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1. INTRODUCTION

The integration of dental implants into the body is a highly complex process involving
both biomechanical and biological factors. The initial fixation is provided by mechanical
anchorage, which is highly influenced by the shape of the implant. The result is usually
referred as primary stability. Following insertion, the implant surface plays a secondary
role, similar to a landscape to be populated by host cells and microbiota, that are also
present at the time of implantation. [1, 2] The race for the surface begins during the wound
healing process, where bonds of varying energy levels form between the surface and
water molecules, ions, polysaccharides, and proteins. [3] Subsequently, bone-forming
cells appear in the vicinity, and newly formed bone embeds the implant. This leads to a
biomechanical anchorage, ususally referred as secondary stability or osseointegration.
The literature demonstrates a progressive understanding of these phenomena, driven by
the refinement of investigative techniques and advancements in biomaterials
development. It became evidental that surface characteristics can directly enhance tissue
cell attachment and proliferation, or inhibit bacterial colonization. This fuels surface
science and surface modifications. Many methods already yield long-term clinical results
and are commercially available, but the quest for the ideal implant surface is still in target
range. Most studies, including this thesis, aim to translate findings from basic research
towards clinical applications. The ultimate implementation relies on clinicians and
practitioners to produce long-term, evidence-based data, establishing a broad timeframe
for innovations to consequently outline their reliability. In order to present a more
comprehensive perspective of my work, i would like to summarize the scientific

background and interpretations of different phenomena related to dental implant surfaces.

1.1. Milestones in surface modifications

1.1.1. Titanium and Biocompatibility

Biocompatibility is not a property of just the material itself, but rather a property of how
the material reacts with its environment. Historically, the absence of an adverse reaction
was long considered as a main requirement for biocompatibility. [4] At the beginning of

the 19th century, the need for improved strength, durability and corrosion resistance



aligned with minimal adverse reactions arose, due to the increasing use of metals and
other materials in medical applications. In 1951, Per-Ingvar Branemark, a Swedish
orthopedic surgeon, conducted experiments on rabbits, discovering that titanium could
integrate with bone at the level of light microscopy by inducing minimal connective tissue
reaction. [5] The scientific application of titanium as a biocompatible material in
conjunction with osseointegration opened new possibilities in numerous areas of
biomedicine, since it had a unique combination of biocompatibility, strength and
resistance to corrosion [5]. Interestingly, the term biocompatibility and biomaterial were
only defined in 1986, on a consensus conference. The statement defined biomaterials as
"nonviable materials used in medical devices that interact with biological systems", and
biocompatibility as "the ability of a material to perform with an appropriate host response
in a specific application" [6, 7] The scientific significance of the congress was the
understanding that biocompatibility involves not only the absence of harmful effects but
also the positive interaction with the biological environment. Additional definitions were
later added at the China 2019 conference. [8] This broadened the concept of biomaterials
to include any substance that has been engineered to interact with living systems,
specifically for therapeutic or diagnostic procedures in both human and veterinary
medicine. The biocompatibility of titanium is due to the oxide layer that coats the metal
surface and forms spontaneously, upon contact with oxygen from atmospheric air [9, 10]
Maintaining the integrity of this layer is crucial during subsequent processing for dental
purposes. Titanium was identified as an element by mineralogist William Gregor in
Cornwall, Great Britain in 1791. German chemist Martin Heinrich Klaproth also verified
the presence of an unknown element in an ore from Hungary in 1795. [11] However, it
was not until the early 20th century that titanium began to be used in industrial
applications. The method which is still the primary method today to produce commercial-
grade titanium was invented by the american chemist William J. Kroll in the 1940s. Since
titanium is rarely available in its pure form in nature, it is usually extracted from minerals
through the reductive Kroll process, where the titanium is separated from the other
elements and purified for use in various applications. Further processing of titanium
resulted in various oxides and alloys and led to a big step forward in the vast majority of

industrial fields in the second half of the 20th century.



1.1.2. Importance of Surface Roughness

The prototype for dental implants was created by Brdnemark based on his own findings
about osseointegration.[12, 13] These screw-type implants were made from commercially
pure titanium and underwent no further surface treatment after being machined to size.
Implants produced this way were the hallmark of modern implantology until the end of
the eighties. After the clinical success of the first dental implants, and the ongoing
research on surface properties, it became increasingly evident that surface roughness

plays a crucial role in influencing osseointegration. [14] (Figure 1)

Figure 1. Implant macro level represented by the overall shape and thread design (a,b). Micro
and nano structures are observed at higher resolution (c,d) (Source: personal implementation)

Among the first treatment methods to increase the surface area were grit blasting with
titanium dioxide particles [ 15], titanium plasma spraying [16], and hydroxyapatite coating
[17]. Clinically, roughened surfaces have shown faster healing compared to the smooth,
machined surfaces. [18] Esposito et al. highlight that implants with rough surfaces

generally exhibit a lower prevalence of early implant failures compared to machined



implants, because bone apposition occurs more rapidly. However, they also note that this
initial advantage diminishes over time, as there is a clear positive correlation between
surface roughness and the rate of bacterial colonization on oral implants. [19, 20] Surface
roughness characterization is associated with Ann Wennerberg. [21] She pointed out
despite several authors reporting various results, that "there has been some confusion
about what is rough and what is smooth". [22] Following her studies, surface roughness
measurements were generally classified into smooth, minimally rough, moderately rough,
and highly rough surfaces. Minimally rough surfaces (Sa=0.5-1 um) exhibit better
osseointegration compared to smooth surfaces (Sa=0-0.4 um), and studies have shown
that moderately rough surfaces (Sa=1-2 um) promote better bone formation than highly
rough surfaces (Sa>2 pm). [23] In light of these findings, a sandblasting combined with
dual acid-etching procedure was developed. [24] Extensive literature and long-term
clinical results consistently highlight this method and it has become pivotal in the
production of contemporary commercially available dental implants and sets a reference
in current surface research methods. [25-28] Various coatings, such as hydroxyapatite,
bioactive glass, and recent cellular and molecular depositions have also been investigated
for their potential use. While these coatings represent a specialized field of study,
concerns about delamination, long-term stability and adverse effects remain relevant

today. [29]

1.1.3. Paradigm shift

In the late 90s new conclusions were forming. [30] Besides surface topography and
roughness parameters new properties, such as chemical composition and surface energy
have been reported to influence interfacial reactions of a biomaterial. [24, 31] Schwartz
and Boyan outlined a paradigm shift from focusing solely on bone apposition and adverse
reactions as determinants of biocompatibility to a broader consideration of tissue
responses. They noted that, although biocompatible materials do not cause significant
adverse reactions or immune rejection, they still elicit a wide range of tissue responses.
Consequently, the emphasis should shift from merely understanding the mechanisms of
bone formation to a more comprehensive study of the overall wound healing process.
[32]. This wound healing paradigm encompasses serum protein conditioning, the acute

inflammatory response with clot formation and release of wound healing factors,



recruitment of undifferentiated mesenchymal cells to the surface, their attachment,
proliferation, osteoblastic differentiation, followed by matrix vesicle production and
maturation, and calcification. [33-35] Rupp et al. also described the shift of interest from
the mechanical surface characteristics to the physico-chemical surface properties,
underlining the importance in substrate-protein reactions. He also emphasized the role of
hydrophilicity in the early and subsequent bacterial colonization. [9] Several later studies
also undeline the importance of surfaces roughness, highlighting that it not only enhances
bone cell adhesion by increasing the interlocking area but also positively influences
cellular activities. [23, 36] Subsequent studies have confirmed this hypothesis, showing
that Ti implants with biomimetic osteoclast resorption pit surfaces promote the
differentiation of macrophages into a pro-healing M2 pathway, while smoother surfaces
tend to lead to a pro-inflammatory M1 phenotype. [37, 38] This suggests that the surface
topography of Ti implants plays a crucial role in directing the immune response, with
biomimetic designs favoring healing and smoother surfaces potentially triggering
inflammation. Histopathological analysis of tissues confirms that this effect occurs in
vivo as well. Implant properties, including biomimetic topographies, also influence
adaptive immune cells, maintaining the immaturity of dendritic cells and modulating T
cell and helper cell activation in response to surface topography and wettability. [37, 39]
As the importance of surface characteristics besides surface roughness was beeing
extensively studied, researchers in the late 1990s began to investigate the effects of

nanoscale surface irregularities on alloplastic materials.

1.1.4. Recent focus

Numerous studies followed Webster et al. findings on osteoblasts behaviour on
nanophase ceramics. He sintered hydroxiapatite grains, smaller than 100 nm, on ceramic
surface [40] He demonstrated that hydroxyapatite nanotopology enhances osteoblast
proliferation and the synthesis of alkaline phosphatase. Also, deposition of calcium
containing mineral has been observed. Following the paradigm shift from bone formation
to wound healing, Webster's research brought nanorough surfaces to the forefront,
providing a new focus on cellular interactions. Since then, studies on creating nano
topography for implants have multiplied. The presence of intentional nanometer-scale

features is theoretically expected to enhance the bone-to-implant response [41-43].



However, it is speculated that unintentional nanotopography may not have controlled
biological effects, as heterogeneous nanostructures can form due to the natural oxidation
of the titanium substrate. [42] These factors influence cellular behavior by interacting
with proteins, modulating immune responses, and affecting chemical signaling pathways.
[44-47] Moreover, nanoscale roughness can impart antibacterial properties to the implant
surfaces [48], reducing the risk of infections with a possible impact of improving overall

implant success [49].

1.2. Nanoscale surfaces

By the early 21st century, it became widely accepted that surface modifications at any
scale enhance bone response by improving the initial interaction between the implantable
device and host biofluids. Additionally, it was understood that the surface of an implant
is inherently different from its bulk material. [50-53] The advancements in nanoscience
and nanotechnology also found nanoscale (1 nm to 100 nm) to be a magical point on the
dimensonal scale, [54] which is due to the changes how materials behave according to
quantum mechanical relationships. In bulk materials, the energy levels of electrons are
continuous, because the large number of atoms cover all energy levels. By shrinking the
size of the material, the energy levels become more and more discrete and quantum effects
become prominent. In other words, in nanoscale materials (1-100 nm) an electron in an
atom can only occupy certain energy levels, and it must absorb or emit energy in discrete
amounts (quanta) to move between these levels. This effect is not significant going from
macro to micro dimensions but becomes dominant when the nanometer size range is
reached. [55, 56] These quantum structures are physical structures (Table 1) where all the
charge carriers are confined within the limited physical dimensions. [57, 58] Quantum
confinement effects can cause nonmagnetic materials such as palladium, platinum, and
gold to become magnetic at the nanoscale, and these effects can also result in significant
changes in electron affinity, which directly enhances the catalytic properties of materials.
[59] Based on my literature research, I assume that this quantum effect can not only occur
when the size of the materials fall into the nanometer range, but also in case of
nanomorphological patterns as well. This assumption might propose an interesting area

of research in an interdisciplinary approach.



Table 1. Most commonly investigated nanostructures, related surface treatment methods and
possible applications. (Source: Table compiled by the author of this thesis)

Nanostructure Material Method Application
Anodization Experimental optimization
TiO2 Hydrothermal treatment Implant material
Nanotubes Anodization Bone regeneration
TiO2 Electrochemical .
. Dental implants
Hydroxyapatite treatment
e InEEIes Silver and hydr.oxlapatlte Electrodeposition Antibacterial property
nanoparticles Implant material
. . Acid etching BIO.C omp aFlblht}f al.nd
Nanowires Zn-Ti . antibacterial activity
Chemical treatment .
Implant material
Chemical and
Nanopores electrochemical Biological integration

TiO .
’ treatment Dental implants

Nanotechnology also enables the impartation of structures that mimic the architecture of
living tissues, inducing varied responses in different biological environments. [60-65] In
summary, advancements in nanotechnology related to dental implant research have
demonstrated that larger surface areas and higher surface-to-volume ratios generally
increase the reactivity of nanomaterials due to the greater reaction surface. [66]
Additionally, these properties significantly influence the surface properties of the
materials. [62, 67]. Looking from a manufacturing perspective, reduced scale
manufacturing techniques allow any nanometer scale features patterning on implant
surfaces. [62, 68]. However, since high throughput is necessary for economically viable
implant surface manufacturing, industrial methods for nanometer scale surface
modification are restricted to a reduced number of additive and subtractive methods. The
most common nanoscale related methods in conjunction with dental related research are

shown in Table 2.
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Table 2. Techniques for the addition of nanotechnology to dental implants. [69] (Source licensed
under Creative Commons CC BY-NC).

Methods Characteristics

The exposed functional end group could be a molecule with different functions (an
osteoinductive or cell adhesive molecule).

Conserves the chemistry of the surface among different topographies. Not readily applied
over implant surfaces.

Self-assembly of monolayers
Compaction of nanoparticles

Ion beam deposition Can impart nanofeatures to the surface based on the material used.

Combined with other methods (sandblasting and/or peroxidation) can impart nanofeatures

Acid etchin
& to the surface and remove contaminants.

Peroxidation Produces a titania gel layer. Both chemical and topography changes are imparted.

Produces a sodium titanate gel layer allowing hydroxyapatite deposition. Both chemical
and topographic changes are imparted.

Can impart nanofeatures to the surface creating a new oxide layer (based on the material
used).

Creates a thin-film of controlled chemical characteristics. Atomic-scale interactions
display strong physical interactions.

Alkaline treatment (NaOH)
Anodization
Sol-gel (colloidal particle adsorption)

Discrete crystalline deposition Superimposes a nanoscale surface topographical complexity on the surface.

Various materials and forms can be used to cover the surface. Approaches are labor-
intensive and need to be developed extensively before being applied to implant surfaces
and being translated for clinical use.

Lithography and contact printing
technique

1.2.1. Microrough Surfaces with Nanoscale Modifications

Since nanoscale roughness is inherently present on most surfaces, dental implant
manufacturers started to emphasize these topographical features on their existing product
lines. Subsequent scientific evaluation of the most common implant brands revealed
nanofeatures on many of them, such as SLActive (Straumann Institute, Basel,
Switzerland), OsseoSpeed (Astra Tech Implant System, Dentsply, Germany), NanoTite
(3i/Biomet, Florida, USA) and TiUnite (Nobel Biocare, Bern, Switzerland) surfaces.
However, the density and appearance may vary. [70] Since, the benefits of moderatley
rough surfaces have already been clinically proven, many researchers suggest, that
nanoscale surface elements on top of micro-level topography can be beneficial in the
long-term success. [71, 72] Ehrenfest et al. did an extensive study on commercially
available dental implants regarding the presence of micro and nanoscale roughness. [73]
His findings are summerized in Table 3. Most surfaces reviewed in this study utilized
commercially pure titanium as core material. The surface modification methods applied
theoretically could enable nanoscale patterning, however only four products out of 14
showed distinctive nanoscale roughness. Regarding these four implants, two of them
showed heterogenous appearance based on nanoparticles while the other two showed

extensive nanoroughness in homogenic distribution. The homogenous nanoroughness
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was achieved by blasting with TiO2 and hydrofluoric etching in one case and blasting was
followed by unkown post processing in the other case. Nonetheless, these latter methods
showed the highest degree of surface cleanliness. The authors note that implant surfaces
often exhibit heterogeneity due to inconsistencies in surface characteristics, uncontrolled
crystal clusters, and various types of surface contamination. To assist practitioners in
making informed decisions and improving healthcare outcomes, the authors advocate for

the development of a classification system for implant surfaces. [73]

Table 3. Surface characteristics of commercially available dental implants. [73] (Table created
by the author of this thesis based on the cited article.)

BASIC SURFACE SURFACE
PROCEDURE NAME ADDITIONAL METHODS SURFACE ELEMENTS CHARACTERISTICS
S High quantity of calcium and . Microporous, smooth on
Tilnite phosphorus added chemically phosphorus, fluoride, sulfate nanoscale, extended cracks
Anodization
Ospol Low quantity of calcium and calcium and phosphorus. sodium Microporous, smooth on
P phosphorus added chemically u phosphorus, u nanoscale, small local cracks
Titanium Plasma- Kohno Phosphorus (as phosphate), Maximal microroughness,
Spraying (TPS) HRPS W fluoride, sulfur (as sulfate) 00D gl a0 e, My
’ extended cracks
Blasting with TiO2, etching with | Residual level of fluoride, no Moderate microroughness,
Osseospeed L AR .
hydrofluoric acid polliution extensive nanoroughness
Blasted/etched with alumina Alun_nna (A12.03)’ sodium, Moderate microroughness,
Ankylos . fluoride, calcium, phosphate,
particles . . nanosmooth, heterogeneous
zinc, chloride, sulfur (as sulfate)
Zimmer  Blasting with hydroxyapatite on Calcium phosphate (CaP), Minimal microroughness,
MTX grade 5 titanium significant silicon nanosmooth, homogeneous
Camlog Blasted/etched Zine, calcium Moderate microroughness,
Promote nanosmooth, homogeneous
. . Aggressive etching pits,
Blasting/Etching | BTI Interna | Etched IS-IlegChiézvels of organic carbon smooth on microscale and
P nanoscale
Residual calcium phosphate, Minimal microroughness
EVL Plus  Blasted/etched alumina (A1203) particles, & ’
. . nanosmooth
residual fluoride
p Calcium, alumina (A1203), thick .. .
Twinkon L - ot Minimal microroughness,
Blasted on grade 5 titanium organic carbon, silicon, sulfur (as
Ref . . nanosmooth, heterogeneous
sulfate), chloride, zinc
Minimal to moderate
Ossean Blasted/etched, unknown Low levels of calcium phosphate, microroughness,
postprocessing no pollution nanoroughness, homogeneous
in chemistry and topography
Smooth and flat
.. Etched on grade 5 titanium, CaP  CaP particles, traces of fluoride =~ microroughness, significant
31 NanoTite g
coating and sulfur nanotexture, heterogeneous
due to varying CaP particles
Blasting/Etching Moderately rough and rugged
with coating . Blasted/etched, NaCl NaCl crystals, traces of fluoride, 'microtopography, significant
SLActive R . ) . .
physiological solution potassium, calcium, phosphate nanotexture, heterogeneous
due to NaCl aggregates
Blasted/etched, CaP ion-beam  Thicker CaP coating (>100 nm), | Flat microscale, smooth
Integra-CP . . .
assisted deposition traces of fluoride and sulfur nanoscale
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Due to the growing number of investigations some concerns have been made and further
studies are required to achieve an ideal surface. For example, in case of titanium plasma-
spraying (TPS) can increase the implant's surface area up to six times. However, concerns
include potential delamination at the implant-coating interface and titanium particles
found in adjacent bone. [74] In case of plasma sprayed hydroxyapatite (PSHA), which is
commonly used for calcium phosphate coatings, the interface with titanium often has
weak mechanical resistance, leading to potential implant failures and inflammatory
responses due to particle release. Consequently, PSHA-coated implants have become less
popular in dental practice, as studies have shown that the coatings do not degrade
uniformly over long periods, compromising their long-term effectiveness. [74] To
improve these methods efforts are being made to change the manufacturing parameters
but there are usually more concerns with coatings in relations with biocompatibility due
to delamination effects. [75] The formation of an ideal surface incorporating new insights
is still relevant. There is a trend to create homogenized surfaces which esnures consistent
surface behaviour. Zhang emphasizes regarding future perspectives: "The next generation
of dental implants will employ optimized nanotopography to simultaneously augment
antibacterial and osseointegration functions." He also adds that "it remains difficult to

fabricate uniform nanostructures rapidly and on a large scale." [76]

1.3. Insights of anodization

According to my literature research i found anodization as one of the most promising
methods that has received a lot of interest for dental implant surface modification [69,

77-80]:

= the method is capable of imparting both micro- and nanoscale elements in a
homogenous distribution

= anodization thickens the oxide layer while desired patterns can be achieved
(nanotubes, nanopits)

» anodized surfaces have shown bioactivity

= some of the resulting surfaces have already been clinically proven biocompatible

= technologically simple and cost-effective

13



This surface modification technique is an electrochemical method that deposits an oxide
layer on the anode surface of a metal substrate. It uses an electric field to ionize elements

in the aqueous electrolyte and facilitate their diffusion to the metal, as illustrated in Figure

2.[77]

1 6

l-h-

Figure 2. Schematic diagram of anodic oxidation, AO electrochemical cell: (1) power supply, (2)
anode (3) cathode (4) cooling water (5) magnetic stirrer bar (6) thermometer, (7) jacketed beaker,
(8) electrolyte [77] (Source licensed under Creative Commons CC-BY-NC-ND).

By adjusting electrochemical parameters such as applied voltage, electrolyte composition
and concentration, and current density, the formation of anodized titanium with specific
properties can be controlled. Additionally, various compounds, such as calcium
phosphate (CaP), can be incorporated into the titanium surface when anodized in CaP-
containing electrolytes. Today, titanium-based devices doped with CaP compounds are
widely used in clinical applications, including dental and orthopedic implants. [77] With
the anodizing process, it is also possible to produce tubular orientation of TiO,. These are

cylindrical nanostructures that are vertically oriented and hollow. The electrochemical

14



growth behavior and surface oxide properties are controlled by several process
parameters, including nature of the substrate, forming voltage, electrolyte related
parameters (ion content, concentration, temperature, pH the current density, the distance
between the anode and cathode), and circulation speed. [81] The formation of TiO>
nanotubes (TNTs) typically occurs under potentiostatic conditions with an applied
voltage of less than 30 V. The growth mechanism of TiO» nanotubes is illustrated in
Figure 3. The length of the nanotubes is determined by the equilibrum state between

electrochemical oxidation and electrochemical corrosion. [77]

N ULy

A B Cc D E

Figure 3. TiO; layer forms on the anode (A). Fluoride ions then react with this newly-formed
TiO,, creating irregular pits on the TiO» layer (B). As anodizing progresses, the pores become
uniformly distributed and well-structured within the oxide layer (C). The depth of these pores
continues to increase due to ongoing electrochemical oxidation and corrosion (D). Eventually,
TiO, nanotubes are fully formed (E). [77] (Source licensed under Creative Commons CC-BY-
NC-ND).

Since nanotubes offer surface properties that can enhance cell-bone adhesion of dental
and othopedic implants, they are in focus of many studies [65, 69] In addition, nanotubes
can also be filled with antibacterial medicines to prevent infections. [82, 83] Wesz/ et al.
investigated the mechanical and chemical properties of nanotubular (NT) and nano-pitted
(NP) anodic films on grade 2 titanium surfaces. [84] Nanopits are depressions or pits on
the surface, also created through anodization but with a different parameters. They are
not hollow like nanotubes but rather indentations on the surface. Their study found that
while NT films were highly sensitive to process parameters and prone to corrosion and
exfoliation, NP films demonstrated high reproducibility and mechanical integrity. The
NP design exhibited superior corrosion resistance, maintained its structural integrity

under mechanical stress, and had consistent surface characteristics compared to NT films,
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which showed higher concentrations of fluorine dopants leading to poor adhesion and
increased exfoliation. These findings highlight the potential of NP anodic films for
enhancing the durability and biological performance of titanium implants. [84] Notably,
NP films not only exhibit improved mechanical strength but also enhance
osseointegration and demonstrate significant antibacterial effects, which are crucial for
preventing implant-related infections and ensuring successful integration with bone
tissue. [85] Anodised titanium may appear in different colours, and this phenomenon is
called colourisation. The cause of different colours in anodised titanium depends on the
thickness and the crystal structure of the anodic TiO» layers. Miihl et al. compared
machined surfaces with anodized surfaces to investigate subsequent soft tissue
integration. Interestingly, the anodization parameters were selected to produce a pink-
colored surface, which enhances the aesthetic appearance of implant abutments by

contributing to a more aesthetically pleasing appearance. [86]

1.4. Surface characterization

Surface treatment methods induce a range of irregularities on surfaces and quantitative
data, such as surface roughness provides a numerical description of a surface texture.
According to Wennerberg et al., many researchers confuse the concept of surface
topography with the concept of surface morphology. Surface topography is a broad term
that includes the overall shape of the implant, involving millimeter-scale geometric
alterations, the waviness of the surface at the scale of a few hundred micrometers, and the

roughness, which encompasses surface features smaller than a hundred micrometers. [21]

1.4.1. Quantitative Analysis
Various techniques are employed to analyze surface roughness, which can be measured

in macro, micro, and nano ranges as well.

Surface Roughness

The universally investigated parameters are:
= Ra (Roughness average - profile roughness) is the arithmetic average of the

deviations of the peaks from the ideal smooth surface and involves two dimensions.
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= Sa (Surface average - area roughness) measures the average absolute deviation of the
examined surface area from the ideal smooth surface, thus involving three
dimensions.

= Rq (root mean square Roughness) is the root mean square average of the deviations

of the surface profile from the mean line.

Increasing surface roughness also promotes bacterial adhesion and biofilm formation
which can jeopardize the integration and long-term retention of implants. [87] The
structural characteristics of the extracellular matrix are on a nanometer scale, and
biomaterials that mimic this environment can more effectively support bone regeneration
processes.[71] Matinlinna et al. indicates that surface roughness values are useful as a
guideline for comparison, but not an absolute value to determine the ability of
osseointegration. [88] The most common investigation methods of surface roughness are
scanning electron microscopy (SEM), optical profilometry, atomic force microscopy

(AFM) and contact angle measurement.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
scan a sample surface. The electron beam, directed by deflection coils, interacts with the
sample, producing signals like secondary electrons and backscattered electrons. These
signals are captured by detectors to form high-resolution images and compositional maps
of the surface. The beam's raster pattern aligns with the image pixels, providing detailed

2D views of surface morphology and composition. [89, 90]

Optical Profilometry

An optical profilometer uses a light source, like a laser or white light, to illuminate a
sample surface. It operates on interferometry, splitting the light into two paths: one
reflects off the sample and the other off a reference mirror. The combined reflections
create an interference pattern, indicating surface height variations. An objective lens
focuses the light, and controlled movements scan the surface. The data generates high-
resolution 3D maps, providing detailed information on surface roughness, texture, and

topography. [91]
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Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a high-resolution technique for analyzing surface
topography at the nanoscale. It scans a sharp tip across a sample's surface, measuring the
forces between the tip and the sample to produce detailed 3D images. The setup includes
a cantilever with a sharp tip, which deflects due to forces like van der Waals, electrostatic,
and chemical bonding. A laser beam reflects off the cantilever onto a detector, tracking
vertical movements to generate a topographical map. AFM operates in different modes:
contact, tapping, and non-contact, adjusting the cantilever height to maintain consistent

scanning conditions. [92]

Contact Angle Measurement
A contact angle measurement uses a liquid droplet, typically water, to evaluate the

wettability of a sample surface. The term refers to the characteristic of a given material

allowing liquids to adhere to its surface. (Figure 4).

Figure 4. Surfaces with varying wettability. Due to surface tension, water droplets may either
remain elevated on hydrophobic surfaces with lower wettability (A) or spread out more on
hydrophilic surfaces with higher wettability (B). (source: personal)

Contact angle measurements operate based on the principle of surface tension. The liquid
droplet is carefully deposited onto the sample surface using a precise dispensing system,
such as a syringe or pipette. The contact angle is defined as the angle formed between the
tangent to the liquid droplet surface and the solid surface at the point of contact. This
angle depends on the balance of adhesive forces between the liquid and the solid and
cohesive forces within the liquid, which correlate to the wettability of the surface. The
system illuminates the droplet from the side to create a clear profile of the liquid-surface

interface. A high-resolution camera captures an image of the droplet. The contact angle
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is then measured using software that analyzes the droplet's shape and calculates the angle
formed at the point of contact with the surface. The processed data is used to determine
the contact angle, which provides quantitative information about the surface's
hydrophilicity or hydrophobicity. Lower contact angles indicate better wettability, while
high contact angles indicate poor wettability. The surfaces can be marked as hydrophilic
if the contact angle is between 0-90 degrees and hydrophobic if the contact angle is above

90 degrees. [93]

1.4.2. Qualitative Analysis

Surface qualitative properties refer to the characteristics of a surface that describe its
chemical composition, chemical state, surface energy and other attributes that affect its
interaction with the environment. Common method to describe elemental composition
and surface energy are X-ray photoelectron Spectroscopy (XPS). [94, 95] Since cells
interact with implant surfaces at the nanoscale level, the recognition of these properties

are becoming increasingly important.

XPS

The surface of an implant is inherently different from the bulk material. The degree of
crystallinity, chemical composition, and presence of desired or undesired elements are
properties that frequently are different, comparing the surface with its bulk. XPS utilizes
a monochromatic X-ray source, commonly aluminum (Al Ka, 1486.6 V) or magnesium
(Mg Ka, 1253.6 eV), to irradiate the sample. These sources provide the necessary energy
to eject core electrons from the sample, enabling the measurement of their binding
energies. Atoms have electrons arranged in different energy levels or shells (K, L, M,
etc.). The K shell is the innermost shell, followed by the L shell, M shell, and so on. When
an electron in the K shell is ejected (for instance, due to the interaction with an external
high-energy photon), it leaves behind a vacancy. An electron from a higher energy level
(like the L shell) can fill this vacancy. The transition of an electron from a higher energy
level (L shell) to a lower energy level (K shell) releases energy in the form of an X-ray
photon. This emitted X-ray is known as a characteristic X-ray because its energy is
characteristic of the difference in energy between the two shells involved in the transition.

[96]
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1.5. The role of wettability

Wettability seem to play an important role in dental implant surfaces because it greatly
affects the initial interactions between the implant and the biological environment. [37,
97] A higher wettability enhances protein adsorption, which is essential for the adhesion
and proliferation of osteoblasts. This improved cell adhesion leads to better
osseointegration, ensuring the stability and longevity of the implant. Additionally,
surfaces with optimal wettability can reduce bacterial colonization, minimizing the risk
of infections. [52] Therefore, considering wettability in implant design is vital for
enhancing the overall success and functionality of dental implants. [98] Hydrophilic
surfaces generally provide better fluid transport at the implant-tissue interface. By
forming an even fluid film, they can enhance cell proliferation and differentiation. The
increased surface energy influences interactions between tissue proteins and the implant
surface, accelerating clot formation and initial healing processes. The hydrophilic
property increases the number of immune cells involved in wound healing, which may
help reduce bacterial biofilm formation. According to studies, hydrophilic surfaces
preserve the arrangement and function of proteins, whereas hydrophobic surfaces appear
to induce denaturation. [52, 99] Literature shows that wettability enhances the beneficial
biological effects that nanostructured surfaces provide regarding osseointegration. Elias
et al. investigated complex surfaces with roughened topography and varying wettability,
highlighting the importance of surface hydrophilicity. In a 12-week rabbit tibial model,
anodized surfaces, which had the lowest roughness and highest hydrophilicity, showed
the highest removal torque. This suggests that hydrophilicity may have a stronger impact
than roughness alone. Notably, only anodized surfaces displayed well-defined
nanostructures and had a statistically significant (P < 0.05) lower contact angle with water
and NaCl, indicating greater hydrophilicity. [99] Other authors also report that anodized

samples represent a significantly more hydrophilic surface than the turned ones. [86]
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2. OBJECTIVES

Surfaces with nanotopography appear promising in terms of implant surface treatments.
Their outstanding osseointegration potential and antibacterial effects can contribute to the
long-term success of dental implants. The main goal of our study was to increase the
hydrophilic property on a surface with nanotopographical features through acid etching

while preserving its structural characteristics.

2.1. Specific aims

Our specific aims were:

-To produce a nano-pitted structure

-To apply various etching procedures
-To evaluate the result of etched surfaces

-To investigate the surface characteristics of most favourable etched surface

-To compare the wettability of the different etched surfaces

2.2. Null Hypotheses

HO1: The applied etchants and parameters do not induce any changes in the properties of

nano-pitted titanium oxide surfaces.

HO:: The applied etchants and parameters result in similar surface roughness on the nano-

pitted structure.

HOs: The applied etchants and parameters do not induce significant changes in the

hydrophilicity of the nano-pitted titanium oxide surface.
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3. MATERIALS AND METHODS

3.1. Production and preparation of samples

Grade 2 titanium rods (Bibusmetals, Hungary) were purchased and machined into discs
of 2 mm thickness and 14 mm in diameter. The discs were thoroughly cleaned in a two-

step cleaning process followed by full drying after each step [100]:

1. ultrasonic cleaning bath in acetone (Molar Chemicals, Hungary) for 5 minutes at
room temperature

2. drying at room temperature

3. washing in the ultrasonic cleaner using absolute ethanol (Molar Chemicals,
Hungary) for 5 minutes at room temperature

4. drying at room temperature

3.1.1. Applying nano-pitted (NP) TiO> surface treatment
Nano-pitted (NP) TiO, surfaces were created using a protocol that was published
previously by certain members of our research group. [84] Following this protocol, the

titanium discs were briefly subjected to a three-step surface treatment process. [100]

1. Electrochemical polishing to remove the machining marks. A two-electrode
setup was used with a reference electrode made of platinum. The electrolyte
(NANOTTI EP Electrolyte, NANOTI Ltd., Sutton Coldfield, UK) was driven by a
DC power source (Elektro-Automatik, EA-PS8080-40) to create the potential
difference between the electrodes. The velocity of the steady electrolyte flow (0.1
L/min) was maintained by using a thermoplastic mag drive centrifugal pump
(HTM6 PP, GemmeCotti). The temperature of the electrolyte was kept at 15 °C.
The applied current was 30 V for 35 seconds.

2. Acid etching of the polished discs was performed in an ultrasonic bath for 3 min
at room temperature. This step is important to initiate the formation of hydroxide

islands on the surface to catalyze nanopore formation. The compound applied
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consisted of 0.1 wt% hydrofluoric acid (HF), 1 wt% orthophosphoric acid
(H3POs), and distilled water (Molar Chemicals, Hungary).

3. Anodic oxidation was performed in to steps to grow NP anodic film on the
surface. An electrochemical reactor with a two-electrode setup (anode-cathode
distance = 5 mm) was used that was driven by a continuous direct power supply
(Elektro-Automatik, EA-PS 8360-15 2 U). The first step was performed using
hydrofluoric acid at 20 V (DC) voltage for 3 min. The second step was carried out
by applying hydrochloric acid at 14 V (DC) voltage for 1 min.

3.1.2. Application of various etchants

The discs with NP TiO; surface were further processed by using various etchants.

The chosen disc samples showed proper anodization results to be subjected for
experiment. Based on the literature review four test groups were formed that were further

treated with different etchants and identical etching parameters (Table 4). [100]

Table 4. The process of sample preparation. Altogether, four test groups were prepared by
etching the NP surfaces using various acids. [100]

Workpiece NP TiO; Disc
Etchant Dilute orthqphosphorlc Concentrat?d ‘ Dilute nitric acid Concentrqted nitric
acid orthophosphoric acid acid

(1 g 85 wt% H3P04 + (1 g 65 wt% HNO3 +

- o o
Etchant composition 98.9 g dist. H,0) (85 wt% H3POy) 98.9 g dist. H,0) (65 wt% HNO3)
Test group name NP + H3PO,4 NP + ccH3PO4 NP + HNO3 NP + ccHNO3

Etching time 3 min
Etching temperature 20-60 °C

Agitation None.

Cleaning Rinsing in ultrasonic bath:
Step 1 In distilled for 4 min at room temperature.
Step 2 In acetone for 5 min at room temperature.
Step 3 In absolute ethanol for 5 min at room temperature.

Storage of samples In hermetically sealed containers

3.1.3 Experimental groups

Five experimental groups (one control and four test groups) were created to investigate
the effect of various etchants on the physicochemical properties of NP surfaces. As a
control, untreated NP surfaces were used in the study. In each experimental group, one
sample was tested. On each sample three regions of interest were randomly selected
where the contact angle and optical measurements were carried out. The robustness of the

surface treatment method justified the low sample number in the experiment [84, 100]
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3.2. Investigation of surfaces

3.2.1. Scanning electronmicroscopy (SEM)
The surfaces of the test groups were investigated with Philips XL-30 ESEM electron

microscope to evaluate the homogenity achieved by the various etchants. [100]

3.2.2. Optical profilometry

Bruker Contour GT-KO0X optical white light profiler was used to measure the surface
roughness of the 5 experimental groups. An 800 x 600 um? size region of interest (ROI)
was randomly selected on each sample. The arithmetical mean height (Ra) and root mean

square deviation (Rq) values were measured on the samples. [100]

3.2.3. Contact angle measurement

Distilled water was used as test fluid for contact angle measurement on the surface of the
samples using a drop shape analyzer (Kriiss DSA25, Hamburg, Germany). The
measurement started immediately seconds after dropping, the drop volume was 3 + 0.3
pL. The Elipse (Tangent-1) fitting method (Advance software, Kriiss, Hamburg,
Germany) was used to determine the left and right contact angles of the drop. One drop
was added per sample and the contact angle of this drop was determined by 35
measurements. The mean of these measurements characterized the contact angle of the

sample. [100]

3.2.4. Atomic force microscopy

A Bruker Dimension Icon AFM was used to confirm the results of the optical
profilometry. AFM measurements were performed in tapping mode using a Tap300Al g
tip. The measurements were performed on the surface areas where obvious surface flaws
did not appear. The measurements were performed alongside the full diameters of the
discs. The arithmetical mean height (Ra) and root mean square deviation (Rq) values were

measured on the samples. [100]
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3.2.5. X-ray photoelectron spectroscopy

The reference (NP) and the most hydrophilic samples were also studied using X-ray
Photoelectron Spectroscopy (XPS). The XPS instrument used in the study was a custom-
built system using Mg Ka radiation from a Thermo Fisher XR4 dual anode X-ray source
and a Specs Phoibos 150 hemispherical energy analyzer to measure the energy
distribution of the photoelectrons. The background pressure in the analytical chamber was
2 x 107 mbar, but it rose to 4 x 10~ mbar during the measurements due to the degassing
of the samples. Due to the oxide coverage on the surface, a small amount of charging was
also observed. This was corrected based on the position of the adventitious carbon peak.
After recording the surface spectra, each sample was subjected to 3 keV Ar" ion-beam
sputtering from a custom-built ion source for 10 min. The sputtering speed (calibrated on
Si0;) was 30 nm/h. This removed roughly 5 nm from the surface of each sample.
Subsequently, a set of new XPS spectra were recorded to compare the composition of the

surface to deeper layers. [100]

3.3. Statistical Analysis

The mean, standard deviation, and coefficient of variation were used from the descriptive
statistics. The coefficient of variation (CV) is the normalized standard deviation (standard
deviation divided by the mean). The CV value under 10% means a homogenous dataset,
between 10 and 20% means a low heterogenous dataset, and between 20 and 30% means

a very heterogenous dataset. Above 30%, the dataset is very volatile. [100]

A Kruskal-Wallis test was performed to compare the samples (p < 0.05) and a Games-
Howell test for the post hoc comparison. The Games-Howell test was deliberately
selected for post hoc analysis because it was nonparametric, unlike the Tukey’s test, as it

did not assume equal sample sizes and homogeneity of variances. [100]
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4. RESULTS

The results showed that the treatment with various etchants did not cause any apparent

changes to the NP surface in terms of surface roughness (Table 5).

Table S. Surface roughness of samples measured using optical profilometry. Ra: arithmetical
mean height indicates the average of the absolute value along the sampling length; Rq: root mean
square deviation indicates the root mean square along the sampling length. [100]

Surface Roughness

Treat t
reatments Ra (nm) Rq (nm)

NP 149 191
NP + HNO3 153 199
NP + ccHNO3 126 166
NP + H3POy4 137 178
NP + ccH3POy4 196 249
Average 152.2 196.6
Standard deviation 26.7 31.9
Median 149 191

Regarding Ra, the surface roughness of the of samples remained in the range from 126
nm to 196 nm with an average of 152.2 nm (+26.7 nm) and a median of 149 nm.
Regarding Rq, the surface roughness values of the of samples ranged from 166nm to 249
nm with an average of 196.6nm (£31.9 nm) and a median of 191 nm. [100]

Scanning electronmicroscopy showed that more aggresive etchants revealed definitive
grain borders in the crystalline structre. (Figure 5) This refers to changes in the crystalline
structure, which can lead to varying local surface energies affecting overall surface
wettability and material behavior. [101] The results showed that concentrated and dilute
H3POy4 treatment resulted in a relatively homogenous structure compared to both dilute

and concentrated HNO3, but the border lines were detectable in case of each etchant.
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Figure 5. In electron microscopy images, both concentrated nitric acid (A) and diluted nitric
acid (B) resulted in an anisotropic surface. In the case of concentrated phosphoric acid (C), the
crystal boundaries were barely detectable, while the use of diluted phosphoric acid (D) exhibited
a relatively homogeneous surface. (source: personal)

Lower contact angle values were expected on the surfaces with visible borders. However,
the treatment of the NP samples with ccH3POj significantly reduced (p = 0.00) the contact
angle compared to the untreated control or, in other words, increased the wettability of
the NP surface (Figure 6). The coefficient of variance was less than 14%, meaning that
the samples were either homogenous or low heterogenous; therefore, the wettability of
the samples could be described using the mean of the measured values of the contact

angle (Table 6). [100]
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Figure 6. The effect of surface treatments on the wettability of NP surface. The treatment of
the NP surface using ccH3POshas significantly increased the wettability compared to the

untreated control (p * = 0.00). [100]

Table 6. Results of contact angle measurement. The ccH3;POjstreatment of NP surface
significantly reduced the contact angle (»p *= 0.00). The reciprocal of the mean and standard
deviation (SD) values concerning contact angle were calculated for a better visualization of the

results in Figure 6. [100]

NP + ccHNO3

NP + HaPO4

NP + ccHsPO.4

Contact Angle (°)

Reciprocal of Contact Angle (1/Degree)

Treatments Mean SD Ccv Mean SD

tgeNP 88.0 9.3 10.6 0.0115 0.0012
NP + HNOs 97.0 14 14 0.0103 0.0001
NP + ccHNO3 99.0 6.1 6.2 0.0102 0.0006
NP + H3POy 78.0 25 3.2 0.0128 0.0004
NP + ccH3zPOy 30.0 * 4.1 13.7 0.0338 0.0057

From this point forward, only the untreated control NP and the ccH3POs-treated NP
samples were subjected to further experiments, according to our findings with SEM and
CA data. The AFM measurement confirmed the results of the optical profilometry, i.e.,

the surface roughness of the NP samples remained unchanged after ccH3POj4 treatment

(Table 7 and Figure 7). [100]
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Table 7. Surface roughness measured using AFM. Three regions of interest (ROI) were
randomly selected on the untreated control and two on the ccH3POs-treated NP surface for
analysis. The treatment of NP surface with ccH3;POsdid not affect the surface roughness
apparently. [100]

Surface Roughness

Treatments

Ra (nm) Rq (nm)
NP (ROI 1) 36 45
NP (ROI 2) 43.4 61.1
NP (ROI 3) 37.6 46.7
NP + ccH3PO, (ROI 1) 457 71.8
NP + ccH3PO4 (ROI 2) 39.1 49.3

157.6 nm

157.6 rm

175.3 nm

175.3 rm

Figure 7. AFM three-dimensional (3D) image of ROI 2 of NP (left) and ROI 1 of NP+ccH3PO4
(right). [100]
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Analyzing the surface element composition revealed approximately ten times more
phosphorus on the ccH3POus-treated sample (before sputtering: 7.5%; after sputtering
9.1%) compared to the untreated control NP surface (before sputtering: 0.6%; after
sputtering: 0.9%) (Table 8). The proportion of O to Ti was 7.4 on the ccH3POs-treated
sample before sputtering and it dropped to 3.8 after sputtering. The proportion of O to Ti
was 10.3 on the untreated control NP sample before sputtering and it dropped to 3.1 after
sputtering. Interestingly, 41.5% less carbon appeared on the surface of the ccH3POs-
treated NP surface than on the untreated control (Figure 8). [100]
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Figure 8. Proportion of elements on the untreated control and the ccH;POs-treated NP
surfaces. Panel A shows that the concentrations of phosphorus and oxygen are higher on the
ccH3POs-treated NP surface than on the untreated control. Panel B shows that the proportion of
phosphorus did not change on the control or on the ccH3POs-treated NP surfaces after sputtering.
Carbon concentration is intentionally omitted because it would have caused the visualization of
the other elements to be difficult (see Table 3 for data). [100]
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Table 8. Element composition of untreated control and ccH;POq-treated NP surfaces.

Ten times more phosphorus was detected on the ccH;POs-treated NP surface than on the control
before and after sputtering. Approximately three times more calcium appeared on the ccH3;PO4-
treated NP surface than on the untreated control even after sputtering. Carbon and nitrogen
measurements were presumably contaminations from the ambient air. [100]

Sample Name Sputtering [min] Depth [nm] C Ti (0] P N Ca
NP + ccHz PO, 0 0 38.7 5.8 43.0 7.5 24 2.0
NP + ccH3PO4 10 5 6.0 15.7 60.0 9.1 4.2 3.5
NP 0 0 66.1 2.6 26.9 0.6 19 0.5
NP 10 5 18.9 18.3 56.9 0.9 35 15

The XPS spectrum of the untreated control NP surface showed that the Ti 2p3» peak
appeared at 459.1 eV binding energy indicating fully oxidized titanium (Ti*") in the
TiO; oxide layer. When analyzing the ccH3POs-treated NP surface, an additional peak
appeared on the spectrum at 458.8 eV binding energy beside the peak at 459.7 eV, thus
indicating the presence of less oxidized titanium (Ti**) beside the Ti*" in the TiO; layer

(Figure 9) [100, 102].
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Figure 9. XPS spectra of untreated control (A) and ccH3;POy-treated NP surfaces (B) after
sputtering. The Ti 2p3, peak appeared at 459.1 eV (blue curve) for the untreated NP surface,
indicating fully coordinated Ti*" ions, suggesting the oxide layer was solely constituted of TiO,.
(The black curve is the corresponding Ti 2p1» component of the doublet peak.) On panel B, an
additional doublet peak appeared at 458.8 eV binding energy, which indicates the presence of
Ti*" beside Ti*" in the oxide layer. (Here the blue curve is Ti*" 2ps», the green one is Ti*" 2psp,
while the black and purple curves are the corresponding Ti**2p:2 and Ti*" 2p1» components of
the doublets). [100]
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5. DISCUSSION

5.1. Experimental group setup

The relatively simple microstructure and excellent biocompatibility of commercially pure
titanium, combined with the less aggressive etchants, were expected to achieve a uniform
effect. Commercially pure titanium has a single-phase alpha structure, while alloys (like
Grade 5) consist of biphasic crystals (alpha and beta). This complex microstructure means
that Grade 5 titanium does not etch as uniformly as Grade 2, and the presence of the beta
phase increases its overall resistance to acid attacks. [103, 104] Recently, concerns have
been raised on the potential toxicity of a few, specific alloys, such as titanium Grade 5 or
Nitinol, due to the presence of aluminum/vanadium and nickel, respectively. [82] Strong
acids like hydrochloric acid (HCIl) and sulfuric acid (H2SOs), along with prolonged
etching durations, can lead to the formation of titanium hydride (TiH»), which increases
the brittleness of the surface layer. These brittle hydride phases can result in ion leaching,
which may cause short-term pain and inflammation, and contribute to bone loss over time,
as supported by the literature [103] Park et al. reported that phosphoric acid treatment on
titanium surfaces enhances osteoblast attachment, differentiation, and biomechanical
anchorage by creating micro-rough, hydrophilic, and phosphorus-incorporated oxide
layers. Their study demonstrated that phosphoric acid can significantly improve surface
wettability, induce better cell responses and stronger bone-implant integration, as
evidenced by increased removal torque forces in rabbit tibiae. [105] These findings
suggest that phosphoric acid treatment could be an effective method for optimizing
titanium implants for better osseointegration. Based on the findings from Prando et al.,
titanium exhibits superior corrosion resistance in phosphoric acid (H3POs) and nitric acid
compared to hydrochloric acid (HCl) and sulfuric acid (H2SOs4). This resistance is
reflected in significantly lower corrosion rates, indicating that phosphoric acid and nitric

acid is less aggressive towards the TiO> layer. [106]
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5.2 Null Hypotheses

Null Hypothesis 1 (H0;)

The applied etchants and parameters do not induce any changes in the properties of nano-

pitted titanium oxide surfaces.

Acid etching is most commonly performed after a sandblasting step to remove blasting
residues and to refine the surface morphology and roughness. [107] Studies usually report
the use of more agressive etchants, such as H2SO4 or HCI for 10 minutes of etching
duration above room temperature to reach the desired topographical changes. [103, 108]
Hydrothermal treatment with dilute H3POj4 has also been investigated on 180 °C. [105]
According to the literature we hypothesized that our etching parameters will not lead to
any changes to the NP surface. The results from the SEM revealed grain boundaries,
which suggests that our etching process effectively exposed the microstructural features
of the discs, potentially impacting its mechanical properties, corrosion behavior, and
overall surface reactivity. This observation indicates that the etching process did indeed
alter the surface properties of the nano-pitted titanium oxide, leading us to reject HO; and
conclude that the applied etchants and parameters did induce changes in the properties of

nano-pitted titanium oxide surfaces.

Null Hypothesis 2 (H0)

The applied etchants and parameters result in similar surface roughness on the nano-pitted

structure.

The optical profilometry results showed no significant differences in surface roughness
between the experimental groups and the untreated NP control, leading us to fail to reject
HO> and conclude that etching did not alter the surface roughness of the NP samples. The
rejection of HO; and the failure to reject HO> indicate that while the different etchants
modified the NP surface, the surface topography remained unchanged. The investigation

of AFM on both concentrated H3POy-treated discs and untreated NP discs revealed no
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significant difference in nano-level roughness. The presence of both concentrated and
dilute acids in the experimental groups indicates the good resistance of the NP topography
to chemical exposure. These findings reinforce the chemical resilience of the NP surface,
aligning with the earlier report of Weszl et al. that NP anodic surfaces yield significantly
better mechanical resistance compared to the widely investigated nanotubular anodic
films [84] The mechanical and chemical resistance causes the treatment of NP films with
ccH3PO4 to be a promising candidate among the surface treatment of titanium. The
resistance to chemical exposure is relevant because it allows the functionalization of the
NP surface either with chemical or biological compounds to enhance the bioactivity of
implants. Since the antibacterial effect of the NP surface is related to the texture
distribution of its nanostructure [85, 87, 109], we can assume that it retains a good portion

of this property after the treatment. [100]

Null Hypothesis 3 (H03)

The applied etchants and parameters do not induce significant changes in the

hydrophilicity of the nano-pitted titanium oxide surface.

It was surprising to observe how significantly a simple etching of the NP surface with
concentrated phosphoric acid increased its hydrophilicity. The results showed that the
concentrated phosphoric acid treatment significantly enhanced the hydrophilicity of the
NP surface, while dilute phosphoric acid and nitric acid had minimal impact. [100]

Consequently, HO3 was rejected.

Summary of Null Hypotheses

The rejection of both HO; and HO3 indicates that the etching process notably altered the
surface properties and significantly increased hydrophilicity of the NP samples when
using ccH3PO4. However, HO> was not rejected, as no significant changes in surface
roughness were observed. These results suggest that while the etching process with
ccH3PO4 exposes underlying microstructural features and increases hydrophilicity, the

nano-pitted topography itself remains unaffected. The treatment with ccH3PO4 resulted
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in a presumably larger, homogenous surface. The AFM measurements align with
documented effects of acid etching, where the surface area increases without significantly
altering the average height deviation. (Figure 7) Additionally, they confirm that the
etching process converts surface anisotropy into isotropy. [110] Etching may offer a
simple and adaptable method to modify the wettability of TiO surfaces. [111] Recently,
phosphoric acid has raised a great deal of interest because of its ability to improve the
bioactivity of titanium implants. The phosphorus functionalization of TiO; surfaces has
been proven to be a potent approach to enhance both the catalytic and the biological
properties of titanium. [105, 112] However, the current methods of phosphorus-
functionalization often apply concomitant exposure of phosphoric acid and physical
energy (such as thermal or electrochemical treatment) to the TiO; surface, which may

irreversibly change the surface morphology. [100, 113]

5.3 Hydrophilicity

The appearance of the surface charge might be responsible for the raise in hydrophilicity
of the NP surface after phosphoric acid treatment. There are two possible underlying
mechanisms: (i) the presence of surface charges that can facilitate the adsorption of more
water molecules than onto uncharged the TiO; surface and (ii) the surface charge
seemingly prevented the adhesion of hydrocarbons from the ambient air that were known
to be responsible for the deterioration of the hydrophilicity of the TiO2 surfaces. [100]
These mechanisms were investigated using XPS, which provided insights into the surface
chemistry and elemental composition. The concentrated phosphoric acid was assumed
strong enough to penetrate the uppermost layer of TiO» where the phosphate ions
chemically reacted with the titanium. Based on the available data, it is not possible to
explain the entire reaction mechanism, however the appearance of the 2p3/» peak at 458.8
eV binding energy on the XPS spectra of the concentrated phosphoric acid-treated NP
surface suggests that a redox reaction occurred on the surface. The only known
explanation of the asymmetric peak broadening of the XPS peak (Figure 9) is the presence
of another chemical state, which corresponds to Ti** suggesting that the concentrated
phosphoric acid treatment caused the decrease in the oxidation state of titanium (Ti4" —

Ti3") in the oxide layer. The proportion of absorbed phosphorus significantly increased
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after concentrated phosphoric acid treatment of the NP surface compared to the untreated
control. [100] Connor and McQuillan's study demonstrates that phosphate ions strongly
bind to TiO2 surfaces, forming stable bidentate species. This suggests that phosphorus
adsorption has an impact on surface properties, but may require further refinement to fully
explain the specific physicochemical changes observed in our findings, particularly
regarding hydrophilicity and surface reactivity. [100, 114]. The oxidation state of the
adhered phosphorus is not known. Interestingly, the proportion of carbon was more than
40% less on the phosphoric acid-treated NP surface than on the control. However, the
presence of three times more calcium on the surface of the concentrated phosphoric acid-
treated NP surface suggests that the phosphorus is coordinated with oxygen (O") that can
bind cations, such as calcium. Given that calcium is ubiquitous in the human body, in
blood and interstitial fluids, the implant surface is exposed to it after surgical insertion.
The coordination of phosphorous with calcium ions might increase the quantity and
volume of charges on the titanium surface [100, 115]. The increase in calcium and
phosphorus suggests the enhancement of the biological and catalytic properties of the
titanium surface [100, 105, 112, 116, 117], which is further improved by the appearance
of Ti** oxidation state. While Ti*" is chemically stable, it is also underlined in the
literature that the success of some materials, often depends on their chemical activity.

[32]

Observation of extended hydrophilicity

Recently wettability gained increased attention. [118, 119] Various techniques have been
suggested to increase hydrophilicity of titanium oxide surfaces. [52] One such widely
anticipated method is sandblasting and double etching followed by drying under nitrogen
protection to prevent exposure to air and then storing implants in a sealed glass tube
containing isotonic NaCl solution. However, whith the dissipation of NaCl the
superhydrophilicity feature diminishes. [120] Other studies have been published touting
the benefits of UV irradiation that temporary turned dental implant surfaces to super
hydrophilic, albeit they returned to a hydrophobic state in the dark. [121] Ueno et al.
argues in favor of gamma-irradiation to regain the hydrophilicity and bioactivity of

titanium implants that are lost over time owing to hydrocarbon deposition from the
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atmosphere [122]. However, a 25-35 kGy dose of gamma irradiation, which is generally
used for the sterilization of titanium implants, might cause irreversible alteration to the
TiO2 nanosurfaces as has been the case in other nanoparticles of various materials [123,
124]. Thermal treatment can also temporarily increase the hydrophilicity of titanium
implants, but the effect often decreases over time, and the heat may modify the surface
morphology [125, 126]. Lee JH et al. argues that the degree of hydrophilicity would be a
determinant for the bioactivity level of titanium surfaces. [127] They highlight a time-
dependent alteration in the physicochemical properties of titanium, referred to as the
biological aging of titanium, which impacts its biological capabilities. A notable change
during this process is the disappearance of hydrophilic nature. However, their study was
limited to a 4-week period and specifically focused on the superhydrophilic nature of
sandblasted and double-etched surfaces. During this time, the contact angle increased
from 5 degrees to over 60 degrees, and the carbon content rose from 14% to 63%. [127]
The study also highlights the impact of hydrocarbon accumulation on wettability
behavior, emphasizing the significant decline in hydrophilic properties on these types of
surfaces. As an extension of our study we measured the hydrophilicity of NP discs treated
with concentrated orthophosphoric acid after 6 months of preparation. (Figure 10) The
discs were stored in sealed containers without any storage medium. The contact angle
increased from 30 degrees to 63 degrees, which is still considered to be in the hydrophilic
range (0-90 degrees). Refering to Lee JH et al. the NP discs also showed the sign of aging
of titanium but unlike the superhydrophilic surfaces they examined, which rapidly lost
their hydrophilicity, the phosphoric acid-treated surfaces maintained a level of

hydrophilicity significantly longer.
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Figure 10. Contact angle measurements after 6 months of preparation still highlight notable
hydrophilicity on the ccH3;POj treated NP titanium oxide surface.

5.4. Limitations of the study

The results of this study should be interpreted with consideration of its limitations. Factors
such as the geometry of dental implants may affect the uniformity of phosphoric acid
treatment across the surface, raising questions about the adaptability of the applied
surface-treatment method. Additionally, in industrial-scale manufacturing, precise
control of treatment parameters, particularly temperature, is crucial to ensure the
uniformity of the final products. These challenges could not be fully addressed in
laboratory-scale experiments. Furthermore, the corrosion and mechanical resistance of
the NP TiO; surface treated with concentrated H3PO4 require further investigation before
conclusions can be made regarding the industrial applicability of this surface-treatment

method. [100]
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5.1. New findings

Based on the literature, it can be hypothetized that nanoscale surface modifications may
involve quantum effects, which should be examined through an interdisciplinary

approach in implant surface modification procedures.

In our study, we highlight the following as novel findings:

1. The hydrophilicity of the nano-pitted surface on Grade 2 titanium discs is
significantly increased by etching with concentrated phosphoric acid (85%)

2. The hydrophilicity of the nano-pitted surface on Grade 2 titanium discs is
maintained long-term as a result of etching with concentrated phosphoric acid

(85%)
3. We were the first to describe in the international literature the modification of the

nano-pitted surface with concentrated phosphoric acid, which resulted in a durable

hydrophilic surface even when stored in a liquid-free environment.
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6. CONCLUSIONS

The main goal of our study was to increase the hydrophilic property on a surface with
nanotopographical features through acid etching while preserving its structural
characteristics. We reproduced the nano-pitted [84] titanium oxide surface and
investigated the effect of various etchants on it. Surface characterization techniques such
as SEM, contact angle measurement, AFM, and XPS were performed to evaluate the
morphological and chemical changes induced by the etching processes. The results
demonstrated that the use of concentrated phosphoric acid significantly increased the
hydrophilicity of the nano-pitted surface without affecting the uniformity or the integrity
of the surface. Additionally, we found that other etchants, including dilute phosphoric
acid, dilute nitric acid and even concentrated nitric acid had minimal impact on
hydrophilicity and did not induce significant changes in surface roughness. Besides the
significant changes in wettability our study also demonstrated the reproducability and
potential corrosion resistance of the nano-pitted titanium oxide surface. The XPS analysis
revealed that the concentrated phosphoric acid treatment led to an increase in surface
phosphorus content, indicating successful chemical modification of the nano-pitted
titanium oxide surface. Additionally, there was a notable reduction in surface
hydrocarbons, which is likely attributed to the enhanced surface cleaning effect of the
acid etching. In conclusion, the etching of the nano-pitted TiO: surface with
ccH3PO4 improved its wettability and did not destroy the nano-topography. [100] Our
study shows unique combination of anodization and acid etching that might be subject to
further investigations. The homogeneous nanostructured titanium surface, in combination
with acid etching, is expected to lead to uniform material properties, ensuring consistent
surface behavior during subsequent treatments and preserving the integrity and
performance of the titanium under various conditions. This approach is grounded in
scientifically and clinically established methods aimed at ensuring biocompatibility and

potential bioactivity while minimizing redundant processing effects.
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7. SUMMARY

In dental implantology, titanium plays a crucial role due to its material properties. Its
biocompatibility is attributed to the spontaneously formed TiO: layer on its surface.
Various surface treatment procedures have shown that increasing surface roughness
positively impacts the integration of implants. Clinical experience, material science
knowledge, and technological advancements have also made it clear that, in addition to
surface roughness and chemical composition, other properties significantly influence
osseointegration. These include the wettability and antibacterial effect of titanium
surfaces, which represent one of the main challenges in the nanoscale modifications of
titanium surfaces. However, the transferability of scientific achievements from
experimental settings to industrial-scale manufacturing is often limited by the low
productivity of the underlying technologies. Nano-pitted anodic films have already
demonstrated significant effects on osseointegration, antibacterial properties, mechanical
resistance, and high reproducibility. [100] Our study showed that concentrated
orthophosphoric acid significantly enhances the hydrophilicity of such surfaces without
disrupting the nano-topography. Furthermore, this hydrophilicity is maintained over the
long term without requiring special storage conditions. There is no documented surface
treatment method in the literature that ensures the long-term preservation of the
hydrophilicity of nanomorphological titanium oxide surfaces. Additionally, we assume
that the nano-pitted surface treated with concentrated othophosphoric acid retains a good
portion the related antibacterial effect, since it is related to the texture distribution of its
nanostructure. This assumption can be further explored and validated in future studies.
Our findings thus represent a potential breakthrough in surface treatment techniques for
titanium implants, combining presumably enhanced biological properties with the

practicality of industrial-scale application.
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