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Titanium Implant The amount and conformation of bovine serum albumin upon adsorption on titanium (Ti) surfaces
containing nanotubes with different pore sizes were investigated. Nanotubes were created on the surfaces

Nanotube via anodization. Protein adsorption behavior on anodized surfaces were compared with the adsorption

Anodic Oxidation behavior on smooth and sanded Ti surfaces. The conformational changes in surface adsorbed proteins

Protein were evaluated using the second derivative and curve fitting methods applied to the Fourier transform

. . infrared spectra of the surfaces. Results showed that the amount of protein adsorbed on the surfaces

Protein Adsorption increased significantly with increasing surface roughness and a significant change in the conformation
of the adsorbed protein occurred on every surface albeit in a different fashion. When anodized samples
were considered, it was observed that the changes in the secondary structure seemed to be correlated
with to the pore size of the nanotubes rather than the surface roughness.
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1. INTRODUCTION

For many years, titanium (Ti) and its alloys are being used in hard tissue repair due to their good biological
compatibility and mechanical properties. The roughness of the Ti implant surface is one of the most important
factors affecting the bond between the bone and the implant (Sirin et al., 2016). The current trend in Ti
biomaterials research is to develop surfaces with nanoscale topographic properties manipulate in vivo tissue
response at the biomolecular and cellular level. The nano-topography of the surface determines the binding of
important molecules in the blood, such as proteins, to the surface. Since the in vivo response to surface nano-
topography at the cellular level is directed by the initial layer of surface adsorbed proteins, the design of
biomaterial surfaces needs to consider optimizing protein adsorption and conformation (Lord et al., 2010).

The protein adsorption behavior, that can be defined as both the amount and the conformation of the surface
bound proteins is a complex phenomenon affected by the physiochemical properties of the surface and the
surrounding environment and the nature of the protein (Chen et al., 2022). Some of these effects, such as
hydrophobic surfaces inducing more protein adsorption and protein denaturation, proteins adsorbing to
surfaces at higher amounts when they are close to their isoelectric points, or protein adsorption being hampered
when the surface and the protein bear the same charge due to electrostatic repulsions, have been extensively
studied and widely elucidated (Barberi & Spriano, 2021). However, understanding the effect of surface
nanonopography is an ongoing research interest. It is usually accepted that increased roughness affects protein-
surface interactions by providing increased surface area and enhanced wettability (Barberi & Spriano, 2021).
The surface nanotopography can dramatically change the protein adsorption behavior (Hu et al., 2022). For
example, although the surface wettability is generally accepted as being correlated with protein adsorption and
hydrophobic surfaces are shown to induce more protein adsorption and protein denaturation, for Ti surfaces,
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it was reported that this correlation is valid for smooth Ti surfaces with rms roughness values lower than 1 nm.
When the surface become rougher this correlation no longer holds (Sg>5nm) (Barberi & Spriano, 2021). The
protein conformation is also reported to significantly affected by nanomaterials. For example, a specific
nanostructure such as nanowires can modulate protein conformation as to promote osteogenic differentiation
better than other nanostructures (Li et al., 2020), the same nano-morphology can have a different effect on the
adsorption behavior of different proteins (Yang et al., 2021). The conformation of proteins on TiO, nanotube
arrays are reported to have a more critical role in subsequent cellular response and the conformation of a model
protein fibronectin is reported to be determined by pore size of the arrays (Qi et al., 2021; Wu et al., 2022).
Nano sized metal-organic frameworks have been reported to induce more vigorous conformational changes on
the structure of human serum albumin than micro sized metal-organic frameworks (Gan et al., 2022).

In this study we aimed to investigate how nanostructures formed on Ti surface affects the amount and the
conformation of surface adsorbed protein. For this purpose, surface nano structures were created in the form
of nanotubes by anodic oxidation. The amount of protein (bovine serum albumin, BSA) adsorption on smooth,
sanded and nanotube containing Ti surfaces as well as the changes in its conformation upon surface adsorption
were compared. The significance of this study is that the results supports the paradigm that the protein
adsorption behavior is dependent on nano-morphological features other than the surface roughness.

2. MATERIAL AND METHOD
2.1. Sample Preparation

Ti plates, cut into 1x2 cm dimensions, were cleaned sequentially in liquid detergent solution and 70% ethyl
alcohol (Merck KGaA, Germany) by sonication (Elma GmbH, Germany). To remove the protective and
inactive amorphous oxide layer on the surface Ti was etched in a 2% (v/v) HF (Merck KGaA, Germany); 3%
(v/v) HNO3 (Merck KGaA, Germany) solution under a fume hood for 5 minutes and washed with deionized
water and left to dry in an oven at 70°C (Jeio Tech, Korea).

2.2. Anodic Oxidation and Sanding

Anodizing setup consisted of a DC power supply (Micro Medical Electronics, Turkey), Ti (anode) connected
to the positive end of the source, platinum (cathode) connected to the negative end of the source, an electrolyte
solution and a magnetic stirrer (Isotex, China) where the distance between the anode and cathode was kept
constant at 4 cm. Ethylene glycol (Merck KGaA, Germany) containing 0.1M NH4F (Merck KGaA, Germany)
was used as electrolyte. Anodization processes were conducted at 20, 40, and 60 V for 20 minutes. After the
process, the samples were rinsed with deionized water and dried at 70 °C. Sanded Ti plates (SB) were prepared
using polishing papers. Samples were sanded with silicon carbide papers (3M), (P600, P1000, P2000, P2500,
P3000), cut into pieces with 1x2 cm dimensions and cleaned sequentially in liquid detergent solution and 70%
ethyl alcohol by sonication for 5 minutes. Finally, the samples were rinsed with deionized water and dried at
70°C.

2.3. Surface Characterization

Surface morphologies were evaluated using scanning electron microscope (TESCAN GAIA3 FIB-SEM)). The
pore size and pore distribution of the TiO, nanotube arrays were analyzed using ImageJ program (1.53q) on
the plan view of the surface. The morphology of the surfaces was investigated using atomic force microscopy
(AFM, XE-100E, PSIA, South Korea) over an area of 1um x 1um in tapping mode using. Mean roughness
(Ra) value was calculated using the Gwyddion software (Gwyddion 2.60). The wettability of the surfaces was
determined in terms of water contact angle (WCA) by an optical tensiometer (Attension Theta, Biolin
Scientific, Sweden). The sessile drop method was used for this purpose.

2.4. Protein Adsorption

The amount of protein adsorption on the samples was determined using BSA (Serva Electrophoresis GmbH,
Germany) as the model protein. For this purpose, samples were kept at 37°C for 24 hours in 1 mg/mL BSA
solution in pH 7.4 phosphate buffered saline using a shaking water bath after which material surfaces were
washed with the buffer solution for removing non-adsorbed proteins. Surface adsorbed proteins were extracted
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using 1% sodium dodecyl sulfate (SDS, Merck KGaA, Germany) solution and its amount was determined
using the bicinchoninic acid analysis (micro BCA, Thermo Scientific, USA), following the protocol included
in the kit. Absorbance measurements were performed at a wavelength of 562 nm in a microplate reader (BMG
LABTECH, Germany).

2.5. Protein Conformation

The spectra of protein adsorbed Ti surfaces were taken by averaging 512 scans for each sample using an
attenuated total reflectance Fourier transform infrared spectrophotometer (FTIR-ATR, Bruker, USA) at a
resolution of 4 cm™. A diamond crystal tip was used for the collection of the spectra. Following baseline
correction, the amide-1 band was further analyzed using the OriginPro software (Origin Lab, USA). The spectra
were smoothed with 7-9 points Savitzky-Golay, the location of the component bands was determined from the
second derivative of the spectra, and the component band positions and relative areas were determined using
the curve fitting method. A Gaussian band shape was assumed and the band positions were not fixed during
curve fitting (Akdogan & Mutlu, 2012).

2.6. Statistical Analysis

For all measurements at least three samples were used (n=3) and the results are given as mean + standard
deviation. Protein adsorption data were evaluated using one-way ANOVA and pairwise comparisons were
made using Tukey’s test at the 99.5% confidence level.

3. RESULTS AND DISCUSSION
3.1. Surface Characterization

SEM images of the anodized samples (Figure 1) confirmed nanotube formation on Ti surfaces. The pore
diameter increased with increasing processing voltage and the Feret pore diameters of the nanotubes were
calculated as 53 + 23 nm, 62 + 33 nm and 125 = 17 nm for 20V, 40V and 60V samples, respectively.

a) b) <)

Figure 1. SEM images of anodized Ti surfaces at 50kX magnification a) 20V, b) 40V and c) 60V

The average roughness values (Ra) of the surfaces calculated from AFM images (Figure 2) were 7.04 nm,
13.91 nm, 16.21 nm, 18.30 nm and 18.89 nm for Ti, SB, 20V, 40V and 60V samples, respectively. Ti surface,
is smoother than other surfaces, and both sanding and anodization processes increased the roughness of the
surfaces. The surface roughness increased with the increasing applied voltage and this increase was more
pronounced between the 20V and 40V sample surfaces than between the 40V and 60V sample surfaces.

The WCA values for Ti, SB, 20V, 40V and 60V were calculated as 78° = 3°, 66° £ 1°, 37° + 6°, 34° £ 2° and
30° 4+ 2°, respectively. Although sanding increased the surface roughness, it only partially improved the surface
wettability, while the effect of anodization process on WCA was more noticeable. Surface wettability
determines the type interaction between the protein and the surface so that the hydrophobic interactions are
dominant between proteins and hydrophobic surfaces, and electrostatic and van der Waals interactions are
dominant between proteins and hydrophilic surfaces. In addition, surface hydrophilicity also affects the protein
conformation such that protein denaturation becomes more significant as the hydrophobicity increased
(Barberi & Spriano, 2021).
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Figure 2. 3D AFM images of a) Ti, b) SB, ¢) 20V, d) 40V and e) 60V samples

3.2. Protein Adsorption

The amount of BSA adsorbed on Ti, SB, 20V, 40V and 60 V surfaces were; 295.59 + 34.6 pg/cm2, 368.03 +
29.34 pg/em?2, 387.76 £15.13 pg/cm?2,401.33 £22.68 pg/cm?2 and 488.41 +£14.85 ng/cm?2 respectively (Figure
3). However, the difference between the amount of BSA adsorbed on the SB, 20V and 40V sample surfaces at
the 95% confidence level was not significant. With a hydrodynamic diameter of 7.2 nm, BSA can enter into
nano-pores larger than 9 nm and can be adsorbed there, as the pores gets larger, more than one BSA molecule
can be absorbed without significantly affecting each other's conformation. Hence, increased porosity in such
surfaces is reported to be the main reason for an increased amount of protein adsorption (Singh et al., 2011,
Liu etal., 2016). The pore sizes of all anodized samples are well over 9 nm and the increased amount of surface
adsorbed protein compared to the Ti surface can be attributed to the increased porosity. In the literature,
contradictory results have been reported as how sanding process affects protein adsorption concluding that
random roughness provided by this process either increases or does not significantly affect the protein
adsorption (Barberi & Spriano, 2021). In this study, the roughness obtained at Ra 13.9 nm level with sanding
significantly increased BSA adsorption compared to the relatively smoother Ti surface. The fact that there is
no dramatic difference between the WCA values of these two surfaces indicates that the increased surface area
might be responsible for the increase in the amount of surface adsorbed protein.
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Figure 3. Comparison of the amount of BSA adsorbed on Ti, SB, 20V, 40V and 60V samples
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3.3. Protein Conformation

Figure 4 represents the changes in the adsorbed BSA’s secondary structure that were evaluated using amide-I
band components. The side chain vibrations of tyrosine and arginine amino acids observed between 1611-1617
cm! were not included in the calculations. The bands corresponding to a-helix are positioned between 1649-
1658 cm™, and the bands corresponding to random coils are positioned between 1641-1650 cm (Byler & Susi,
1986; Akdogan & Mutlu, 2012). It is not always straightforward to distinguish between these two components
since their respective wavelengths are close and spectral artifacts arising from water vapor can affect the
second derivative spectrum of the amide-1 band and BSA is known to contain both components. Therefore, it
can be accepted that the component bands between 1646-1650 cm™ represent both a-helix and irregular
structures (Giacomelli et al., 1999). Component bands observed between 1623-1630 cm™ and 1669-1690 cm-
! were attributed to the B-sheet and B-turns, respectively (Byler & Susi, 1986; Giacomelli et al., 1999, Akdogan
& Mutlu, 2012). Amide-I band components for adsorbed BSA were calculated based on these band positions
(Table 1). BSA gives maxima around 1655 cm in solution, when adsorbed on the Ti surface, the maxima
were observed at a wavelength close to this value, at 1657 cm L. The amide-I maxima was significantly shifted
to lower wavelengths for BSA adsorbed on other sample surfaces suggesting a notable reduction in the a-helix
structure. The data presented in Table 1 show that BSA undergoes significant conformational changes as a
result of surface adsorption on all surfaces. The ratio of a-helix and random coil structure increased for BSA
adsorbed on SB, 20V, 40V and 60V surfaces. The amide-1 maxima shifted to 1647-1651 cm, which indicates
a decrease in the a-helix content of BSA but an increase in its random coil content. The B-layer content of
BSA'’s secondary structure on the 60V surface increased dramatically. The a-helix and random coil contents
tended to increase as the Ra value increased for 20V and 40V samples. However, despite an increase in Ra
value for the 60V sample, the a-helix and random structure content deviates from this trend and decreases
instead while the B-layer content increases significantly. It has been reported that a protein having a natural
tendency to form helix structures can acquire secondary structure rich in f§ structures depending on the changes
in ambient conditions, and the content of regular B structures can even reach up to 75% and form amyloid-like
aggregates (Della Porta et al., 2016). When the anodized samples are compared it can be observed that both
the Feret pore diameter and surface roughness increased somewhat proportionally for 20V and 40V samples,
but the pore diameter on the 60V sample increased almost 2 times compared to that of the 40V sample. The a-
helix and random coil content of BSA adsorbed on the surfaces increased with increasing surface roughness
up to a certain pore size, but such a conclusion cannot be made for B-sheet and B-turn contents. It is also
important to note that the average pore size obtained on all anodized samples was greater than the dimensions
of BSA (15x4x4 nm) (La Verde et al., 2017).
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Figure 4. Amide-l component bands on; a) Ti, b) SB, c) 20V, d) 40V and e) 60V samples

The extent of changes in the secondary structure of BSA was not directly correlated with the WCA of the
surfaces and BSA has undergone significant conformational changes even on the hydrophilic anodized
surfaces. It is generally recognized that proteins undergo less denaturation upon adsorption on hydrophilic
surfaces and the restriction of protein-surface interactions due to water-surface interactions on hydrophilic
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TiO; surfaces were reported to cause less denaturation compared to hydrophobic surfaces (Zhao et al., 2020).
However, this conclusion doesn’t take the effect of surface morphology into consideration. No direct
correlation between surface roughness the contents of secondary structure components were observed, but the
way in which the secondary structure of BSA was changed was unique on each surface that has different Ra
values. In addition, as the surface roughness increased the total a-helix and random helix content of the
secondary structure components of BSA increased as well. The position of the amide-I band suggests that this
change is the sum of the a-helix content decreasing and random coil content increasing. This finding is in
agreement with the literature where a general reduction in a-helix content as a result of adsorption of BSA to
hydrophilic surfaces is reported (Giacomelli et al., 1999). Surface roughness can affect how a protein behaves
on a surface by influencing the surface hydrophilicity and by increasing the specific surface area with which
the protein can interact. In particular, micro-sized roughness increases the surface area and consequently
increases the amount of protein adsorption. However, there are conflicting data on the effect of nanometer
roughness on protein adsorption. For example, Cai et al. (2006) reported that Ra values between 1.57-16.44
nm affect BSA adsorption to a lesser extent the adsorption of fibrinogen to a greater but a still a limited extent.
Rockwell et al. (2012), on the other hand, reported that increased surface curvature increases protein
adsorption, and Lu et al. (2012) reported that increasing surface roughness between 1-11 nm increases protein
adsorption due to an increase in the surface free energy (Lu et al., 2012). Zhao et al. (2020) reported that upon
BSA adsorption on TiO- nanofibers, a significant increase in B-turn and -sheet content was observed while
the random coil structure disappeared. The diameters of these structures varied between 184 + 8 nm and 511
+ 17 nm. They interpreted that the dipole moment provided by the surface OH groups, which are strong enough
to disrupt the H bonds in the protein structure, may have been responsible for the formation of a new secondary
structure in the protein (Zhao et al., 2020). Yang et al. (2021) investigated the adsorption of globular proteins
on smooth and nano-rippled TiOx/Ti and SiOx/Si. They reported that surfaces having less than 2 nm features
at the vertical scale can significantly affect the amount protein adsorption and denaturation (Yang et al., 2021).
Other researchers reported that for BSA, Ti nanotubes having inner diameters between 32 +4-80 + 7 nm caused
increased o-helix and B turn content in smaller pore sizes, while B-layer structure increased with high pore
diameters (Jia et al., 2020). Our results are in accordance with Jia et al. (2020); the pore size rather than surface
roughness influences the conformation BSA on anodized samples where regular B-sheet structure content
increases with increasing pore size (Table 1).

Table-1. Secondary structure components of surface adsorbed BSA

Ti SB 20V 40V 60V
Secondary Wavemfllfnber % Wavenu_[nber % Wavenu_{nber % Wavemﬁnber % Wavemﬁ*nber %
structure (cm™) (cm™) (cm™) (cm™) (cm™)
o-helix and 1646 52 1650 77 1650 72 1649 83 1649 69
random coil
B-sheet 1623 11 1626 13 1630 8 1625 10 1626 20
B-turns 1669, 1686 37 1675,1689 10 1677,1690 13 1681 7 1676,1688 10

Side chains 1611 - 1613 - 1617 - 1613 - 1613 -
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4. CONCLUSION

Our findings can be summarized as follows;

Although sanding increases the surface roughness, it partially improves the surface wettability, while the
anodization process significantly increases the surface wettability

BSA undergoes significant conformational changes on all surfaces upon adsorption irrespective of surface
hydrophilicity and roughness and the extent of the changes in conformation of BSA is not directly correlated
with the surface hydrophilicity and the surface roughness

For anodized samples a correlation between the pore diameter and the secondary structure of surface adsorbed
BSA adsorbed was observed.

Our results indicate that the protein adsorption behavior is dependent on nano-morphological features other
than the surface roughness.
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