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Abstract

:

Electrochemically anodized (EA) surfaces promise enhanced biological properties and may be a solution to ensure a seal between peri-implant soft tissues and dental transmucosal components. However, the interaction between the modified nano-structured surface and the gingival cells needs further investigation. The aim of this systematic review is to analyze the biological response of gingival cells to EA titanium surfaces in in vitro studies with a score-based reliability assessment. A protocol aimed at answering the following focused question was developed: “How does the surface integrity (e.g., topography and chemistry) of EA titanium influence gingival cell response in in vitro studies?”. A search in three computer databases was performed using keywords. A quality assessment of the studies selected was performed using the SciRAP method. A total of 14 articles were selected from the 216 eligible papers. The mean reporting and the mean methodologic quality SciRAP scores were 87.7 ± 7.7/100 and 77.8 ± 7.8/100, respectively. Within the limitation of this review based on in vitro studies, it can be safely speculated that EA surfaces with optimal chemical and morphological characteristics enhance gingival fibroblast response compared to conventional titanium surfaces. When EA is combined with functionalization, it also positively influences gingival epithelial cell behavior.
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1. Introduction


Soft tissue integration is currently a major challenge in implant-prosthetic treatment. Although during the last decade, osteointegration has been the major topic of interest in enhancing the implant survival rate [1], recently, attention has shifted to the barrier formed between the soft tissues and the surface of the transmucosal component. Indeed, stabilizing the connective tissue and the epithelial attachment on the abutment surface (in the case of a bone-level implant) or on the implant neck (in the case of a tissue-level implant) is now considered as the key to safeguarding the implant from bacterial contamination and thus reducing the risk of peri-implantitis [2]. Further techniques have been proposed to promote the surface bioactivity of Ti surfaces, such as mechanical modifications (sandblasting, acid-etching, micro-grooving), physical modification (laser), chemical modifications, and biological coating (proteins, collagen, hydroxyapatite, nanoparticles). Among these modifications, nano-engineered surfaces have gained interest by mimicking the extracellular matrix substrates. Several methods have been described to obtain a nanotextured surface, but electrochemical anodization or anodic oxidation is considered the most popular cost-effective approach to creating a nano-structured TiO2 oxide layer [3]. This technique, which consists of the immersion of the target piece in an appropriate electrolyte, was shown to establish a specific nano-structured surface due to the current created between the target metallic piece (anode) and another metal (cathode) through the application of a voltage (Figure 1).



This specific nano-featured surface is characterized by the presence of nanopores (NP) or nanotubes (NT) whose morphology (diameter, length, wall thickness) and surface chemistry (crystallinity) vary according to the experimental conditions [4] (Figure 2).



It is well known that cell behavior is sensitive to surface characteristics such as chemical and physical features [5] and to surface topography and surface reactivity, also EA seems to enhance fibroblast/epithelial response and cell functions. This trend was highlighted by the first in vitro studies investigating fibroblast and epithelial cell response on anodized titanium surfaces [1,6]. However, due to the lack of reproducibility, it remains very difficult to understand the real impact of these surface characteristics on the soft tissue’s response. Although in vitro studies cannot explain the complex interactions which occur in the human body, it remains an interesting investigation since it allows precise understanding of the influence of one parameter on a cell line.



The purpose of this systematic review is to investigate, with a score-based reliability evaluation, how the surface properties of anodized titanium surfaces influence the cellular response of gingival cells, in order to enrich the discussion of existing literature about the optimization of such surfaces for trans-gingival components.




2. Materials and Methods


2.1. Protocol


The present systematic review is reported in accordance with the guidelines of Transparent Reporting of Systematic Reviews and Meta-Analyses (PRISMA statement) [7].



The focusing question was: “How does the surface integrity (such as topography and chemistry) of the anodized titanium influence the cellular response of gingival cells in in vitro studies?”.



A detailed protocol following the PICO (Population-Intervention-Comparison and Outcomes) strategy was designed to answer this question.



	-

	
Population: In vitro studies analyzing fibroblastic and epithelial cell response (since they are both the main resident cell populations in the peri-implant connective attachment) to different electrochemical anodized (EA) titanium surfaces.




	-

	
Intervention: Surface modification, known as “anodic oxidation”, which creates a nanofeature surface.




	-

	
Comparison: Titanium surfaces obtained in the same conditions as the treated on, but without EA.




	-

	
Outcomes: Cellular response with a minimum requirement of a qualitative and/or quantitative adhesion evaluation.







The inclusion criteria were:



	-

	
In vitro studies.




	-

	
Studies investigating gingival fibroblasts and epithelial cell response to anodized titanium surfaces with nanotubes or nanopores.




	-

	
Studies including in their protocol any supplementary modifications previous EA or following EA.







The following studies were excluded:




	-

	
Studies proposing a surface modification protocol other than anodic oxidation on a titanium alloy.




	-

	
Studies investigating the response of cells different from fibroblasts and epithelial cells (e.g., osteoblasts or bacterial cells).




	-

	
Studies investigating soft tissue response in vivo.




	-

	
Anodization protocol that does not induce a nanopore or nanotube type nano-structured surface.




	-

	
Studies that do not detail the anodization parameters.




	-

	
Studies without qualitative or quantitative assessment of cell adhesion/attachment.




	-

	
Studies that did not provide information on the morphology of nanotubes/nanopores.










2.2. Search Strategy


An electronic restricted search of studies published only between 1 January 2011 and 31 December 2020 in three databases (MEDLINE/Pubmed, EMBASE, and Web of Sciences) was performed using keywords related to anodization on titanium surfaces combined with keywords related to soft tissues with AND/OR as Boolean operators. This equation was structured as shown in Table 1. No limits were applied regarding the sample size, but only articles written in English were selected.



The results of the electronic research were imported into software (Excel, Microsoft) to exclude duplicates. Titles and abstracts were screened by two independent reviewers (MJC and EM). Irrelevant studies unrelated to the response of gingival soft tissues on anodized nano-structured titanium surfaces were excluded. In case of difference, a consensus was decided by a supervisor (OF). To improve the sensitivity of the search, the references of all the papers included in the systematic review were checked to potentially reveal additional studies. Then, the full texts of all potentially eligible papers were assessed according to inclusion criteria. The inclusion or exclusion of studies was decided independently by the two reviewers (MJC and EM). In case of difference, a consensus was also decided by the supervisor (OF).




2.3. Data Extraction and Analysis


Data were extracted independently by the two reviewers using two tables specifically developed for this purpose. The first table included the article title and year of publication, sample preparation (materials, fabricant, and anodization parameters), and biological evaluation (measuring variables, methodology, cell density, duration, and number of replicates). The second table presented the characteristics of the different surfaces (surface roughness, NT/NP morphology, and wettability) and the biological results compared to the control surface.




2.4. Quality Assessment of Individual Studies


As described in Corvino et al., 2020 [1], a quality assessment of the selected studies was performed following the SciRAP method (http://www.scirap.org, accessed on 1 September 2021). Briefly, SciRAP is a webtool method developed to evaluate both the reliability and the relevance of in vitro studies. Regarding reliability, the criteria used to evaluate “reporting quality” (n = 23) and “methodological quality” (n = 15) separately can be adopted in the evaluation of studies focusing on the cellular response on biomaterials. However, the criteria (n = 4) used for the evaluation of relevance are strictly related to the evaluation of studies on toxicity for the assessment of human health hazards or risks. Therefore, these criteria cannot be taken into account to evaluate the quality of the in vitro studies selected in this review. Other criteria can be selected as “fulfilled”, “partially fulfilled”, or “not fulfilled”. The final score for each category can range between 0 and 100, where 100 is the situation for which all the criteria are judged “fulfilled”. For all the studies, three criteria were removed from the reporting quality evaluation and four from the methodological quality evaluation because they were applicable only for the evaluation of the soluble tested component.





3. Results and Discussion


3.1. Search and Included Studies


From the initial search, 216 potential articles were found through database searching. After reading the titles and abstracts, 169 were excluded, and after reading the full-text articles, 33 articles were eliminated. A total of 14 articles were included for qualitative synthesis (Figure 3).




3.2. Quality Assessment of the Included Studies


According to previous systematic reviews of in vitro studies, the quality of the studies was evaluated by the SciRAP method (Figure 4).



All the included studies defined a machined or polished titanium surface as a control surface. All the included studies described the cell density for the evaluation of proliferation but not systematically for the analysis of other cell functions. A total of 11 out of 14 studies reported the manufacturer of the tested titanium materials. All the included studies clearly defined the tested cell lines (source), although not all specified the number of passages. Additionally, 8 studies described how they sterilized the samples before tests, and 11 detailed the number of replicates for each test. No calculation of the sample size was described, and only a few studies verified normality before performing the statistical test.



The mean reporting quality score was 87.7 ± 7.7/100 while the mean methodologic quality score was 77.8 ± 7.8/100. Details of quality evaluations are shown in Table 2.




3.3. Characteristics of the Included Studies


After full-text article reading, a meta-analysis was not possible given the extreme heterogeneity in these studies’ designs and measurement parameters.



Table 3 summarizes the main characteristics of the reviewed studies. Pure titanium was the most common material used [8,9,13,14,16,18,19,20,21]. Some studies included grade 2 or 4 titanium [11,12,15,17], but none of them proposed a protocol including grade 5 titanium, which is generally the titanium alloy used for trans-gingival components.



Anodization parameters differed for each study. All the included studies systematically described the voltage, the anodization time, and the nature and composition of the electrolyte. One study highlighted the role of the distance between the cathode and the anode [14]. Two studies also described the importance of the age of the electrolyte [9,14] used specifically to conserve the underlying microroughness of a titanium substrate [22]. Little information was provided on the temperature of the bath, although the temperature can influence the viscosity of electrolytes. Platinum was the material most reported for cathodes, although one study used copper [15].



The choice of sterilization methods was described in 8 studies, whereas it can affect the biocompatibility of the TiO2 surface. UV irradiation was chosen in 5 studies [9,10,16,20,21] and appears to be the most appropriate technique since it maintains the bioactivity of the nanostructure [23,24].



The voltages imposed were between 10 V [10] and 80 V [9,16]. The electrolytes were almost all composed of a viscous mixture (based on glycerol or ethylene glycol) and water. The presence of fluoride ion F- was observed systematically, either as NH4F or HF at a concentration of approximately 0.5% [8,10,11,13,17,20,21]. In contrast, some protocols included less F-content: 0.3% [9,16], 0.15% [19], or more 1% [18]. Four studies resulted in the formation of a surface with nanopores (NP) [9,12,14,16] and ten studies resulted in the formation of nanotubes (NT) [8,10,11,15,17,18,19,20,21,23]. Generally, the studies proposing a “short” anodization protocol with a time less than 30 min and the presence of a low amount of F- resulted in NP features. On the other hand, with over 30 min of anodization and with a fluoride ion concentration of 0.5%, most of the studies showed the formation of well-defined, organized NT. One study showed that a rippled rough surface without NT or NP was obtained [15] under conditions with a lower voltage (1 V, 5 V, 10 V).



Biological experimentation to assess the behavior of in vitro cells differed from one study to another. The most frequently evaluated cell line was human gingival fibroblasts (hGFs) obtained from donors [9,10,12,16,17,19,20,21] or cell collections [8,11,15,18]. Three studies assessed the cell responses of epithelial cells (hGECs) [13,15,17]. Adhesion and proliferation were systematically assessed. Relative mRNA expression of adhesion-related genes or EMC components was also frequently investigated [8,9,10,13,14,15,17,18,20,21].



All the methodologies differed in terms of time points. For example, surface adhesion was evaluated in a range between 30 min [12,14,20,21] and 3 days [9]. Collagen production was assessed until day 7 [8], or until day 14 [18]. Controls also differed: rough titanium obtained after machining [19] or 3D printing [17] was used, as was polished titanium [18,20,21].



Table 4 summarizes the mechanical and biological results of the studies on the basis of the fabrication strategy employed. Three studies compared the fibroblast response on EA surfaces with unmodified Ti substrates [12,14,19]. Two articles included in their protocol a mechanical preparation of Ti surfaces before EA [9,16]. Nine studies evaluated hGFs behavior on EA surfaces followed by post-treatment. Regarding post-treatment, two studies out of nine proposed a simple post thermal treatment [8,10] whereas four performed a bioactive coating [11,13,15,17] and three studies proposed using NP and NT as a reservoir to deposit growth factors [18,20,21].




3.4. Nano Surface Characteristics of Anodized Titanium


3.4.1. Morphological Characteristics and Surface Roughness


The fabrication of nanoporous structures like nanopores (NP) or nanotubes (NP) by EA modifies surface topography. In the included studies, Ra, which is the arithmetical mean deviation of the profile assessed, is the most widely used one-dimensional roughness parameter. After electrochemical anodization, the reported Ra varied on average from 4.96 nm [20] to 2 µm [17]. This variation was due to the initial surface condition of the selected Ti surfaces, which varied for each study. Some surfaces were polished mechanically, while others were left in a rough state, either after machining or 3D printing. The highest surface roughness was found for a titanium material obtained by an additive process that initially increased the surface roughness [17] due to powder particle agglomeration. The lowest roughness was described for a titanium material polished mechanically before EA [20]. Most of the studies reported that anodized Ti surfaces obtained from a polished or machined titanium surface exhibited Ra values measured by AFM in the range of 40 to 80 nm. The average values reported by the studies were 45.8 nm [8], 40.8 nm [9], 55.8 nm [12], 54.7–41.6 nm [14], and 76 nm [19]. Such reported values were lower than 0.2 μm which can be considered a threshold below which no further significant changes in bacterial adhesion might be observed [25].



Since Ra does not distinguish between hollows and protrusions, this parameter might be insufficient for the description of the nanoarchitecture of surfaces, and misinterpretations about the roughness can be made. For instance, a study showed that the Ra was 2 times lower for anodized surfaces than for polished surfaces (27.76 nm vs. 58.17 nm) while Rz (which is the average value of the absolute values of the heights of the 5 highest-profile peaks and the depths of the 5 deepest alleys within the evaluation length) was 2 times higher for anodized surfaces (260.5 nm vs. 128.5 nm) [21]. The surfaces of the anodized surfaces may appear smoother than before anodizing, but it should be recalled that the pores or tubes generate a depression whose depth affects roughness. Thus, some studies proposed to analyze the surface topography through additional parameters. Guida et al., 2013 [19] did not consider Ra but Sa, which is the extension of the Ra parameter to a surface. Furthermore, they correlated the Sa measurement to the interfacial area ratio developed (Sdr). Sdr is expressed as the percentage of additional surface area due to the texture as compared to an ideal projected plane for which Sdr = 0. They reported that anodized surfaces show a surface area 10% larger than the projected surface compared to 1% on the polished surface. Similarly, Ferra-Canellas et al., 2018 [14] indicated that the surface area difference (Rsa), defined as the percentage increase of the 3D surface area over the projected 2-dimensional surface area, was 4 times higher for NP-B anodized surfaces than for control surfaces despite smaller Ra values for anodized samples.



From the 3-dimensional viewpoint, anodized surfaces offer quantitatively more reactive sites than “flat” surfaces. This “additional” surface is indeed provided by the internal walls of the NT or NP. This particularity would enhance the adhesion of the cells since it emphasizes the possibility of anchoring sites. From the 2-dimensional viewpoint, the presence of NT quantitatively decreases the surface area due to the hollow structure.



It should be noted that the values found in these studies are dependent on the experimental limitations inherent to the technology used and the surface geometry. For instance, the pyramidal shape of the AFM tip probably prevents it from entering into the bottom of the NT/NP.



The nanotopography is dependent on the morphology of NT/NP, whether it is the diameter (pore size), length (or depth), thickness of the walls, or inter-gap distance in the case of NT, or the inter-pore distance in the case of NP.



In the included studies, the internal diameters varied from 30 nm to 200 nm [10]. These values generally correspond to a measurement made along the longest axis of the pores, since NPs and/or NTs never exhibit perfect circularity. Studies with a high voltage anodizing process show larger pore sizes [9,10,15,16]. This is in line with literature data showing that the diameter of the TiO2 NT/NP increases linearly when increasing anodizing voltage. Regarding NT diameter, most studies report values between 90 and 120 nm, whether for a potential of 50 V for 15 min [8], 30 V for 3 h [10], 20 V for 30 min [13], 20 V for 45 min [17], 25 V for 1 h [18], 20 V for 24 h [19], and 20 V for 45 min [20,21].



Other morphological characteristics such as length or wall thickness were not systematically reported in these studies. Interestingly, Wang et al., 2020 [8] analyzed the longest NTs with a length of about 1000 nm for a high voltage (50 V) associated with a short time (15 min) in a viscous electrolyte. Xu et al., 2018 [17] reported lengths ranging from 200–250 nm, and Ma et al., 2012 [20] described NTs with lengths of 588.8 ± 31.92 nm. These “shorter” NTs were found mainly for purely aqueous electrolytes, which was also in agreement with previous reports [4]. Only one study reported a value for wall thickness equal to 15–20 nm [18]. In another study, by calculating the difference between the reported external diameter and the internal diameter, the deduced wall thickness of the “nano-tubules” was about 70 nm [19]. This wall thickness is a very important criterion since it provides an anchor point for the cytoplasmic extensions of the gingival cells in the case of NT. Furthermore, the wall thickness also influences the chemical nature of the reactive sites. In the case of NP, it is the distance between the pores that is important [9].



The different post-functionalizations of anodized surfaces also change the roughness. Ma et al., 2011 [21] showed that surfaces functionalized with silver nanoparticles and FGF (fibroblast growth factors) have a higher surface roughness than simply anodized surfaces (34.18 nm vs. 27.76 nm). Similarly, Liu et al., 2018 [18] showed that the surface roughness on bovine serum albumin-functionalized surfaces has higher Ra values (up to 700 nm) than anodized surfaces (200 nm). On the other hand, the surfaces modified by a coating based on chitosan and collagen tended to smooth the surface since they showed a lower Sa value (17.7 nm) than the simply anodized surfaces (22.1 nm) [13]. These remarks suggest that the post-functionalization grafted entities do not adsorb on the same adhesion sites of the nano-structured surface. For example, when the Sa is lower, it would imply that the biomolecules such as biopolymer could be located in the “hollows” of the surface, thus reducing the roughness.



To summarize, anodizing modifies the roughness at the nanometric scale. This nanometric modification does not affect the roughness at the micron scale, which is dependent on the initial surface condition of the material.




3.4.2. Morphological Characteristics and Surface Roughness


	
Wettability






Electrochemical anodization improves wettability in the case of NT formation. Water contact angle (WCA) is systematically decreased for anodized surfaces with the presence of NT compared to a non-anodized control surface [8,10,11,13,17,18,21]. It seems that the morphological characteristics of the NT and, more specifically, the diameter, influence wettability: the larger the diameter, the smaller the contact angle [10]. NP features lead to a less hydrophilic surface than NT [9,12] even if a pore size above 70 nm may allow a better WCA than a pore size of 50 nm [9,14].



All the included studies show that WCA on anodized surfaces was less than 90°, which implies that all the anodized surfaces, no matter NP or NT morphology, can be considered as hydrophilic. This hydrophilic behavior associated with a nanostructure surface could induce the deposition of adhesion-related proteins from physiological fluids in the NT/NP.



Wettability is directly related to surface energy. Ma et al., 2011 [21] showed that the higher the contact angle, the lower the surface energy calculated by the Owens equation [21]. Surface energy modulates the ability of the surface to establish electrostatic, Van der Waals, or hydrogen bonds with a polar medium, like water, and then plays a big role in the initial adsorption of protein and cell adhesion.



Functionalization also changes wettability. Wang et al., 2020 reported that surfaces anodized and then modified with a coating of collagen and chitosan have a significantly higher contact angle than simply anodized surfaces [13]. Conversely, surfaces anodized then coated with calcium phosphate nanoparticles [17], surfaces anodized and then loaded with bovine serum albumin (BSA) [18], and surfaces decorated with gold nanoparticles [11] are more hydrophilic than anodized surfaces alone.



	
Crystalline phase






The crystalline or amorphous nature of TiO2 is also one of the parameters affected by the anodization treatment, and especially by the possible post-anodization heat treatments. Two studies assessed the absence of crystallinity of the oxide layer in the case of NT formation [8,10]: after anodization, TiO2 NTs are generally in amorphous form. The authors performed post thermal treatments to modify the crystallinity of the oxide layer of the anodized parts. After annealing in air at 450 °C for 2 h, the XRD (X-ray diffraction) patterns showed Ti and anatase peaks without any rutile or amorphous peaks [10]. Similarly, after annealing in air at 550 °C for 2 h, or at 500 °C for 4 h in air with a controlled hydrogen atmosphere, the XRD pattern showed that the amorphous titanium changed to an anatase phase [8]. This annealing resulted in an increase of the compact layer at the metal/NT interface, which led to a decrease in NT length. Above a certain temperature, the tubular structure is lost. The conversion from amorphous to anatase phase can have consequences on mechanical, chemical, electronic, optical, and biomedical properties since the anatase crystal type possesses good anti-bacterial properties. Although none of the included studies mentioned this point, it should be noted that raising the annealing temperature to 580 °C may remove surface hydroxyl groups and even cause the NP/NT structure to collapse [26], thus reducing the other properties (i.e., hydrophobicity) [27].





3.5. Biological Results of the Studies Reviewed


3.5.1. Biological Behavior of Human Gingival Fibroblasts (hGFs) Regarding Anodized Surfaces


	
Cell adhesion






The majority of the studies presented in this review showed that a titanium surface modified by anodization allows, in vitro, better adhesion of hGFs on the surface compared to conventionally polished or machined titanium.



Based on measures performed on SEM images, Gulati et al., 2020 [9] showed that hGFs seeded on nanoporous surfaces superimposed on micro-scale features exhibited a more elongated and spread-out shape at 6 h than hGFs seeded on control surfaces (rough or polished). After DAPI staining and analysis by fluorescence intensity at 1 and 3 h, Liu et al., 2014 [18] showed that cell adhesion at 1 and 3 h was better on NT surfaces (with an Ra equal to 200 nm, a diameter of 100 nm, and a wall thickness of 15–20 nm) than on polished surfaces. Using colorimetric tests, Ferra-Canellas et al., 2018 [14] reported that at 30 min, hGFs statistically adhered better on nanoporous anodized surfaces (with a pore size equal to 74.0 ± 3.3 nm and an Rsa 4 times higher than the control surface). Similarly, Guida et al., 2013 [19] proved that at 6 h, adhesion is statistically increased when hGFs are in contact with nano-tubular anodized surfaces (with a diameter of 120 nm and thick walls of 70 nm) compared to the titanium control surface.



In contrast, other studies did not report favorable results. Llopis-Grimalt et al., 2019 [12] concluded that at 30 min, there are no differences regarding HGFs adhesion between control and nanoporous anodized (NN) surfaces. These NN surfaces with a pore size equal to 77.7 ± 0.7 nm present a lower wettability than the control surface. Ma et al., 2012 [20] reported that NT surfaces with a diameter of 100 nm and without functionalization significantly decreased cell adhesion at 30 min, 1 h, and 2 h. The authors explained that nano-tubular anodized surfaces present “hollows” that quantitatively decrease the contact area available for cell adhesion. This study did not report the value of wall thickness, but it was possible through SEM images to provide a rough estimation of about 10 nm. However, it has been described that filopodia (which are thin cytoplasmic extensions in the region of tens of nanometers) can detect surface topographic features of about 15 nm [28], as presented in Liu et al., 2014 [18]. The main difference between Liu et al., 2014 and Ma et al., 2014 resided in the composition of the electrolyte. In one study [20], the aqueous electrolyte led to the formation of NT arrays with thin wall thicknesses, while in the other, the viscous glycerol-based electrolyte with only 15% water content [18] led to an NT with greater wall thickness, which is consistent with a previous study [29]. Although ultrathin walls are essential for some applications (such as photocleavage of water), favoring a wall with at least 15–20 nm thickness would be interesting for biomedical applications.



These quantitative findings regarding adhesion are consistent with qualitative analysis since all the studies investigating hGFs morphology through SEM images or by immunofluorescence agreed that hGFs in contact with an EA surface present a morphology favorable to adhesion in contrast to similar cells cultured on control Ti surfaces. All the authors observed the presence of more lamellipodia and filopodia than on a polished or machined control surface [9,16,17,18,19,20].



At a higher magnification on NT surfaces, filopodia anchor on the edges of the tubes (and not inside the tube), which occurs at a very early point [8,10]. On NP surfaces, the authors described an intimately close correlation of fibroblast projections with the nanopores [9]. Figure 5 shows the morphology of hGFs spreading on TiO2 NP at day 1 of the culture.



Furthermore, when nanopores are aligned with micro-machining lines fabricating EA, hGFs stretch along the direction of nanopores. This better alignment of the cells is interesting because the secreted proteins, like collagen, could be deposited and oriented in the same direction and not randomly [30].



In addition, some of the studies found in this work also highlight the possibility that anodized surfaces promote not only better adhesion, but also faster attachment of gingival fibroblasts [9,18]. This kinetic aspect is crucial as it is known that during the insertion of a biomaterial, there is “a race to the surface” between epithelial cells, fibroblastic cells, and bacterial cells [31,32]. If local human cells colonize the surface promptly and create a close loop of connective tissue around the oral implant, it may prevent bacterial invasion.



This adhesion is dependent on the adsorption of proteins. Since the size of plasma proteins such as fibronectin is nanometric, the adsorption kinetics of these proteins, as well as the quantity adsorbed, are influenced by surface properties at a very small scale. These surface properties are based on the nature (chemistry and structure) of the reactive sites located on the surface and especially on the tube edges in the case of NT. These characteristics are closely related to several physical parameters such as roughness, surface energy, surface charge (isoelectric point), and wettability. Since anodizing changes all these surface properties, this process has a significant influence on adsorption. Overall, it appears that anodized surfaces provide better protein adsorption. However, this assertion is true up to a certain limit. Indeed, beyond a diameter of about 70–100 nm [10], proteins are no longer adsorbed on the surface of the NT but probably tend to migrate to the bottom of the wells inaccessible to cells [8]. Furthermore, protein adhesion to the surface of the trans-gingival component depends on the spatial distribution of surface charges relative to the distribution of plasma protein charges. To avoid protein unfolding leading to denaturation, a certain level of hydrophilicity should not be exceeded. An excessive surface energy of anodized surfaces could explain why cells adhere less well on anodized surfaces than on control surfaces [21].



Depending on the pressures and mechanical stimuli that the cells perceive through their adhesion to the substrate and also through the intercellular contacts that are formed, a series of intracellular biochemical reactions will be triggered. These reactions will influence cell proliferation, the secretion of ECM components, and even promote cell migration, thus influencing wound healing.



	
Cell proliferation






Most of the studies analyzed report that, compared to conventionally used smooth surfaces (polished or machined), EA surfaces ensure better fibroblast proliferation. Proliferation is analyzed through metabolic activity by several tests based on the incubation of colorimetric markers at different times. For Guida et al., 2013 [19], the metabolic activity of hGFs in contact with nano-tubular EA surfaces was slightly better at day 2 and then much higher at day 7, whereas for Gulati et al., 2020 [9], the metabolic activity of hGFs in contact with EA surfaces was increased compared to control raw surfaces only at day 7. In addition, there were no significant differences between the 40 V, 60 V, and 80 V anodized surfaces with nanopore diameters of 50 nm, 60 nm, and 75 nm, respectively. Llopis-Grimalt et al., 2019 [12] also tended to find an improvement in metabolic activity at day 14, i.e., at the end of the experiment. They did not find any difference at day 2 or day 7 between hGFs seeded in contact with polished surfaces or in contact with nanoporous surfaces with a diameter of about 80 nm. Liu et al., 2014 [18] followed this trend as enhanced hGFs metabolic activity on surfaces with an NT diameter of 80–100 nm compared to polished surfaces was detectable only at day 14. These observations are consistent with the “normal” in vivo biological processes that take place after any injury. Within the first 2 days, processes related to inflammation appear, then after this 48 h period, new tissue formation occurs, characterized by cell proliferation. Finally, after 10 to 15 days, tissue remodeling processes are in place.



Conversely, Ma et al., 2012 [20] and Ma et al., 2011 [21] showed a slight increase in metabolic activity at day 3 that was not found at day 6 or day 9. This was in line with the results they described regarding adhesion and correlated with NT morphology in the previous paragraph. On the other hand, Xu et al., 2018 highlighted better metabolic activity for hGFs on anodized surfaces compared to those grown on polished surfaces at all time points (1st, 3rd, 5th, and 7th day). The difference with previous studies resided in the fact that Xu et al., 2018 anodized titanium surfaces obtained by the SLM additive manufacturing technique. The anodized surfaces exhibited not only nano roughness due to the presence of NT but also microroughness inherent to the manufacturing process, possibly explaining the better cell proliferation in vitro at the first time point.



	
Influence on the expression of soft tissue integration genes and production of specific proteins by hGFs






The majority of studies included in their protocol analysis by RT-qPCR (Reverse Transcriptase Polymerase Chain Reaction) of the expression of genes coding either for proteins found in cell adhesion mechanisms (such as fibronectin, vinculin, laminins, or integrins) or for the production of structural proteins of the extracellular matrix (such as collagen I and III). Two studies also observed markers that can contribute to angiogenesis, such as VEGF (vascular endothelial growth factor) [9,20].



Regarding the relative gene expression level of adhesion-related proteins, Gulati et al., 2020 [9] showed that the expression of integrinβ1 (important receptors mediating cellular binding onto the implant surface) is increased for hGFs seeded on anodized surfaces with 60 and 75 nm diameter NP compared to control surfaces at day 7. According to Xu et al., 2018 [17], hGF grown in contact with EA surfaces express FN and VCL genes encoding fibronectin (an important adhesion protein) and vinculin (an important cytoskeleton bonding protein associated with adhesion strength and migration) better at day 7 than hGF in contact with polished surfaces. Better gene expression related to adhesion is, most of the time, correlated to a better cell attachment. However, an overexpression of these genes may be related to reverse compensation. Ma et al., 2012 [20] showed better expression of ITGB at days 3, 6, and 9 on surfaces with NT than on polished surfaces, which was in contradiction with the results related to adhesion and proliferation. They concluded that the cells compensated for their lack of adhesion by expressing more mRNA (messenger ribonucleic acid) coding for β-integrin. Thus, it was preferable to complete the measurement of gene expression either by qualitative or quantitative analyses to ensure that the cell was correctly fulfilling its functions.



Gulati et al., 2020 [9] showed that hGFs in contact with 60 nm and 75 nm diameter nanoporous EA surfaces expressed the angiogenesis-associated marker VEGF better at day 7 than hGFs grown in contact with control surfaces or in contact with surfaces with 50 nm diameter NP. Ma et al., 2012 [20] showed that hGFs in contact with anodized surfaces expressed VEGF significantly better than polished surfaces. However, they added that an overexpression of this growth factor might reflect the persistence of inflammatory mechanisms or edema unfavorable to healing.



Collagen is the major component of extracellular matrices in gingival connective tissue and especially COL-1. The correct gene expression and production of COL-1 and/or COL-3 suggests that the surface on which the cells are cultured optimizes their capacity to secrete components essential for the adhesion, healing, and maintenance of homeostasis. All the studies that evaluated COL-1 and/or COL-3 mRNA expression and collagen secretion agreed that hGF cultured on anodized surfaces gave better results than hGFs seeded on conventional Ti substrates [8,12,14,17,18,19]. EA surfaces could favorably influence hGFs’ function. Despite the enhanced production of collagen fibers, the latter was not necessarily arranged in a favorable manner relative to the surface. Ideally, the optimal surface would stimulate a perpendicular fiber arrangement to mimic the anatomy of the peri-implant tissue in front of a natural tooth. It is very difficult to recreate this in vitro condition, and one of the studies included established an electrophoretic method for the perpendicular implantation of collagen into TNT15. They showed an overhead view of NT surfaces COL-1 as nanodots indicating the perpendicular attachment.




3.5.2. Biological Behavior of Human Gingival Epithelial Cells (hGECs) to Anodized Surfaces


The three studies that investigated the behavior of hGECs on NT surfaces reported similarly negative results. Wang and al. 2020 showed on fluorescence images that NT surfaces decreased the number of attached cells after 4 h compared to the control surface [13]. After 48 h of culturing hGECs in contact with an NT surface (100 nm diameter) without functionalization, the LAMA3 and ITGB4 expression levels (which are the major components of hemidesmosome and basement membrane) were decreased compared with those cultured on the control surface. In a consistent way, SEM observations displayed that hGECs present an elongated irregular shape instead of a spherical one with very few filopodia. Interestingly, Xu et al., 2018 [17] described a morphological shape favorable to adhesion with lamellipodia anchoring on the EA surfaces, but gene expression relating to adhesion after 7 days was lower on NT surfaces than on polished control, as was cell proliferation. Nojiri et al., 2019 indicated that on NT surfaces without collagen grafting, hGECs exhibited round-up morphology signifying weak adhesion [15].




3.5.3. Multi-Functional Surfaces


In order to amplify the bioactivity of nano-tubular surfaces and simultaneously boost anti-bacterial activity, some authors have proposed different surface functionalizations. Two main modifications may be considered, whether by the chemical reactivity of the surface via the reactive sites (H+, OH) (Figure 6a) or by the shape of the NT/NP that acts as a reservoir (Figure 6b). Thus, the authors filled the NP/NT with growth factors or anti-bacterial agents, or performed biological coatings/depositing by grafting peptides, proteins, or nanoparticles. Sometimes, both these modifications were performed [21].



	
Therapeutic delivery






Thanks to the hollow-core structure, NT and Np may be used as reservoirs by loading different agents. Liu et al., 2014 [18] reported that a BSA (bovine serum albumin) coating positively affects early-stage adhesion, enhances cell spreading, and promotes COL-1 expression of hGFs even if BSA coating suppresses COL-1 secretion at all-time points compared to NT surfaces and polished control. Ma et al., 2012 [20] functionalized their EA surfaces, whose NT were about 500 nm long, with fibroblast growth factors (FGF) which are proteins that activate cell multiplication and function. They showed that hGFs adhesion is better on functionalized surfaces than on simply anodized surfaces. On the other hand, surfaces functionalized with FGF were favorable for the adhesion and proliferation of hGF only at an optimum concentration. Above this concentration (500 ng/mL), the functionalization became detrimental for adhesion. The authors added that the release of the substances loaded was inevitable and that the effect did not continue over time. The length and the diameter of the NT regulated release behavior over time.



	
Polymers/biomolecule/nanoparticles conjugation and coating






Synthetic or natural biopolymers and nanoparticles can be grafted using the reactivity of the surface hydroxyl groups located on the NT arrays.



As a natural biopolymer, a chitosan/collagen coating containing a plasmid pLAMA3-CM encoding a motif of the C-terminal globular domain of LAMA3 (which is associated with the formation of hemidesmosomes HD) was proposed to modify EA surfaces with NT [13]. Following 48 h of culture, hGECs cultured on functionalized NT surfaces effectively took up the incorporated plasmids, resulting in better attachment and the formation of HD compared to simply NT surfaces.



Similarly, another study [15] attached collagen protrusion on NT surfaces using different methods and analyzed the bonding stability of the collagen after sonication cycles by FTIR-ATR. They reported that a stable bond was achieved between the EA surfaces and collagen despite drastic ultrasonication.



Xu et al., 2018 [17] modified EA surfaces with calcium phosphate (CaP) coating. They showed that hGECs and hGFs adhesion and proliferation were better on NT surfaces coated with CaP compared with simply NT surfaces.



In order to develop a surface with antimicrobial properties, Ma et al., 2011 [21] immobilized Ag nanoparticles associated with a growth factor (FGF-2) coating. They show that the adherence ratio of hGFs and proliferation was higher than those on the polished or simply NT surfaces. The immobilization of FGF-2 can offer various cell-substrate contact areas and reverse the negative effect due to the NT array. This surface can upregulate type I collagen expression and ITGB at days 3 and 6 compared to polished or NT surfaces. They concluded that this modified surface has potential use in dental implant abutment. Another study [11] developed a novel implant surface of TiO2 decorated with gold nanoparticles (Au) due to their anti-bacterial properties. Indeed, the adjunction of Au particles enhanced the photocatalytic potential of TNT upon visible-light irradiation. They reported that Au nanoparticles were absorbed onto the tube wall located deep inside the tubular structure. This incorporation of Au on NT surfaces greatly improved hGF response as adhesion, migration, and proliferation.



	
Crystalline structure






After EA, Wang et al., 2020 [8] annealed the Ti specimen under specific hydrogen conditions in order to obtain hydrophilic surfaces. They showed that these modified surfaces enhanced the adhesion of hGFs rapidly and improved the relative gene expression level and ECM synthesis of the hGFs. Interestingly, they performed a wound-healing assay to study the effect of the EA surfaces on hGF migration. They concluded that cells on EA surfaces modified by a thermal hydrogenation technique show a faster migration speed than those on the control Ti surfaces. They also observed after immunofluorescence staining that cell morphology and cytoskeletal actin filaments are better organized when hGFs are cultured on EA and treated surfaces compared to control.



To sum up, because all the included studies exhibited a positive influence after functionalization, such as biological coating, the incorporation of anti-bacterial agents, or heat treatment, the modification of EA Ti surfaces seems to be the key for taking full advantage of the process.






4. Conclusions


Within the limitations of this systematic review based on in vitro studies, it can be safely speculated that EA Ti surfaces influence the bioactivity of the compound. The modified EA surfaces improve hGFs response and thus probably positively influence connective tissue regeneration compared to traditional polished or machined Ti surfaces, but negatively influence hGECs behavior. Regarding hGFs, this positive influence in terms of adhesion, proliferation, and functions is only true if the surface’s characteristics such as morphology, roughness, chemistry, and energy are optimal at the nanoscale. Even though it remains difficult to identify an optimal morphology for enhanced cell behavior, it can be assumed that the pore diameter, as well as the wall thickness, are the key factors. An ideal pore size seems to be situated between 70 and 120 nm. Above a certain diameter, hydrophilicity is a disadvantage for the bioactivity of hGFs. In the case of NT, the wall thickness must be at least 15 nm to anchor the cytoplasmic extensions. In the case of NP, the thickness between the walls prevails. A nano-tubular morphology is favorable for depositing anti-bacterial agents or growth factors into the length of the tube. However, it has been reported that the NP structure is more mechanically stable than NT. It is difficult to conclude on the optimum crystallinity of the oxide layer to promote the bioactivity of hGFs even if it seems that an anatase form is preferable.



To achieve this ideal ordered NT or NP surface and ensure the best performance, anodization conditions such as voltage, time, electrolyte (nature, composition, viscosity, age, acidity), and temperature must be optimized. Associating NT or NP with other modifications may be considered systematically. Indeed, all the studies, including a preliminary preparation of the Ti surface before anodization as well as a post-modification such as functionalization, showed better biological results for anodized and functionalized surfaces than for anodized surfaces alone. EA surfaces associated with a biological coating positively influence both hGFs and hGECs behavior and thus may improve the biological phenomena that can occur between surfaces and the gingival cells compared to only EA.



Although the score-based method allowed determining the real effectiveness of the included studies, the mechanical stability of the TiO2 layer needs to be further elucidated before clinical investigation in humans. Lastly, it is important to add that although biofilm formation and bacterial adhesion were not the subjects of the present review, EA surfaces may also affect microbial colonization and biofilm formation.
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Figure 1. Schematic representation of (a) the trans-gingival abutment-mucosa interface and (b) the electrochemical anodization step to fabricate TiO2 nanotubes or nanopores. 
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Figure 2. Schematic representation of (a) of nanopores NP and (b) nanotubes. 
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Figure 3. Flow chart depicting the selection process. 
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Figure 4. An example of a color profile generated with the SciRAP tool. In the color profile, the evaluation of (a) reporting quality and (b) methodological quality are illustrated in bar charts, showing green for fulfilled criteria, yellow for partially fulfilled criteria, and red for criteria that were not fulfilled. 
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Figure 5. hGFs on TiO2 surface with NP after 1 day, (A–C) TNP-40, (D,E) TNP-60, (F,G) TNP-80. Adapted with the permission from [5180781375259] [9]. 
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Figure 6. Various therapeutic and bioactivity enhancements performed on nanotubes. Adapted from Guo T et al., 2021. (a) illustrates how the reactive site on the surface may be used to graft different coatings (like nanoparticles or biopolymer); (b) illustrates how different substances may be incorporated into NT (as a growth factor, nanoparticles, anti-bacterial drugs) in order to ensure progressive delivery. 
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Table 1. Search strategy and keywords.
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	(1) “anodic oxidation” OR “surface modification*” OR “modified surface*” OR “anodization” OR “nano topography” OR “anodized” OR “nanotube*”



	(2) “abutment*” OR “dental abutment*” OR “dental implant*”



	(3) “fibroblast*” OR “human gingival fibroblast*” OR “gingival cell*” OR “peri-implant soft tissue*” OR “gingival epithelial cell*”



	(4) “titanium” OR “titanium alloy*” OR “Ti6Al4V”



	(5) “Zirconia” OR “Zirconium”



	1 AND 2 AND 3 AND 4 NOT 5
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Table 2. Reporting and methodological quality score of the studies included calculated with the SciRAP method.
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SciRAP Score

	




	

	

	
Reporting Quality

	
Methodologic Quality

	
Ref.






	
1

	
Wang et al., 2020

	
90

	
80

	
[8]




	
2

	
Gulati et al., 2020

	
95

	
80

	
[9]




	
3

	
Xu et al., 2020

	
80

	
70

	
[10]




	
4

	
Zheng et al., 2020

	
80

	
80

	
[11]




	
5

	
Llopis Grimalt et al., 2019

	
77.7

	
75

	
[12]




	
6

	
Wang et al., 2019

	
92.5

	
85

	
[13]




	
7

	
Ferrà-Cañellas et al., 2019

	
92.5

	
95

	
[14]




	
8

	
Nojiri et al., 2019

	
82.5

	
80

	
[15]




	
9

	
Gulati et al., 2018

	
72.5

	
65

	
[16]




	
10

	
Xu et al., 2018

	
97.5

	
80

	
[17]




	
11

	
Liu et al., 2014

	
87.5

	
70

	
[18]




	
12

	
Guida et al., 2013

	
95

	
85

	
[19]




	
13

	
Ma et al., 2012

	
92.5

	
70

	
[20]




	
14

	
Ma et al., 2011

	
92.5

	
75

	
[21]
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Table 3. Main characteristics of the studies reviewed.
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Study/Year

	
Sample Preparation

	
Bioactivity Evaluation




	
Materials and

Fabricant

	
Anodization:

	-

	
Applied Voltage




	-

	
Anodization Time




	-

	
Electrolyte Composition







	
Cell Line

(Type, Source, Number of Passages)

	
Sterilizationbefore Testing

	
Analyzed Functions, Methodology, Cell Density

(or Number of Cells) and Duration of Treatment

	
Number of Replicates






	
Wang et al., 2020

	
Pure titanium

Cuibolin Nonferrous Metal Industry Co., Ltd., (Beijing, China).

	
● 50 V

● 15 min

● Ethylene glycol + 0.5 wt% NH4F + 10 vol% DW

	
hGF from collections

Passage: 2–6

	
NS

	
●    Cell   adhesion   by   the   CCK - 8   assay   ( 1 ×   104 cells/well) at 1, 2, and 4 h

●     Cell   proliferation   by   the   CCK - 8   assay   ( 5 ×   104 wells/well) at 1,3,5 and 7 d

●     Cell   morphology   by   SEM   ( 1 ×   104 cells/well) at 1, 4, and 24 h

●     Focal   adhesion   after   VCL / DAPI   staining   and   observation   by   confocal   laser   scanning   microscopy   ( 1 ×   104 cells/well) at 4 and 24 h

●     Migration   by   a   wound - healing   assay   ( 1 ×   105 cells/well) at 12 and 24 h

● Gene expression of adhesion-related proteins (FAK, ITGα2, ITGβ1, VCL, FN1) and ECM components (COL-1A1) by Rt-qPCR at 4 and 24 h

● Type I collagen and fibronectin synthesis by ELISA at 1,4 and 7 d

	
n = 3 at least




	
Gulati et al., 2020

	
Pure titanium

Nilaco, (Tokyo, Japan).

	
● 40 V; 60 V; 80 V.

● 10 min

● Ethylene glycol + 0.3 wt% NH4F + 1% v/v DW

	
Primary hGFs

Passage: 4

	
UV irradiation for 1 h each side

	
● Cell adhesion by calculations of morphology parameter at 1, 6 h, 1, and 3 d

●     Cell   viability   by   Alamar   Blue   assay   ( 1 ×   104 cells/well) at 1,3 and 7 d

● Cell morphology by SEM at 1 h to 7 d

● Gene expression of adhesion-related proteins (FN, ITGβ1, ICAM-1), ECM components (COL-1, COL-3) and growth factor by Rt-qPCR (VEGF) at 1,3 and 7 d

	
n = 3




	
Xu et al., 2020

	
Titanium

NS

NS

	
● 10 V; 30 V; 60 V

● 3 h

● Glycerol (1,2,3-propanetriol) + 0.5 wt% NH4F + 10 vol% DW

	
hGF from biopsies

	
UV irradiation for 30 min each side

	
●     Cell   adhesion   after   DAPI   staining   and   analysis   by   fluorescence   intensity   ( 4 ×   104 cells/well) at 2 h

●     Cell   proliferation   by   the   CCK - 8   assay   ( 2 ×   104 cells/well) 1,3,7 d

●     Cell   morphology   by   SEM   at   day   2   ( 2 ×   104 cells/well) at 2 d

● Gene expression of adhesion-related proteins (FN, ITGβ1, VCL) and ECM components (COL-1) by Rt-qPCR (VEGF) at 1,3 and 7 d

	
n = 3




	
Zheng et al., 2020

	
Titanium grade IV

Baoji Titanium Industry Co., Ltd. (Shaanxi, China)

	
● 30 V

● 4 h

● Glycerol (1,2,3-propanetriol) 50% + 0.27 M NH4F + 50 vol% DW

	
hGF from collection

	
NS

	
●     Cell   adhesion   after   DAPI   staining   and   analysis   by   fluorescence   intensity   ( 2 ×   104 cells/well) at 4 h and 24 h

● Cell proliferation by CCK-8 at 1, 3, 5, and 7 d

● Migration by a wound-healing assay at 24 h

●     Gene   expression   of   adhesion - related   proteins   ( FN ,   FAK )   by   RT - qPCR   ( 1 ×   106 cells/well) at 24 h

● Phosphorylated-FAK and fibronectin expression by western blot analysis at 24 h

	
NS




	
Llopis-Grimalt et al., 2019

	
Titanium grade IV

Implantmedia (Lloseta, Spain)

	
● 35 V; 60 V

● 30 min and 10 min

● Ethylene glycol + 0.1 M NH4F + 8 M or 1 M DW

	
hGF from biopsies

	
NS

	
● Cell adhesion by Presto Blue reagent at 30 min

● Cytotoxicity analysis by LDH activity at 48 h

● Cell proliferation by Presto Blue reagent at 2,7 and 14 d

● Collagen quantification after staining and absorbance at 14 d

● Cell orientation after DAPI/FITC staining and observation by confocal laser scanning microscopy; duration: NS

	
NS




	
Nojiri et al., 2019

	
Titanium grade II

Gallium Source (LLC, CA, USA).

	
● 30 V

● 3 h

● Ethylene glycol + 0.28 vol% NH4F + 1.79 vol% DW

	
hGEC from collection

	
NS

	
●     Cell   adhesion   by   the   CCK - 8   assay   ( 1 ×   105 cells/cm2) at 3 h

● Cell adhesion by SEM at 3 h

	
n = 3




	
Wang et al., 2019

	
Pure titanium

Northwest Institute for Nonferrous Metal Research (Xi’an, China)

	
● 20 V

● 30 min

● DW + 0.5% HF

	
hGEC from biopsies

Passage: 2–5

	
NS

	
●     Cell   adhesion   after   DAPI   staining   and   analysis   by   fluorescence   intensity   at   4   h   ( 1 ×   104 cells/well)

●     Cell   morphology   by   SEM   at   2 ,   6 ,   12   h   and   3   d   ( 1 ×   104 cells/well)

●     Cell   viability   by   CCK - 8   at   4   h ,   1 ,   3 ,   5   and   7   d   ( 1 ×   104 cells/well)

●     Observation   of   the   cellular   uptake   of   pLAMA 3 - CM   by   HEGCs   by   confocal   laser   scanning   microscopy   at   48   h   ( 1 ×   104 cells/well)

●     Gene   expression   of   adhesion - related   proteins   at   48   h   ( LAMA 3 ,   ITG β 4 )   by   RT - qPCR   ( 1 ×   106 cells/well)

●     Protein   synthesis   ( LAMA 3 ,   ITG β 4 )   by   fluorescence   intensity   at   3   d   ( 1 ×   104 cells/well)

	
n = 6




	
Ferra-Canellas et al., 2018

	
Pure titanium

Sigma-Aldrich (St-Louis, MO, USA).

	
● 35 V-1 V; 60 V

● 30 min and 10 min.

● Ethylene glycol + 0.1 M NH4F + 1 M DW

	
hGF from biopsies

Passage: 9 and 7

	
NS

	
● Cell adhesion by Presto Blue reagent at 30 min

● Cytotoxicity analysis by LDH activity at 48 h

● Cell proliferation by Presto Blue reagent at 7 and 14 d

●     Gene   expression   of   proteins   at   14   d   ( COL - 1 ,   COL - 3 ,   DCN )   by   RT - qPCR   ( 1 ×   106 cells/well)

● Collagen quantification after staining and absorbance at 14 d

	
n = 6 or 3depends on the test




	
Xu et al., 2018

	
Titanium grade II

Western BaoDe (Xi’an, PR China)

	
● 20 V

● 45 min

● DW + 0.5% wt% HF

	
hGF from biopsies

Passage:5 and 8hGEC from biopsies

Passage: 2 et 4

	
Autoclave sterilized

	
●     Cell   adhesion   by   SEM   at   24   h   ( 1 ×   104 cells/mL)

●     Cell   morphology   by   SEM   at   24   h   ( 1 ×   104 cells/mL)

●     Cell   proliferation   by   CCK - 8   at   1 ,   3 ,   5 ,   and   7   d   ( 1 ×   104 cells/mL)

●     Gene   expression   of   adhesion - related   proteins   ( ITG α 6 ,   ITG β 4 ,   LAMA 3 ,   LAMB 3 ,   LAMG 2   for   hGEC   and   ITG α 3 ,   ITG β 1 ,   FN   and   VCL   for   hGF )   and   ECM   components   by   RT - qPCR   at   7   d   ( 5 ×   104 cells/mL)

●     Type   I   collagen   synthesis   ( for   hGF )   and   hEGF   protein   sec reted   ( for   hGEC )   synthesis   by   ELISA   at   1 , 2   and   4   d   ( 5 ×   104 cells/mL)

	
n = 3




	
Gulati et al., 2018

	
Pure titanium

Nilaco, (Tokyo, Japan).

	
● 60 V, 80 V

● 10 min, 15 min

● Ethylene glycol + 0.3 wt% NH4F + 1% v/v DW

	
Primary hGF

	
UV irradiation for 1 h each side

	
●     Cell   proliferation   by   the   CCK - 8   assay   at   1 ,   4   and   7   d   ( 5 ×   104 cells/well)

●     Cell   morphology   by   SEM   at   24   h   1 ,   4   and   7   d   ( 5 ×   104 cells/well)

	
n = 3




	
Liu et al., 2014

	
Pure titanium

NS

	
● From 0 to 25 V at 500 mV/s and kept at 25 V

● 1 h

● Glycerol (1,2,3-propanetriol) + 1.0 wt% NH4F + 15 vol% DW

	
hGF from collection

Passage:

3–5

	
Ozone for

30 min

	
● Cell adhesion after DAPI staining and analysis by fluorescence intensity at 1 and 3 h

● Cell proliferation by the MTS assay kit at 3, 4, 7, and 14 d

●     Cell   morphology   by   SEM   at   1 ,   3 ,   9   and   24   h   ( 2 ×   104 cells/cm2)

● Gene expression of ECM protein (COL-1) by FQ-PCR at 3, 4, 7, and 14 d

● Type I collagen synthesis by ELISA at 3, 4, 7, and 14 d

	
NS




	
Guida et al., 2013

	
Pure titanium

P.H.I s.r.l (San Vittore Olana, Milano, Italy)

	
● 20 V

● 24 h

● DW + 0.15% HF + 1 M sulfuric acid

	
hGF from biopsies

Passage: between 2 and 4

	
Autoclave sterilized

	
● Cell adhesion by MTT assay at 6 h (30.000 cells/cm2)

● Cell proliferation by MTT assay at 48 h and 7 d (30.000 cells/cm2)

● Cell morphology by SEM at 6 h and confocal laser scanning microscopy after staining at 24 h

● Type I collagen synthesis by ELISA at 6, 48 h, and 7 d

	
All experiments were performed 2 times in triplicate on 2 different cell preparations




	
Ma et al., 2012

	
Pure titanium

Northwest Institute for Nonferrous Metal Research (Xi’an, China)

	
● 20 V

● 45 min

● DW + 0.5% NH4F + 1 M ammonium sulfate

	
hGF from biopsies

Passage: 4

	
UV irradiation for 2 h

	
●     Cell   adhesion   by   confocal   laser   scanning   microscopy   after   DAPI   staining   at   30 ,   60 ,   120   min   ( 1 ×   105 cells/mL)

●     Cell   proliferation   by   MTT   assay   at   1 ,   3 ,   6   and   9   d   ( 4 ×   104 cells/well)

● Cell morphology by SEM at 3 d

● Gene expression of ECM protein by RT-qPCR at 3, 6 and 9 d (VEGFA, ITGβ, ICAM1, LAMA1)

	
n = 3




	
Ma et al., 2011

	
Pure titanium

NS

	
● 20 V

● 45 min

● DW + 0.5 vol% NH4F + 1 M ammonium sulfate

	
hGF from biopsies

Passage: 4

L292 cells

	
UV irradiation for 2 h

	
● Cytotoxicity analysis by MTT at 24, 48, and 72 h

●     Cell   adhesion   by   confocal   laser   scanning   microscopy   after   DAPI   staining   at   30 ,   60 ,   120   min   ( 1 ×   105 cells/mL)

●     Cell   proliferation   by   MTT   assay   at   3 ,   6   and   9   d   ( 4 ×   104 cells/well)

● Gene expression of ECM protein by RT-qPCR at 3, 6 and 9 d (COL-1, COL-3, VEGFA, ITGβ, FN, ICAM1)

	
n = 3








Abbreviations: HF: hydrofluoric acid; NH4F: ammonium fluoride; DW: deionized water; Rt-qPCR: reverse transcription-quantitative real-time polymerase chain reaction; SEM: scanning electron microscope, CCK-8 assay: cell counting kit-8 assay; hGF: human gingival fibroblast; hGEC: human gingival epithelial cell, CCK-8: Cell Counting Kit-8 assay; MTS: methyl tetrazole sulfate; VCL: vinculin; COL-1: collagen 1; COL-3: collagen-3; ITGα2: integrin α2; ITGβ1: integrin β1; ITGβ4: integrin β4; FAK: focal adhesion kinase; FN: fibronectin; DAPI: 4′,6-diamidino-2-phenylindole; FITC: phalloidin-fluorescein isothiocyanate; LAMA: laminin-5 α3; DCN: Decorin; NS: Not Specified.
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Table 4. Summary of the results of the studies reviewed on the basis of fabrication strategy. It was decided to keep the original names of the different groups in order to conform to the abbreviations chosen by the authors of the studies selected.
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Surface Characterization of EA Surfaces

	
Biological Evaluation




	
Study/

Year

	
Surface

Roughness

of Tested

Specimen and

Control Surface

	
Morphology of the TNT/TNP (Diameter, Length, Tube Walls)

	
Water Contact Angle (WCA)

	
Evaluated Functions and Duration of Treatment

	
Results Compared to the Titanium Control

Surface






	
Electrochemical anodization + heat treatment




	
Wang et al., 2020

	
Air-TNT:

Ra = 45.8 ± 6.3 nm

H2-TNTs:

Ra = 51.4 ± 2.3 nm

Control:

Ra = 8.9 ± 2.4 nm

	
TNT

Diameter:

100 nm

Length:

1 µm

	
Air-TNT:

36.6 ± 2.0°

H2-TNTs:

3.5 ± 0.8°

Control:

95.1 ± 1.5°

	
Cell adhesion at 1, 2, and 4 h

	
Proliferation was higher on Air-TNT and H2-TNT surfaces at 7 d.




	
Cell proliferation at 1, 3, 5, and 7 d

	
Cell adhesion on H2-TNT was higher than that of other groups.




	
Cell morphology at 1, 4, and 24 h

	
More filopodia at 1 h and more elongated morphology at 4 h.




	
Evaluation of focal adhesion at 4 and 24 h

	
Presence of mature elongated FA formed at the periphery of the cells on TNT surfaces.




	
Migration at 12 and 24 h

	
Cells gradually filled the wound within 24 h.




	
Gene expression at 4 and 24 h

	
At 4 and 24 h, HGFs on H2-TNTs showed higher mRNA expression levels of focal adhesion kinase and integrin-β1.




	
Collagen production at 1, 4, and 7 d

	
At 1 h, 4, and 7 d, the collagen secretion from the HGFs on the H2-TNTs was higher than that on the air-TNTs and Ti control.




	
Xu et al., 2020

	
NS (Diagram without associated values)

NT surface:

500 nm < Sa < 1 µm

Control Ti surface:

Sa ≈ 1.5 µm

	
TNT

NT10:

Diameter:

30 nm

NT30:

100 nm

NT60:

200 nm

	
NS (Diagram without associated values)

WCA for NT surface < 40°.

Hydrophilicity increased with the diameter.

WCA for Ti Control surface ≈ 50°

	
Cell adhesion after 2 h

	
Cell adhesion was improved on NT10 and NT30 after 2 h but severely inhibited on NT60.




	
Cell proliferation at 1,3 and 7 d

	
NT10 and NT30 promoted cell proliferation, but NT60 decreased it.




	
Cell morphology at 2 d

	
Cells on T10 and NT30 elongated further, and a large number of prominent filopodia and lamellipodia extensions was observed.




	
Gene expression at 7 d

	
The expression of VCL and FN genes became increasingly higher for NT30 at NT10 at 7 d.




	
Mechanically prepared + Electrochemical anodization




	
Gulati et al., 2020

	
TNP-60:

Ra = 134.43 ± 33.8 nm

Micro-Ti:

Ra = 40.80 ± 3.2 nm

Rought-Ti (Control):

Ra = 74.57 ± 2.7 nm

	
TNP

TNP-40:

Diameter: 50 nm

TNP-60V:

Diameter: 60 nm

TNP-80V:

Diameter: 75 nm

	
NTP-40:

46.08 ± 0.68°

NTP-60:

59.08 ± 1.36°

NTP-80:

38.05 ± 0.64°

Micro-Ti:

47.98 ± 2.02°

Rought-Ti:

44.70 ± 0.28°

	
Cell adhesion at 1 h, 6 h, 1, and 3 d

	
After 6 h of seeding, cell length and cellular area were higher for TNP-40 and TNP-60 as compared to Rough and Micro-Ti.




	
Cell viability at 1, 3, and 7 d

	
By day 7, Micro-Ti and NP surfaces enhanced cell proliferation.




	
Cell morphology 1 h to 7 d

	
Even at 1 h, there were more filopodia on the NP surfaces. Fibroblasts formed close contact with the NP at all points.hGFs spread and elongate parallel to TNPs at 1 d.




	
Gene expression at 1,3 and 7 d

	
Enhanced collagen I/III and integrin-β1 mRNA expression at day 3–7.




	
Gulati et al., 2018

	
TNS-50:

Ra = 134.43 ± 33.8 nm

TNS-70:

Ra = 91.24 ± 7.1 nm

Miro-Ti:

Ra = 40.80 ± 3 nm

	
TNP

TNS-50:

Diameter: 50 nm

Length: 8 µm

TNS-70:

Diameter: 70 nm

Length: 12 µm

	
NS

	
Cell morphology at 1,6 h, 1, and 4 d

	
hGFs were elongated and confluent on the TNS surfaces and found to be aligned in the direction of the NP.




	
Cell proliferation at 1, 4, and 7 d

	
No difference.




	
Electrochemical anodization only




	
Llopis-

Grimalt MA et al., 2019

	
NP:

Ra = 31.3 ±1.9 nm

Sku = 3.74 ± 0.39 nm Ssk = 0.2 ± 0.07 nm

NN:

Ra = 55.8 ±1.6 nm

Sku = 2.81 ± 0.13 nm Ssk = 0.07 ± 0.04 nm

Ti-Control:

Ra = 28.9 ± 0.7 nm

Sku = 6.78 ± 2.96 nm

Ssk = 0.34 ± 0.24 nm

	
TNP

NP:

Diameter:

52.9 ± 0.9

Length: NS

NN:

Diameter:

77.7 ± 0.7 nm

Length:

47.4 ± 0.5 nm

	
NP:

17.7 ± 1.3°

NN:

84.3 ± 3.8°

Control:

71.7 ± 8.7°

	
Cell adhesion after 30 min

	
Both surfaces (NN and Control) showed similar results for cell adhesion.




	
Cytotoxicity analysis at 48 h

	
No difference of hGFs cultured with conditioned media.




	
Cell proliferation at 2, 7, and 14 d

	
Metabolic activity of hGFs was higher in culture on NN surfaces.




	
Collagen quantification at 14 d

	
Collagen deposition of hGFs was higher on NN surfaces.




	
Cell orientation

	
hGFs cultured on NN surfaces exhibited a high frequency of alignment.




	
Ferra-

Canellas et al., 2018

	
NP-S:

Ra = 54.7 ± 1.4 nm

Surface area = 26.4 ± 0.5 µm2

Rsa = 5.41 ± 0.21%

NP-B:

Ra = 41.6 ± 5.5 nm

Surface area = 30.4 ± 0.4 µm2

Rsa = 21.6 ± 1.6%Ti-control:

Ra = 51.7 ± 5.71 nmSurface area = 26.4 ± 0.2 µm2

Rsa = 5.68 ± 0.86%

	
TNP

NP-S:

Diameter:

48.2 ± 1.2 nm

NP-B:

Diameter:

74.0 ± 3.3 nm

	
NP-S:

79.6 ± 2.2°

NP-B:

65.5 ± 5.8°

Ti-control:

53.2 ± 2.5°

	
Cell adhesion at 30 min

	
Cell adhesion was increased by the NP-B surface compared to other surfaces.




	
Cytotoxicity analysis at 48 h

	
All surfaces gave cytotoxicity values under the 30% limit established.




	
Cell proliferation at 7 and 14 d

	
Difference between donors.




	
Gene expression at 14 d

	
Difference between donors.




	
Collagen quantification at 14 d

	
Higher collagen deposition cultured onto NP-B for both donors with statistical difference only for donor B.




	
Guida et al., 2013

	
Oxidized:

Sa = 0.076 µm (0.061–0.097)

Sdr = 10.5% (7.39–24.2)

Turned (Control):

Sa = 0.036 µm (0.02–0.69)

Sdr = 0.799% (0.212–2.48)

	
“Nano-tubules”

External diameter: 119 ± 22 nm

Internal diameter:

50 ± 11 nm

	
NS

	
Cell adhesion at 6 h

	
Higher numbers of adhesive cells were evidenced on oxidized surfaces.




	
Cell proliferation at 48 h and 7 d

	
The proliferation rate was higher on oxidized surfaces. The maximum difference was reached at 7 d.




	
Cell morphology at 6 h

	
Many cellular processes were visible on oxidized surfaces.

At higher magnification, intimate interactions between filopodia and the nano-tubular structures were observed.

More evident spreading could be observed on the oxidized surfaces.




	
Collagen synthesis 6 h, 48 h, 7 d

	
hGFs plated on oxidized surfaces showed to synthesize a higher amount of protein at 7 d.




	
Electrochemical anodization + Deposition/coating and biopolymer conjugation




	
Zheng et al., 2020

	
NS

	
TNT

Diameter:

100–170 nm

Length:

1.2 µm

	
NS (Diagram without associated values)

	
Cell adhesion at 4 h and 24 h

	
At both times, Ti-O2-NT with Au decorations exhibited better affinity towards hGFs compared with NT or control surfaces.




	
Cell proliferation at 1, 3, 5, and 7 d

	
Higher proliferation on NT-Au surfaces compared with NT or control surface at all time points.




	
Migration at 24 h

	
Improvement in wound contraction observed on NT-Au surfaces compared to control group.




	
Gene expression at 24 h

	
AU-NT surfaces upregulated the gene expression level of FN and FAK.




	
Phosphorylated-FAK and fibronectin expression at 24

	
Au-NT surfaces enhanced the protein expression of FN and pFAK.




	
Wang et al., 2019

	
NT-Ti:

Sa = 22.1 ± 0.23 nm

Chi/Col-Ti:

Sa = 17.7 ± 0.12 nm

Chi/Col/pLAMA3-CM-Ti Sa:

Sa = 15.4 ± 0.17 nm

S-Ti (Control):

NS

	
TNT

Diameter:

100 nm

	
S-Ti:

46.62 ± 4.66°

NT-Ti:

12.86 ± 1.63°

Chi/Col-Ti:

30.48 ± 1.84°

Chi/Col/pLAMA3-CM-Ti:

29.12 ± 4.04°

	
Cell adhesion at 4 h

	
Adhesion was better on S-Ti than on NT-Ti

Coated surfaces allowed better adhesion than S-Ti or NT-Ti.




	
Cell morphology at 2, 6, 12 h, and 3 days

	
On NT surfaces and coated surfaces, hGECs were spherical, and filopodia extensions were observed after 2 and 6 h.

On coated surfaces, at 12 h, cells were well-flattened with filopodia and lamellipodia.




	
Cell viability 4 h, 1, 3, 5, and 7 d

	
No difference was found among the groups.




	
Gene expression at 48 h

	
The LAMA3 and ITGβ4 expression levels were decreased in cells cultured on NT-Ti compared with those cultured on the control ones.

Biological coating further increased the expression levels of both genes.




	
Protein synthesis at 3 d

	
hGECs on the coated specimen presented relatively higher protein expression levels of proteins (LAMA3, ITGβ4).




	
Nojiri et al., 2019

	
NS

	
TNT

Diameter:

67 nm

	
NS

	
Cell adhesion at 4 h

	
On NT surfaces without collagen, limited numbers of hGEC were seen compared with Col-NT surfaces.hGEC exhibited round-up morphology of weak adhesion.




	
Xu et al., 2018

	
AO (NT surface):

Ra = 2.15 ± 0.04 µm

AOC (NT + CaP):

Ra = 2.15 ± 0.06 µm

SLM (As built Ti):

Ra = 7.57 ± 0.32 µm

MP (Mechanically polished):

Ra = 0.39 ± 0.01 µm

	
TNT

Diameter:

70–90 nm

Length:

200–250 nm

	
AO (NT surface):

40.7°

AOC (NT + CaP):

18.3°

SLM (rought Ti):

73.9°

MP:

76.3°

	
Cell adhesion and cell morphology at 24 h

	
Protusions extending from the lamellipodia were visible on hGEC and wrapping around the NT.

hGFs were more stretched and presented more extended lamellipodia.




	
Cell proliferation by at 1,3,5, and 7 d

	
hGECs: AOC and MP surfaces > AO and SLM surfaces at 1,3,5, and 7 d.

hGFs: AOC > AO > MP > SLM at 1,3,5, and 7 d.




	
Gene expression at 7 d

	
hGEC: (AOC = MP) > (AO = SLM) at 7 d.

hGFs: expression levels of FN and VCL followed the order of AOC > AO > SLM > MP. For ITGα3 and ITGβ1: AOC > AO > MP > SLM.




	
hEGF protein secreted (for hGEC) and type I collagen synthesis (for hGF) at 1,2 and 4 d

	
hGEC: SLM and AO groups had lower expression than the MP and AOC groups after 7 d.

hGFs: AOC > AO > MP > SLM at 7 d.




	
EA + Therapeutic delivery (loading)




	
Liu et al., 2014

	
NS (Diagram without associated values)

NT:

Ra ≈ 200 nm

NTB (Bovine serum albumin loading):

Ra > 200 nm

PT (Control):

Ra < 200 nm

	
TNT

Diameter:

80–100 nm

Tube walls thick:

15–20 nm

	
NS (Diagram without associated values)

PT > NT > NTB

	
Cell adhesion 1 and 3 h

	
At 1 h and 3 h: NTB > NT > PT.




	
Cell proliferation at 3, 4, 7, and 14 d

	
No difference before 14 d.

The proliferation activity of the hGFs increased over time on all surfaces.




	
Cell morphology at 1, 3, 9, and 24 h

	
3 h after seeding, hGFs displayed ellipsoid spherical shapes with many pseudopodia anchoring to the TNT surfaces.

At 9 h, they extended further.

On the NTB surfaces, hGFs revealed many protruding pseudopodia at 1 h.




	
Gene expression at 3, 4, 7, and 14 d

	
Gene expression on NT surfaces > PT surfaces after 4, 7, and 14 d.

Gene expression on NTB surfaces > on PT surfaces after 7 and 14 d.

Gene expression on NTB surfaces < NT surfaces after 3, 4, 7 d.




	
Collagen synthesis at 3, 4, 7, and 14 d

	
COL-1 concentrations on PT surfaces > NT surfaces at 3 and 4 d.

NT surfaces > PT at 7 d.

The COL-1 concentration was the lowest on the NTB surfaces after 3, 4, and 14 d.




	
Ma et al., 2012

	
NT:

Ra = 4.96 ± 0.5 nm

NT-F-L/M/H (FGF2-immobilized at different concentrations):

Ra = from 7.25 ± 0.97 nm to 9.42 ± 1.99 nm

PT:

Ra = 32.6 ± 3.45 nm

	
TNT

Diameter:

≈100 nm

Length: 588.8 ± 31.92 nm

	
NS

	
Cell adhesion at 30, 60, and 120 min

	
The number of adhering cells on NT-F-L and M was higher than those on the PT, NT, or NT-F-H at all times points.

NT-F-M showed the highest cell adhesion

Cell adhesion on NT surfaces was decreased compared with PT.




	
Cell proliferation at 1, 3, 6, and 9 d

	
NT surfaces enhanced proliferation at 3 d compared with NT surfaces.

NT-F-L and NT-F-M enhanced proliferation compared with PT surfaces at all time points.




	
Cell morphology at 3 d

	
Observed differences were slight.




	
Gene expression at 3, 6, and 9 d

	
NT-F-L and NT-F-M showed beneficial ECM-related gene expression.




	
Ma et al., 2011

	
NT:

Ra = 27.76 nm

RZ = 260.5 nm

NT-Ag (Silver-loaded):

Ra = 29.10 nm

RZ = 128.1 nm

NT-Ag-F (Siler/FGF2 immobilized):

Ra = 34.18 nm

RZ = 156.2 nm

PT:

Ra = 58.1 nm

RZ = 128.5 nm

	
TNT

Diameter:

≈ 100–120 nm

	
NS (Diagram without associated values)

(PT and NT-Ag-F) > (NT and NT-Ag)

	
Cytotoxicity analysis at 24, 48, and 72 h

	
No difference in cellular response.




	
Cell adhesion at 30, 60, 120 min

	
Cell adhesion was higher on NT-Ag-F surfaces than those on PT, NT, and NT-Ag at all time intervals.

NT surfaces seemed to inhibit cell adhesion.




	
Cell proliferation

	
Cell proliferation was better on NT-Ag-F surfaces than on PT, NT, and NT-Ag at all time intervals.




	
Gene expression

	
HGFs cultured on NT-Ag-F surfaces showed advantageous gene expression.








Abbreviations: TNT: titania nanotubes; TNP: titania nanopores; EA: electrochemically anodized; MP: Mechanically polished; FA: focal adhesion; Ra: average roughness; Ssk: surface skewness; Sku: surface kurtosis; AO: anodic oxidation; SLM: selective laser melting.
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