-Reisel et al. 2023) and Raman spectra after tribological loading 
and laser treatment in Dorner Reisel et al. (Dorner-Reisel et al. 2022) 
3.1.5.1. Fullerene C₆₀ at different laser power  

Two distinct Ag (2) mode bands are present at a laser power of 0.1%, with one peak at 
1471 cm-1, which can be attributed to the notable fullerene C₆₀ finger print pentagonal 
pinching mode of the C₆₀ monomer (Dorner-Reisel et al. 2022). The Ag(2) mode was red 
shifted when the laser power was 1% (Figure 12) (Dorner-Reisel et al. 2022). Upon increasing 
the laser power of the “as received” fullerene C₆₀ to 5%, new Raman bands emerged with 
peaks at wavenumbers of 1385.4 cm-1 and 1596.0 cm-1 (Figure 13) (Dorner-Reisel et al. 2022), 
with the former, the G peaks, predominating in crystalline graphite, and the latter, the D bands, 
exhibiting remarkable Raman activity under the special circumstances. At a laser power of 50%, 
characteristics of defective graphene at 2665.7cm-1 influence the Raman spectra (Figure 14) 
(Dorner-Reisel et al. 2022). 
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Figure 12. Raman spectra of fullerene C60 “as received” at 0.1%, 0.5% and 1% of the laser 
power (Dorner-Reisel et al. 2022). 

 

 
Figure 13. Raman spectra of fullerene C60 “as received” at different laser power (Dorner-
Reisel et al. 2022). 
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Figure 14. Defective graphene influences the Raman spectra at specific laser power levels 
(Dorner-Reisel et al. 2022). 

3.1.5.2. Fullerene C₆₀ pre- and post-thermal treatment 
Previously published articles have pointing out, that heating of fullerene alters the Ag (2) 

peak (Figure 15) (Dorner-Reisel et al. 2022); however, FT-IR spectroscopy indicates no 
structural modification in fullerene C₆₀, as the curvature and spectral peaks of fullerene C₆₀ 
remain identical in both the “as received” condition and post-heat treatment (Figure 16) 
(Dorner-Reisel et al. 2022). 
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Figure 15. Raman spectra of fullerene C60 irradiated with 0.1% laser power "as received" and 
after heat treatment at 80 °C and 160 °C (Dorner-Reisel et al. 2022). 

 

 
Figure 16. FT-IR spectra of fullerene C60 “as-received” and after being subjected to 80 °C and 
160 °C heat treatment (Dorner-Reisel et al. 2022). 

3.1.5.3. Fullerene C₆₀ tribomechanical loading 
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The coefficient of friction (COF) for fullerene C₆₀ as an intermediate medium is markedly 
greater at a sliding frequency of 1 Hz compared to 10 Hz or 50 Hz (Figure 17) (Dorner-Reisel et 
al. 2022).  

 
Figure 17. COF of fullerene C₆₀ subjected to 1 N normal force at varying frequencies: 1 Hz, 10 
Hz and 50 Hz (Dorner-Reisel et al. 2022). 

Both optical microscopy and Raman spectroscopy results (Figure 18a) (Dorner-Reisel et 
al. 2022) demonstrate that the molecules of fullerene C₆₀ remain intact when subjected to 
sliding at a frequency of 1 Hz. Furthermore, the peak position and shape remained unchanged 
after 15 minutes of frictional mechanical loading at a force of 1 N and a sliding frequency of 1 
Hz (Figure 19) (Dorner-Reisel et al. 2022). By increasing the sliding frequency to 10 Hz, two 
distinct primary peaks are visible in the Raman spectrum; however, the characteristic signature 
of fullerene C₆₀ at the site remains elusive (Figure 18b) (Dorner-Reisel et al. 2022). Upon 
increasing the sliding frequency to 50 Hz, the Raman spectra exhibited alterations in the peaks 
of D and G (Figure 18c, 20) (Dorner-Reisel et al. 2022), and the sliding traces produced a 
heterogeneous surface, with a gray area of barred grooves being visible under an optical 
microscope (position 1 in Figure 18c) (Dorner-Reisel et al. 2022). In addition, confocal 



44  

microscopy revealed that there was a cover layer approximately 100 nm in thickness, whereas 
the preceding fullerene C₆₀ powder cover layer measured 832 nm (Dorner-Reisel et al. 2022). 

Figure 18. Surface topography and Raman spectra of fullerene C₆₀ coated medical-grade ZrO2 , 
which has been subjected to tribomechanical loading applying a normal force of 1 N and 
frequencies of (a) 1 Hz, (b) 10 Hz, and (c) 50 Hz (Dorner-Reisel et al. 2022). 
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Figure 19. Raman spectrum (532 nm; 0.1% laser power) of fullerene C₆₀ coated medical-grade 
ZrO2, which has been subjected to tribomechanical loading applying a normal force of 1 N and 
a frequency of 1 Hz, range 1400 cm−1 to 1500 cm−1 (Dorner-Reisel et al. 2022). 

 
Figure 20. Raman spectrum (532 nm; 0.1% laser power) of fullerene C₆₀ coated medical-grade 
ZrO2, which has been subjected to tribomechanical loading applying a normal force of 1 N and 
a frequency of 50 Hz, range 1000 cm−1 to 1900 cm−1 (Dorner-Reisel et al. 2022). 

Moreover, representative Raman spectra of the C₆₀ films deposited on the ZrO₂ dental 
implant surfaces with and without clinically representative loading (screw-in torque of 35N/cm, 
wet conditions) are shown in Figure 21. The screwing-in procedure with the associated torque 
loading and friction did not abolish the prominent Ag (2) C₆₀ monomer peak (pentagonal pinch 
mode), which is indicative of the functionality of the C₆₀ film being maintained and its ability 
to withstand the surgical implantation procedure. 
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Figure 21. Raman spectrum of C60 film deposition on zirconia dental implants. (a) 
Representative Raman spectrum of C60 film deposited on zirconia dental implants with the 
prominent C60 monomer; (b) Representative Raman spectrum after screw-in torque loading of 
C60 coated zirconia implant at 35N/cm and wet conditions (irrigation with HBSS), with the 
prominent C60 monomer peak. 
3.2. ALP activity analysis 

We examined the ALP activity in the cell culture media after 3, 7, 14 and 21 days of 
cultivation. Osteoblastic MC3T3-E1 cells cultured on the positive control TrZr (Straumann 
SLActive®) dental implant displayed a significantly higher ALP activity than cells grown on other 
tested dental implants at all time-points (p<0.5) (Figure 22a). Cells grown on native Ti-6AL-4V 
dental implants exhibited greater ALP activity than on ZrO₂ dental implants with or without 
C₆₀ surface functionalization (p<0.05), while cells grown on ZrO₂ based dental implants 
displayed greater ALP activity than on C₆₀ functionalized Ti-6AL-4V dental implants at all time-
points (p<0.05). That is ALPTiZr > ALPTi-6Al-4V > ALPZrO₂(+…) > ALPTi-6Al-4V+…. C₆₀ functionalization 
remarkably reduced the ALP activity of Ti-6AL-4V dental implants, while C₆₀ functionalization 
on ZrO₂ dental implants did not lead to any significant change in ALP activity, these differences 
were statistically significant (p<0.05). Although the ALP activity of cells grown on the dental 
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implants with a threaded screw design on day 3 and day 21 remained to be the lowest and the 
highest, their ALP activity on day 7 was slightly higher than that on day 14, except in the case 
of the positive control TiZr (SLActive®) (Figure 22a). TiZr exhibited a continuous enhancement 
of and consistently the highest ALP activity in its culture media during the cultivation period. 
As shown in Figure 22b, the ALP activity of cells cultured on all types of disc samples increased 
tremendously over time, the ALP activity on day 7, 14, and 21 was approximately 2, 3, and 4-
fold higher than the ALP activity on day 3, respectively (p<0.05). Cells on the native Ti-6Al-4V 
discs exhibited the highest ALP activity among all test disc surfaces at all time-points (p<0.05), 
while similar to the ZrO₂ dental implants, the C₆₀ functionalization of ZrO₂ discs also did not 
lead to any significant change in ALP activity. 
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Figure 22. The extracellular ALP activity in the culture media. Each condition was assessed in 
two independent experiments (n=4, p<0.05). Data are expressed as the mean with error bars 
presenting ± SD. (a) The ALP activity in the culture media of dental implants with a threaded 
screw design; (b) The ALP activity in the culture media of discs. 

3.3. Osteocalcin concentration measurements  
The OC concentrations in cell-free medium supernatant were examined after 3, 7, 14 and 

21 days of cultivation. As shown in Figure 23a, the OC concentration in the medium from 
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dental implants with a threaded screw design showed a similar pattern as the ALP activity, 
except in the case of the Ti-6AL-4V+C₆₀ dental implants and the positive control TiZr 
(SLActive®), the OC concentration on day 3 and day 21 remained to be the lowest and the 
highest, while [OC]day14 < [OC]day7 (p<0.05). OC concentration in cell-free medium supernatant 
from TiZr (SLActive®) dental implants peaked at day 14, when it was significantly higher 
(p<0.05) than that in the culture media from the other tested dental implants, and maintained 
the high concentration up to day 21. With the other tested dental implants, the OC 
concentration peaked at day 21, when the native Ti-6AL-4V dental implant showed distinctly 
the highest OC concentration (p<0.05) followed by the TiZr (SLActive®) dental implants 
(p<0.05). C₆₀ surface functionalization on Ti-6AL-4V dental implants with a screw design 
reduced the OC production of the MC3T3-E1 cells (p<0.05). The same was true, when there 
was no further treatment of the C₆₀ films deposited on the ZrO₂ dental implants (p<0.05). 
Further plasma surface treatment of the C₆₀ films deposited on the ZrO₂ dental implants or 
loading by screwing into bone model wooden plates resulted in a heterogeneous effect on OC 
production with slightly higher OC production at day 7 and 14 (Figure 23a). The OC production 
of cells grown on the disc samples displayed a similar pattern as the ALP activity (Figure 23b), 
that is [OC]day3 < [OC]day7 < [OC]day14 < [OC]day21 (p<0.05). Unlike with respect to ALP activity, Ti-
6Al-4V discs displayed the highest OC production on day 14 and day 21 (p<0.05), native ZrO₂ 
disc and ZrO₂+C₆₀ subjected to tribological loading in the form of the zirconia ball scratch 
procedure under dry conditions induced a distinctively greater amount of OC production than 
the other ZrO₂ based disc samples on day 21 (p<0.05). Interestingly, on day 14 and day 21, the 
ZrO₂+C₆₀ discs subjected to 1N-diamond-tip-wet condition tribological loading induced a 
higher amount of OC production than ZrO₂+C₆₀ discs after 4N-ball-wet condition tribological 
loading (p<0.05) followed by ZrO₂+C₆₀ discs after 1N-ball-wet condition tribological loading 
(p<0.05), that is [OC]ZrO2+C60-1N-diamondtip-wet > [OC]ZrO2+C60₀-4N-ball-wet > [OC]ZrO2+C60-1N-ball-wet, while the 
OC concentration displayed an opposite relation when sampled from ZrO₂+C₆₀ discs subjected 
to tribological loading under dry conditions, that is [OC]ZrO2+C60-1N-diamondtip-dry < [OC]ZrO2+C60-4N-ball-

dry < [OC]ZrO2+C60-1N-ball-dry (p<0.05) (Figure 23b). 
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Figure 23. The extracellular OC expression levels in the culture media. Each condition was 
assessed in two independent experiments (n=4, p<0.05). Data are expressed as the mean with 
error bars presenting ± SD. (a) The OC concentration in the culture media of dental implants 
with a threaded screw design; (b) The OC concentration in the culture media of discs. 

3.4. Alizarin red staining and mineralization quantitative analysis  
Multiple and distinctive spotty areas of Alizarin red stained mineralized bone matrix 

noduli were observed after 14 and 21 days of culture (Figure 24a, b). Quantitative analysis of 
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the mineralized bone matrix nodules formed by the osteoblasts were performed on samples 
cultured for 21 days. As shown in Figure 24c, the TiZr (SLActive®) dental implant induced 
distinctively the greatest bone matrix mineralization (p<0.05), while plasma treatment on 
dental implants with a threaded screw design suppressed the formation of mineralized 
nodules significantly in comparison with native ZrO₂ and Ti-6Al-4V dental implants with or 
without C₆₀ surface functionalization. The differences in matrix mineralization of C₆₀ surface 
functionalized dental implants with or without tribological loading were not statistically 
significant (p=0.2). While C₆₀ functionalization remained to have no effect on matrix 
mineralization similar to the results from the ALP and OC analysis, differing from the ALP and 
OC expression results, the Ti-6AL-4V disc did not show any pronounced enhancement in matrix 
mineralization but even a lower amount of matrix mineralization in comparison with other 
discs (Figure 24d) (p<0.05). In addition, the ZrO₂+C₆₀-1N-ball-dry and the ZrO₂+C₆₀-1N-ball-
wet discs exhibited the highest degree of matrix mineralization (p<0.05), and the ZrO₂-laser 
structured disc displayed a higher degree of matrix mineralization than the ZrO₂+C₆₀-laser 
structured disc (p<0.05). 
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Figure 24. Alizarin red staining and its quantitative measurement. Cells were seeded on tissue 
culture plastic Thermanox™ (polyethylentherephtalate) control cover slips and the test 
surfaces in two independent experiments for Alizarin red S staining (n=6). The quantitative 
measurement of Alizarin red staining was assessed in two independent experiments (n=4, 
p<0.05). Data are expressed as the mean with error bars presenting ± SD. Alizarin red S staining 
of MC3T3-E1 osteoblast cultures after 14 (a) and 21 (b) days of cultivation, the scale bar 
represents 1 mm; (c) Alizarin red stain concentration on the various surface modified dental 
implants with a threaded screw design; (d) Alizarin red stain concentration on the various 
dental implant surface modification discs. 

3.5. Extracellular cytokine production  
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In order to assess the anti-inflammatory properties of the different functionalized 
surfaces of the dental implants with a screw design, the concentration of various inflammatory 
cytokines (IL-1β, IL-6, and TNF-α) secreted into the culture media was measured after 
challenge with LPS for 0 h, 12 h, 24 h, and 48 h. As shown in Figure 25a, IL-1β secretion by 
macrophages after challenge with LPS was significantly lower on C₆₀ functionalized ZrO₂ dental 
implant surfaces compared to the native ZrO₂ dental implants at all time-points (p<0.05), the 
mitigation effect of C₆₀ surface functionalization on ZrO₂ surfaces in macrophage inflammatory 
response was statistically significant. However, the C₆₀ surface functionalization of Ti-6Al-4V 
showed an opposite effect. Native Ti-6Al-4V exhibited a decrease in the IL-1β secretion over 
time (p<0.05), while the IL-1β secretion from macrophages adherent to the surface modified 
Ti-6Al-4V dental implants exhibited an increase over time (p<0.05). The ZrO₂+C₆₀-Plasma-
35Ncm-1-dry dental implant displayed the greatest increase of IL-1β secretion and the highest 
IL-1β concentration after 48 h (p<0.05), followed by the native ZrO₂ dental implants (p<0.05), 
while the difference of IL-1β secretion by TiZr displayed no statistical significance. Notably, the 
amount of IL-1β secreted by macrophages on ZrO₂+C₆₀ and Ti-6Al-4V dental implants at all 
time-points and ZrO₂+C₆₀-35Ncm-1-wet dental implants after 12h did not shown any obvious 
difference. The macrophages on all types of dental implants except on ZrO₂+C₆₀ and Ti-6AL-4V 
dental implants produced the highest amount of IL-1β after 48 h of challenge with LPS. 
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Figure 25. The extracellular production of pro-inflammatory cytokines. Each condition was 
assessed in two independent experiments (n=3, p<0.05). Data are expressed as the mean with 
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error bars presenting ± SD. (a) The IL-1β concentration in the culture media of dental implants 
with a threaded screw design; (b) The IL-6 concentration in the culture media of dental 
implants with a threaded screw design; (c) The TNF-α concentration in the culture media of 
dental implants with a threaded screw design. 

Prior to treatment with LPS, the macrophages produced a very low amount of IL-6, while 
its production reached the highest level already after 12 h for all samples (Figure 25b), with 
TiZr and Ti-6Al-4V displayed the highest and lowest stimulation, respectively (p<0.05) among 
the Ti based dental implants. ZrO₂+C₆₀-Plasma-35Ncm-1-dry and ZrO₂+C₆₀-Plasma displayed 
the highest and lowest stimulation, respectively (p<0.05), among the ZrO₂ based dental 
implants. The IL-6 concentration in the culture media of the Ti-6AL-4V+C₆₀-N2-Plasma-26min-
100% and the TiZr (SLActive®) dental implant peaked again and displayed the distinctively 
highest concentration after 48 h (p<0.05), while others showed an obviously descending curve. 
The Ti-6AL-4V+C₆₀ dental implants exhibited the greatest drop of the IL-6 concentration in the 
culture media (p<0.05). Therefore, C₆₀ surface functionalization and tribological loading 
showed no benefit or detriment for macrophage IL-6 production under LPS treatment.  

After challenge with LPS, the TNF-α secretion of macrophages was significantly mitigated 
after attachment to the C₆₀ functionalized ZrO₂ and Ti-6AL-4V dental implant surfaces in 
comparison with native ZrO₂ and Ti-6AL-4V dental implants (p<0.05), the same was true when 
compared to the TiZr (SLActive®) implant surfaces (p<0.05). Greater TNF-α secretion was 
detected in the culture media of macrophages on C₆₀ functionalized ZrO₂ and Ti-6AL-4V dental 
implant surfaces with plasma treatment 24 h after challenge with LPS compared to surfaces 
without plasma treatment. The peak of the TNF-α production by macrophages on the dental 
implants occurred after 12 h or 24 h except (p<0.05) when subjected to tribological loading 
under dry conditions (ZrO₂+C₆₀-35Ncm-1-dry, ZrO₂+C₆₀-Plasma-35Ncm-1-dry) (Figure 25c). 
Interestingly, the samples peaking after 24 h showed a significant augmentation of the TNF-α 
concentration, while the samples peaking after 12 h displayed a relatively modest increase of 
TNF-α concentration (p<0.05). Moreover, after 48 h of LPS challenge, the TiZr (SLActive®) and 
the ZrO₂+C₆₀-35Ncm-1-wet dental implants exhibited the lowest decrease in TNF-α 
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concentration and therefore contained the highest amount of TNF-α in the culture media 
(p<0.05). Overall, the average level of cytokine expression was highest for IL-6 followed by 
TNF-α and IL-1β (p<0.05) (Figure 25). 
3.6. Gene expression of inflammatory cytokines  

A qRT-PCR was performed to evaluate the gene expression levels of the investigated 
inflammatory cytokines (IL-1β, IL-6, and TNF-α) after 48 h treatment with LPS. As shown in 
Figure 26, compared with macrophages grown on the positive control TiZr (SLActive®), all 
tested samples displayed an upregulated TNF-α gene expression and a downregulated IL-1β 
gene expression (p<0.05). In addition, except for the native ZrO₂ dental implant, which 
exhibited a slight upregulation, all other tested samples displayed a downregulation of IL-6 
gene expression (p<0.05). Interestingly, macrophages adherent to native ZrO₂ and Ti-6AL-4V 
dental implants displayed the greatest increase of the TNF-α gene expression within the ZrO₂ 
(p<0.05) or Ti based dental implants (p<0.05) respectively, which is indicative of the C₆₀ surface 
functionalization being able to reduce a LPS triggered TNF-α mediated inflammatory response. 
Furthermore, we noted a similar reduction of IL-6 gene expression on C₆₀ surface 
functionalized ZrO₂ dental implants (p<0.05), while the native Ti-6Al-4V dental implant 
displayed the greatest suppression of IL-1β gene expression among the Ti based dental 
implants (p<0.05). However, the effect of C₆₀ surface functionalization of ZrO₂ dental implants 
on the IL-1β related inflammatory response and the effect of C₆₀ surface functionalization of 
Ti-6Al-4V dental implants on the IL-6 related inflammatory response showed no statistical 
significance when compare with the native dental implants. 
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Figure 26. Quantitative RT-PCR analysis of pro-inflammatory cytokines. Expression level of 
TNF-α, IL-1β and IL-6 were normalized with the housekeeping gene (GAPDH) and TiZr 
(SLActive®) positive control (ΔΔCt). Each condition was assessed in two independent 
experiments (n=3). Data are expressed as the mean with error bars presenting ± SD. 

3.7. Antibacterial activity  
As shown in Figure 27a, the C₆₀ surface functionalization of the dental implants with a 

threaded screw design improved the antibacterial rate of the ZrO₂ surface by at least 8%, and 
that of the Ti-6AL-4V surface by 14%, respectively (p<0.05). The native Ti-6AL-4V surface 
displayed 43% higher antibacterial rate than native ZrO₂ surface. Dental implants with C₆₀ 
surface functionalization and plasma treatment without additional treatment (ZrO₂+C₆₀-
Plasma, Ti-6AL-4V+C₆₀-N2-Plasma-26min-100%) (p<0.05) and TiZr (SLActive®) surface showed 
the most excellent antibacterial rate of around 90% (p<0.05), followed by dental implants with 
C₆₀ surface functionalization but without plasma treatment and additional tribological loading 
(ZrO₂+C₆₀, Ti-6AL-4V+C₆₀) by at least 82% (p<0.05). The Ti-6AL-4V surface displayed a better 
antibacterial property than tribologically modified functionalized surfaces (ZrO₂+C₆₀-35Ncm-1-
wet, ZrO₂+C₆₀-35Ncm-1-dry, ZrO₂+C₆₀-Plasma-35Ncm-1-dry) as well as the native ZrO₂ (p<0.05). 
The C₆₀ surface-functionalized ZrO₂ discs with additional tribological loading in the form of the 
scratching procedure with 1N diamond tip or ball under dry conditions displayed a significantly 
greater antibacterial rate than the native ZrO₂ discs, with the ZrO₂+C₆₀ discs subjected to 1N-
diamond-tip-dry condition tribological loading (p<0.05) exhibiting the highest antibacterial 
rate among all tested dental implant surface disc samples (p<0.05) (Figure 27b), while the C₆₀ 
surface functionalization of ZrO₂ discs with additional tribological loading with 1N diamond tip 
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or ball under wet conditions did even enhance the growth of E.coli (p<0.05) (Figure 27b). 
Interestingly, native Ti-6Al-4V discs displayed a much better anti-bacterial property (48%) than 
native ZrO₂ discs (p<0.05). 

 
Figure 27. The effect of surface functionalization of dental implant surfaces on the 
antibacterial effect. The antibacterial rate was normalized to the negative control (ZrO2). Each 
condition was assessed in two independent experiments (n=4, p<0.05). Data are expressed as 
the mean with error bars presenting ± SD. (a) Antibacterial rate after incubation of E.coli on 
various dental implants with a threaded screw design; (b) Antibacterial rate after incubation 
of E.coli on the various disc implant surface samples.  



59  

4. Discussion 
The physicochemical properties of the dental implant surface and its interaction with the 

surrounding tissues ultimately determine the fate of dental implants and their long-term 
success rates. Surface modifications creating micro-rough titanium implant surfaces with a 
dual superimposed micro-texturing have been shown to accelerate the osseointegration of 
titanium implants in both animal as well as clinical studies (Bosshardt et al. 2017). With respect 
to producing these micro-rough surface, sandblasting followed by acid-etching has been 
regarded as the gold standard fabrication technique, and additional chemical surface 
modification for increasing the hydrophilicity of these implant surfaces (SLActive™-surfaces) 
has been shown to further accelerate the osseointegration of titanium dental implants in 
preclinical and clinical in vivo studies (Bosshardt et al. 2017). While these state of the art micro-
textured titanium dental implant surfaces used for the endosseous portions of dental implants 
have been shown to be superior to zirconia with respect to their osteogenic properties and 
osseointegration, the polished zirconia surfaces used for the per-mucosal portions and 
abutments are less prone to plaque formation than polished titanium surfaces and have 
proven to be advantageous with respect to mediating epithelial attachment via 
hemidesmosomes and soft tissue attachment (Hanawa 2020; Roehling et al. 2019). In addition, 
peri-implant disease and peri-implantitis caused by plaque and oral pathogens has been 
identified as one of the main causes of implant failure after increasing years of function 
(Bosshardt et al. 2017). This prompted pursuing improvement of the antibacterial and anti-
inflammatory properties of dental implant surfaces (Dorner-Reisel et al. 2023; Bosshardt et al. 
2017; Hanawa 2020). Furthermore, due to the superior esthetic properties, metal-free 
restorations involving the use of zirconia implants are increasingly pursued in restorative and 
implant dentistry (Hanawa 2020). Due to its stability, low cytotoxicity, osteoconductivity, drug 
delivery and free radical scavenger properties, fullerene has been considered as promising 
candidate for antibacterial and anti-inflammatory surface modifications of dental implants. 
The same is true with respect to endowing Ti-6AL-4V fracture fixation devices with 
antibacterial and anti-inflammatory properties in order to prevent and reduce SSI.  
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Consequently, the current study aimed at exploring the use of fullerene coatings 
employing a high vacuum sublimation technique for enhancing the antibacterial and anti-
inflammatory properties of zirconia dental implant surfaces as well as titanium alloy implant 
surfaces in addition to achieving favorable osteogenic properties. To this end, we evaluated 
the bioactivity of fullerene C₆₀ films deposited on various dental ZrO₂ implant surfaces or Ti-
6AL-4V implants and subjected to different surface treatment modes. 

When evaluating the osteogenic performance of endosseous implant materials, ALP 
serves as an early stage osteogenic differentiation marker and plays an important role in the 
initiation of the ECM mineralization during bone formation, while OC serves as a late stage 
osteogenic differentiation marker and regulates dynamic balance of bone mineralization and 
calcium ions deposition. The in vitro osteogenic differentiation of osteoprogenitor cells can be 
divided into 3 stages: the proliferation phase (0-4 d), the ECM maturation or early osteogenic 
differentiation (4-14 d), and the mineralization phase or late osteogenic differentiation (14-21 
d) (Kulterer et al. 2007; Huang et al. 2007). In our study, the ALP activity (Figure 22) and OC 
expression level (Figure 23) in the cell-free medium supernatant increased during the time 
course, which is consistent with the progress of osteogenesis and mineralization. It has been 
shown that, during the bone healing after femoral fractures, the ALP activity and OC 
expression level gradually increased and peaked at 14 days, whereas both declined at 21 days 
but were still markedly higher than their starting level (Chang et al. 2005). The different peak 
time between in vivo and in vitro tests may be due to the interaction of osteoblast and newly 
formed ECM with surrounding tissue in vivo. Previous studies have shown that p38MAPK 
inhibition significantly suppressed ALP and OC gene expression (Hu et al. 2003), diosmetin 
increased both ALP activity and OC production (Hsu and Kuo 2008), and AMPK activation 
stimulated the differentiation and mineralization of MC3T3-E1 cells with upregulated ALP and 
OC mRNA level (Li et al. 2018), these findings supported the positive correlation between ALP 
activity and OC concentration during the complete time course of MC3T3-E1 cell cultivation 
on all our tested samples (Figure 22, 23), independent of their composition and surface 
functionalization. Our findings suggest that, although different modes of surface 
functionalization vary the velocity of osteoblast differentiation and maturation, as well as ECM 
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formation, the C₆₀ surface functionalization of dental implant surfaces did not impede 
osteogenesis. In addition, among the tested zirconia dental implants, MC3T3-E1 cells grown 
on ZrO₂+C₆₀-Plasma dental implants secreted the highest amount of OC (Figure 23a) while, 
however, displaying the least amount of mineralized extracellular matrix (Figure 24c). A similar 
behavior was also noticed on the Ti-6Al-4V discs in comparison with other discs (Figures 
23b,7d). It is noteworthy that Karsenty’s group has discovered that OC-/- mice exhibited an 
increased bone formation rate and bone mass compared to control (Ducy et al. 1996). 
However, the cells grown on the TiZr (SLActive®) reference dental implants, which feature a 
dual superimposed micro-roughness created by sandblasting and acid-etching followed by 
chemical treatment for enhanced hydrophilicity (Bosshardt et al. 2017), exhibited a 
continuously higher OC concentration with the greatest mineralization, which may be related 
to its outstanding ALP activity throughout the culture period. In this context, our findings are 
in accordance with the results of numerous in vitro and in vivo studies reported in the 
literature (Bosshardt et al. 2017). Plasma modified biomaterial surfaces have been shown to 
enhance osteogenesis and calcium deposition (Kodama et al. 2021; Moriguchi et al. 2018), 
whereas cold atmospheric pressure plasma treatment of cells displayed decreased 
mineralization (Thammajak et al. 2021). Interestingly, plasma-treated C60 surface 
functionalized ZrO₂ and Ti-6AL-4V dental implants (ZrO₂+C₆₀-Plasma, Ti-6AL-4V+C₆₀-N2-
Plasma) displayed less mineralization in our study than the corresponding surfaces without 
plasma-treatment (Figure 24c). It is not clear whether this may be related to the C₆₀ coating 
and its cellular uptake and retention (Ma et al. 2021). 

Although titanium has a long history as a pioneering material for dental implants, since 
the discovery of the phenomenon of osseointegration by Professor Branemark, and although 
zirconia has become increasingly attractive since the early 2000s for fabricating implant-
supported dental restorations with improved esthetic outcomes, both titanium and zirconia 
surfaces which are exposed to the oral cavity are constantly challenged by oral microbes during 
long-term implantation, making it challenging to develop a surface functionalization mode for 
dental implants that promotes osseointegration and reduces bacterial adhesion and biofilm 
formation at the same time. Our study demonstrated that the fullerene surface 
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functionalization significantly reduced the E.coli growth on zirconia and Ti-6Al-4V dental 
implants with a screw design (Figure 27). An additional plasma treatment (ZrO₂+C₆₀-Plasma, 
Ti-6Al-4V+C₆₀-N2-Plasma-26min-100%) even improved the increased antibacterial rate of 
surfaces with C₆₀ coating, which might be attributed to the compelling antibacterial role of 
non-thermal plasma both on hard surfaces and in liquid environments (Benčina et al. 2021; 
Nicol et al. 2020). Additional tribological loading, which was expected to enhance the 
functionality of the fullerene molecules, had an adverse effect on the plasma and fullerene 
surface functionalization and consequently diminished their antibacterial effect. Mention 
needs to be made that fullerene derivatives and non-thermal plasma treatment inhibit the 
growth of both Gram-positive and Gram-negative bacteria due to a direct antibacterial effect 
or as a result of enhanced host immune response (Benčina et al. 2021; Tsao et al. 1999; Tsao 
et al. 2002), hence further investigations of the antibacterial effect of fullerene surface 
functionalization and additional plasma treatment on common oral strains such as P.gingivalis, 
Prevotella intermedia (P.intermedia) and Aggregatibacter actinomycetemcomitans 
(A.actinomycetemcomitans) would be beneficial with respect to confirming the antibacterial 
effect demonstrated in our study for E.coli with oral pathogens and be useful with respect to 
possibly fine-tuning of the coating parameters for surface modification of these dental 
implants with fullerene films.  

It is noteworthy, that it has been demonstrated that exposition of macrophages to 
titanium and zirconia particles, which may be released from the implant surface during the 
screwing procedure at implant placement, leads to a pro-inflammatory response with in-
creased TNF-α, IL-1β and IL-6 mRNA level (Ramenzoni et al. 2021), especially over long term 
implantation (Lechner et al. 2018; Cionca et al. 2016). Moreover, it is known that after 
challenge with LPS, the THP-1 differentiated macrophages show a M1 pro-inflammatory 
phenotype and are able to initiate and sustain inflammatory responses and secrete pro-
inflammatory cytokines (Viola et al. 2019). In our study, the C₆₀ coating on Ti-6Al-4V dental 
implants reduced TNF-α protein production by macrophages (Figure 25c), in addition to 
downregulating its mRNA levels (Figure 26), which is in line with previous findings of fullerene 
derivatives mitigating inflammatory response by suppressing the expression of pro-
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inflammatory cytokines in tissues, where their expression levels had already been elevated 
(Yamashita et al. 2009; Arpaci et al. 2024; Dellinger et al. 2015; Hui et al. 2023). C₆₀ surface 
functionalization on Ti-6Al-4V dental implants, however, also enhanced the expression levels 
of IL-1β and IL-6 at the same time, while a decrease in TNF-α levels was noted after 24 and 48 
hours (Figure 25), thereby not rendering a consistent uniform result with respect to the anti-
inflammatory effect of the C₆₀ film on these Ti-6Al-4V dental implants. Consequently, more 
detailed analysis of the factors underlying this phenomenon are required in future studies. 

Taken together, C₆₀ surface functionalization of ZrO₂ and Ti-6Al-4V dental implants 
yielded an antibacterial effect against E.coli. This was in addition, to a pronounced reduction 
of IL-1β and TNF-α levels by macrophages after challenge with LPS, i.e. a pronounced anti-
inflammatory effect in case of the ZrO₂ dental implants, while the Ti-6Al-4V dental implants 
rendered inconsistent findings, due to a pronounced reduction of TNF-α secretion but 
increased IL-1β levels in case of the Ti-6Al-4V dental implants. With respect to their osteogenic 
properties, C₆₀ films on ZrO₂ and Ti-6Al-4V dental implants supported osteoblast 
differentiation and matrix mineralization and did not impede them. Fullerene coated ZrO₂ and 
Ti-6Al-4V dental implant surfaced did, however, not display the same extent of enhancement 
effect on osteoblast differentiation and matrix mineralization as present with the gold 
standard, i.e. the micro-textured titanium surfaces with dual superimposed micro-roughness 
(SLActive®). Plasma treatment further enhanced the anti-bacterial effect of C₆₀ surface 
functionalized ZrO₂ and Ti-6Al-4V dental implants, but reduced the anti-inflammatory 
properties eliciting higher TNF-α levels. Plasma treatment furthermore led to a decrease in 
osteogenic properties, although it resulted in an increase in surface roughness. Tribological 
torque loading neutralized the positive antibacterial effect of C₆₀ surface functionalized ZrO₂ 
and Ti-6Al-4V dental implants both with and without plasma treatment. It furthermore led to 
an increase in IL-1β secretion by macrophages, thereby reducing the anti-inflammatory effect. 
Tribological loading had a marginal effect on the osteogenic properties, in that tribological 
loading slightly enhanced OC production and matrix mineralization by osteoblast grown on C₆₀ 
surface modified ZrO₂ and Ti-6Al-4V dental implants, which may be related to the resulting 
increase in surface roughness. 
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In this context, it is noteworthy, that there is complex relationship between the TNF-α, IL-
1β and IL-6 triad in addition to a complex interplay between macrophages and osteoblasts as 
well as macrophages and gingival fibroblasts (Wang et al. 2019). TNF-α and IL-1β induce the 
expression of the other two cytokines (Sacks et al. 2018; Ledesma et al. 2004; Cahill and Rogers 
2008; Chevrel et al. 2005), and IL-1β and IL-6 enhance TNF-α mediated inflammatory 
responses or cell death respectively (Saperstein et al. 2009; Sano et al. 2021). Importantly, 
TNF-α and IL-1β have been shown to induce IL-6 production in osteoblast-like MG63 cells 
(Confalone et al. 2010), and TNF-α is implicated in IL-6 synthesis during MC3T3 osteoblast 
differentiation (Dai et al. 2006). p38 MAPK signaling plays a crucial role in both macrophage-
mediated inflammation (Yang et al. 2014b) and osteoblast differentiation (Rodríguez-Carballo 
et al. 2016). ALP and OC expression levels were upregulated by p38 and vice versa (Suzuki et 
al. 2002; Hu et al. 2003). The extracellular calcium elevates MC3T3 proliferation via p38 
activation, while increase of intracellular calcium level in osteoblasts stimulates p38 
phosphorylation and nuclear translocation (Rodríguez-Carballo et al. 2016). Through cross-talk 
with the p38-MAPK signaling pathway, ROS signaling cascades are highly involved in bone 
homeostasis by suppressing osteoblast differentiation and promoting osteoclast 
differentiation and osteoblast apoptosis (Agidigbi and Kim 2019; Lee et al. 2005; Tao et al. 
2020). ROS also contribute to macrophagic pro-inflammatory differentiation and cytokine 
secretion in a complex feedback loop (Brüne et al. 2013; Yu et al. 2022). Since fullerene is 
known for its excellent antioxidant capability and participates in p38-MAPK mediated cell 
survival and proliferation (Hao et al. 2016), further investigations of the interaction between 
fullerenes, p38 and ROS signaling would be useful for optimizing the C₆₀ surface 
functionalization mode so as to maximize the osteogenic effect in addition to achieving an 
excellent antibacterial and anti-inflammatory effect for maintaining soft-tissue integration and 
preventing peri-implantitis long-term.  

With respect to the endosseous implant surfaces, it, however, also has to be considered 
that there is support for the view that the deposited fullerene films may mask the positive 
properties of the micro-rough surface texturing of the state of the art titanium implants as 
well as the effect of the titanium oxide layer which is known to play an essential role in the 
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osseointegration process of titanium implants (Steinemann 1998; Healy and Ducheyne 1992; 
Bosshardt et al. 2017). In general, the impact of the surface texture of micro-rough dental 
implant surfaces on the structure, durability and biological efficacy of C₆₀ films deposited by 
sublimation requires further more detailed investigation ( Dorner-Reisel et al. 2024). 

Due to the advantageous esthetic properties, numerous approaches have been pursued 
in recent years for enhancing the osteogenic properties of the endosseous portion of zirconia 
dental implants so as to achieve osteogenic properties similar to those of the titanium 
implants with dually micro-rough and hydrophilic surfaces. These approaches include various 
acid-etch and sandblasting techniques (Bosshardt et al. 2017). More recently, a high-velocity 
(Bernstein et al. 2008; Burtscher et al. 2019; Lanzino et al. 2024) suspension flame spraying 
(HVSFS) coating process (Lanzino et al. 2024; Burtscher et al. 2019) has been established which 
permits coating both titanium as well as zirconia implant surfaces with highly bioactive calcium 
alkali orthophosphate (CAOP) ceramics and thereby facilitate producing thin degradable 
coatings, which in addition can be doped with antibacterial ions such as copper and silver, 
which are then released during the degradation of the coatings. The excellent bioactive 
enhancement effect of this resorbable CAOP material on osteogenesis and bone formation 
has been demonstrated for CAOP bone grafting granules and scaffolds both in vitro as well as 
in vivo in animals and humans (Knabe C, Stiller M, Adel-Khattab D, Ducheyne P. Dental graft 
materials. In: Ducheyne P, Healy K, Hutmacher D, Grainger DW, Kirkpatrick JP, editors. 2017; 
Knabe C, Adel-Khattab D, Ducheyne P. 1.12 Bioactivity: Mechanisms. In: Ducheyne P, Healy K, 
Hutmacher D, Grainger DW, Kirkpatrick JP. editors 2017; Knabe et al. 2019; Knabe et al. 2023a; 
Knabe et al. 2023b). The same is true for CAOP implant coatings in vitro and in animals in vivo 
(Burtscher et al. 2019; Bernstein et al. 2008). This material is capable of accelerating and 
inducing bone formation even at a great distance from the bone surface and the surface of 
progressing appositional bone formation (Knabe C, Stiller M, Adel-Khattab D, Ducheyne P. 
Dental graft materials. In: Ducheyne P, Healy K, Hutmacher D, Grainger DW, Kirkpatrick JP, 
editors. 2017; Knabe C, Adel-Khattab D, Ducheyne P. 1.12 Bioactivity: Mechanisms. In: 
Ducheyne P, Healy K, Hutmacher D, Grainger DW, Kirkpatrick JP. editors 2017; Knabe et al. 
2023a). Consequently, combining fullerene coatings for the abutments and smooth polished 
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per-mucosal portion of zirconia implants, which interfaces with the epithelial and subepithelial 
soft tissue with CAOP HVSFS coatings of the endosseous portion may constitute an effective 
strategy for creating dental zirconia implants, which promote and accelerate osseointegration 
in addition to displaying excellent antibacterial and anti-inflammatory properties. Thereby 
these implants would be better equipped to withstand the bacterial and inflammatory 
challenges which increase with increasing years of function of dental implants in an aging 
patient population due to decrease of manual dexterity with increasing age and thereby 
decrease of quality of oral hygiene maintenance as well as due to the onset of clinical 
conditions which may impair the patients’ immune response. In addition, the antibacterial 
properties of C₆₀ functionalized Ti-6AL-4V dental implant surfaces render this mode of surface 
functionalization useful for temporary dental implants for orthodontic anchorage and 
temporary dental implants used for supporting temporary dental restorations, which are 
placed during the healing period of the definitive implants, as these temporary implants often 
need to be placed outside of the zone of attached gingiva, which makes them more prone to 
infection and inflammation. Further studies are warranted for confirming the antibacterial 
properties of the fullerene functionalized dental implant surfaces with respect to oral 
pathogens and biofilm formation in vivo.  

Since fullerene surface functionalization of Ti-6AL-4V implants with a threaded screw 
design resulted in excellent antibacterial properties against E.coli, depositing fullerene C₆₀ 
films utilizing high vacuum-sublimation appears to also have great potential for endowing Ti-
6AL-4V fracture fixation devices such as osteosynthesis plates and intramedullary nails with 
antibacterial properties, which is of major importance, as surgical site infections after 
orthopedic surgery utilizing fracture fixation devices pose a dire clinical problem due to severe 
adverse effects including osteomyelitis (Woelfle et al. 2020; Wang et al. 2024). To further 
confirm this potential, confirming the antibacterial properties of C₆₀ films on Ti-6AL-4V 
substrates against S.aureus and methicillin-resistant S.aureus (MRSA) would be required. Since 
fracture fixation devices such as osteosynthesis plates are at times removed after completion 
of fracture healing possessing the same degree of osteogenic properties as advanced dental 
implants is not as critical for the fracture fixation application. 
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5. Summary 
In order to improve the performance of dental implants, especially in the case of poor 

bone structure or insufficient bone volume, the enhancement of the bioactivity of the implant 
surface by surface modification has received increasing attention by many researchers in 
recent years. This is in addition to improving the susceptibility to periimplantitis. Dental 
implants interface both with bone and the mucosal soft tissue. Therefore, the clinical success 
of the implant is not only strongly dependent on its osseointegration, but also on the stable 
anchorage of the epithelial and submucosal connective-tissue to the implant surface. 
Consequently, numerous treatments for the implant surface, including sandblasting, acid- 
etching, and various coatings, have been developed with the aim of enhancing the 
physicochemical and biological properties of the implant surface. This enhancement is 
intended to provide effective anti-inflammatory and antibacterial characteristics while 
simultaneously improving osteoblast functionality and expediting peri-implant bone 
formation, thereby increasing the bonding strength between the implant and osseous tissue, 
ultimately promoting long-term implant stabilization. 

Despite fullerenes exhibiting remarkable biocompatibility and antibacterial 
characteristics, which suggest significant promise for optimizing dental implant surfaces with 
respect to long-term clinical performance, their use for surface functionalization of dental 
implants is poorly investigated. Therefore, various surface modifications of fullerene-
functionalized zirconia and titanium dental implants (e.g. laser-treated, plasma- sprayed, etc.) 
have been developed by our collaborators over the last few years to impart comparable 
properties to both materials. We subsequently assessed the impact of several surface 
modifications of zirconia and titanium dental implants as well as of titanium alloy implant 
surfaces by fullerenes on their osteogenic, antibacterial, and anti-inflammatory properties. 
Quantitative analysis of early and late osteogenic marker expression as well as calcium 
deposition was used to characterize the osteogenic differentiation of MC3T3-E1 cells grown 
on dental implants with different surface modifications. To evaluate the anti-inflammatory 
properties, the protein and mRNA expression level of pro-inflammatory cytokines from THP-1 
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differentiated macrophages under LPS challenge were assessed. The antibacterial rate of 
different surface variants was tested by quantification of E.coli adherence and growth. 

Finally, the experimental results showed that fullerene surface functionalization of 
zirconia and Ti-6AL-4V dental implant surfaces by depositing fullerene C₆₀ films utilizing high 
vacuum-sublimation resulted in excellent antibacterial properties against E.coli. This was in 
addition to excellent anti-inflammatory properties in the case of the fullerene coated zirconia 
dental implant surfaces, while there was no enhancement effect on osteogenic properties, 
which were not equal to those of the gold standard, i.e. micro-textured titanium surfaces with 
dual superimposed micro-roughness. Plasma treatment further enhanced the antibacterial 
effect of the fullerene coatings, but led to a decrease of the anti-inflammatory and osteogenic 
properties. Tribological loading of the fullerene functionalized dental implant surfaces reduced 
the antibacterial and anti-inflammatory effect and marginally enhanced the osteogenic 
properties. Consequently, a partial fullerene surface modification of the per-mucosal portion 
of dental implants with a threaded screw design may hold great promise for designing dental 
implants which improved capacity of withstanding the bacterial and inflammatory challenges 
leading to peri-implantitis. This may be further aided by adding a bioactive calcium alkali 
orthophosphate coating of the endosseous zirconia implant portion to the implant design. 
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6. German summary 
Um den Langzeiterfolg von Zahnimplantaten zu verbessern, insbesondere bei schlechter 

Knochenstruktur oder unzureichendem Knochenvolumen, ist die Verbesserung der 
Bioaktivität der Implantatoberfläche durch Oberflächenmodifikation in den letzten Jahren zu 
einem Schwerpunktthema für viele Wissenschaftler geworden. Zusätzlich wird eine 
verminderte Anfälligkeit gegenüber Periimplantitis angestrebt. Zahnimplantate haben ein 
Interface sowohl zum Knochen als auch zum Schleimhaut-Weichgewebe. Daher hängt der 
klinische Erfolg des Implantats nicht nur stark von seiner Osseointegration ab, sondern auch 
von der stabilen Verankerung des Epithels und des submukosalen Bindegewebes an der 
Implantatoberfläche. Daher wurden zahlreiche Behandlungen für die Implantatoberfläche 
entwickelt, darunter Sandstrahlen, Säureätzen und verschiedene Beschichtungen, mit dem 
Ziel, die physikochemischen und biologischen Eigenschaften der Implantatoberfläche zu 
verbessern. Diese Verbesserung soll wirksame entzündungshemmende und antibakterielle 
Eigenschaften erzeugen und gleichzeitig die Osteoblastenfunktionalität verbessern und die 
periimplantäre Knochenbildung beschleunigen, wodurch die Verankerung des Implantates im 
Knochengewebe erhöht wird, was letztlich die langfristig Stabilität der Osseointegration des 
Implantats fördert. 

Obwohl Fullerene bemerkenswerte Biokompatibilitäts-, antibakterielle und 
antiinflammatorische Eigenschaften aufweisen, die eine Optimierung von 
Zahnimplantatoberflächen im Hinblick auf die langfristige klinische Funktionalität und 
Vermeidung von Periimplantitis versprechen, ist ihre Verwendung für die 
Oberflächenfunktionalisierung von Zahnimplantaten nur unzureichend untersucht. Daher 
wurden in den letzten Jahren von unseren Kooperationspartnern verschiedene 
Oberflächenmodifikationen von Fulleren-funktionalisierten Zahnimplantaten aus 
Zirkoniumdioxid und Titan sowie Titanlegierung (z. B. laserbehandelt, plasmagespritzt usw.) 
bzw. von enossalen Titanlegierungsimplantaten entwickelt, um beiden Materialien 
vergleichbare Eigenschaften zu verleihen. Anschließend analysierten wir demzufolge den 
Effekt verschiedener Oberflächenmodifikationen von Zahnimplantaten aus Zirkoniumdioxid 
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und Titan mit Fullerenen auf ihre osteogenen, antibakteriellen und entzündungshemmenden 
Eigenschaften. Zur Charakterisierung der osteogenen Differenzierung von MC3T3-E1-Zellen, 
die auf Zahnimplantaten mit unterschiedlichen Oberflächenmodifikationen kultiviert wurden, 
wurde eine quantitative Analyse der Expression osteogener Marker sowie der Produktion 
mineralisierter Knochenmatrix durchgeführt. Zur Bewertung der entzündungshemmenden 
Eigenschaften wurden die Protein- und mRNA-Expressionsniveaus von pro-inflammatorischen 
Zytokinen von differenzierten THP-1-Makrophagen unter LPS-Belastung untersucht. Die 
antibakterielle Wirkung der verschiedenen Oberflächenvarianten wurde durch 
Quantifizierung von E.coli- Adhärenz und -Wachstum getestet. 

Dabei zeigten die experimentellen Ergebnisse, dass die Fulleren-
Oberflächenfunktionalisierung von Zirkoniumdioxid- und Ti-6AL-4V-Zahnimplantat- und 
enossalen Implantatoberflächen durch Aufbringen von Fulleren-C₆₀-Filmen unter Verwendung 
von Hochvakuum-Sublimation zu hervorragenden antibakteriellen Eigenschaften gegen E.coli 
führte. Die mit Fullerenen beschichteten Zirkoniumdioxid-Oberflächen wiesen zudem 
hervorragende entzündungshemmende Eigenschaften auf, während die osteogenen 
Eigenschaften nicht verbessert werden konnten, da sie nicht denen des Goldstandards 
entsprachen, d. h. der mikrotexturierten Titanoberflächen mit doppelter überlagerter 
Mikrorauhigkeit. Durch die Plasmabehandlung wurde die antibakterielle Wirkung der Fulleren-
Beschichtungen weiter verstärkt, was jedoch zu einer Abnahme der entzündungshemmenden 
und osteogenen Eigenschaften führte. Die tribologische Belastung der mit Fulleren 
funktionalisierten Zahnimplantatoberflächen verringerte die antibakterielle und 
entzündungshemmende Wirkung und verbesserte die osteogenen Eigenschaften geringfügig. 
Folglich könnte eine partielle Fulleren-Oberflächenmodifikation des perimukosalen Teils von 
Zahnimplantaten vielversprechend sein, um Zahnimplantate zu entwerfen, die besser in der 
Lage sind, den bakteriellen und entzündlichen Reizen zu widerstehen, die zu Periimplantitis 
führen. Dies kann durch die Kombination mit einer bioaktiven Calciumalkali-Orthophosphat-
Beschichtung des enossalen Zirkoniumdioxid-Implantatteils in Hinsicht auf die Optimierung 
des Implantatdesigns ergänzt werden zur gleichzeitigen Steigerung der osteogenen 
Eigenschaften. 
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