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Introduction

The surface properties

of biomaterials

Exploring the influence of anodization-derived
nanotubular and honeycomb surfaces on the
osteogenic behaviour of human MG63
osteoblastic cells

Ryan Berthelot ®2° and Fabio Variola & *2><

Nanoscale topography plays a pivotal role in modulating cellular behavior and has been a key parameter in
the design of cell-instructive surfaces for biomedical applications. This study investigates the differential
effects of two anodized titanium surfaces — a conventional nanotubular (NT) surface (~75 nm diameter)
and a two-tier honeycomb (HC) architecture - on the response of human MG63 osteoblastic cells. The HC
surface, characterized by higher spatial entropy and a complex arrangement of smaller nanotubes (~7 nm
in diameter) clustered within larger domains (~109 nm in diameter), significantly enhances early cellular
functions, including proliferation, viability and upregulation of osteogenic markers (RUNX2, OSX, ALP), with
the YAP/Hippo pathway likely implicated as a key mediator. This is evidenced by increased focal adhesions
and nuclear YAP1 localization, underscoring the HC surface's capacity to promote cellular attachment and
early differentiation. Conversely, the NT surface, with its more ordered nanotube array, induces comparable
mineralization but yields higher-quality mineral deposits enriched with crystalline hydroxyapatite,
suggesting greater efficacy in supporting mature mineral formation. These findings highlight the selective
influence of nanotopographical features on early cellular dynamics versus long-term mineralization,
offering critical insights into structure-function relationships governing MG63 cellular response to anodized
titanium. By demonstrating the HC surface's prowess in early osteogenesis and the NT surface's strength in
stable mineral deposition, this research advances the design of cell-instructive biomaterials tailored to
distinct phases of bone regeneration, with implications for tissue engineering and biomedical implant
technology.

specific cellular functions.*’>* Among these, anodization has
emerged as a versatile and scalable technique to endow
titanium with an enhanced bioactivity resulting from the

dictate their

interactions with the surrounding biological environment by
influencing cellular behavior and, ultimately, the tissue
integration and performance of biomedical implants."™ In
particular, the role of the nanoscale topography has attracted
significant attention for its ability to modulate key cellular
processes such as adhesion, proliferation and differentiation,
among others.”?® The resulting interest in effective cell-
instructive surfaces has, in turn, also driven the development
of experimental methods and strategies to fabricate tailor-
made nanoscale topographies capable of predictably eliciting
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formation of an anodic TiO, surface layer consisting of
vertically aligned hollow nanotubes with diameters ranging
from tens to hundreds of nanometers."*”** One of the main
advantages of anodization is its ability to precisely tune the
nanotubes’ diameter, a feature that has been extensively
leveraged to elucidate cellular response to variable nanoscale
topographies.'”*° In this context, our group has explored
the biological potential of a two-tier honeycomb (HC)
architecture resulting from the controlled anodization of
titanium, demonstrating that this surface, consisting of
smaller nanotubes (HC-T1) clustered within larger domains
(HC-T2), significantly enhances various cellular functions (e.g.
viability, migration, mineral deposition) when compared to
conventional single-tier nanotubular structures.’”*! However,
although we have postulated a key role of the higher spatial
entropy associated with the HC architecture to explain these
findings,>'%'%2>283237  the  underlying  mechanisms
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responsible for the observed cellular differences still remain
to be elucidated.

To bridge this gap, the present study aims to conduct a
comparative analysis of the two-tier honeycomb architecture
and a conventional nanotubular (NT) surface (~75 nm in
diameter) with respect to their ability to influence the
response of human MG63 osteoblastic cells. The choice of
this particular NT surface was motivated by its relatively
low spatial entropy deriving from a highly ordered
nanotube arrays and by the fact that previous work
indicated this dimension as the optimal diameter to elicit
osteogenic functions, thereby making it a suitable reference
for comparison.***' Notably, the HC-T2 tier shares
similarities with the NT surface in terms of structural
entropy and the N1:N6 ratio (Fig. 1), and its shallow depth
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(~30 nm) is believed to only have limited impact on
cellular functions such as integrin clustering.***' This
ultimately minimizes the influence of these shared
structural variables in our analysis. Consequently, observed
differences in cellular response can be primarily attributed
to the unique features of the HC-T1 tier, such as its distinct
topography and dimensions, rather than to those of the
HC-T2 tier.

Collectively, results from this study show that the HC
surface, with its more disordered spatial metrics (lacunarity,
fractal dimension and entropy) promotes early cell
proliferation and differentiation, evidenced by increased
viability, mitochondrial activity and upregulation of
osteogenic markers (RUNX2, OSX and ALP). Notably, the YAP/
Hippo pathway was identified as a potential key mediator for
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Fig. 1 SEM images and spatial metrics of the NT and HC surfaces. a) SEM micrographs of the NT surface (left) and the HC architecture (right).
Scale bar: 200 nm. b) Nanotube diameter for the NT and the HC surfaces. Spatial statistics: c) surface entropy, d) N1: N6 ratio, e) fractal dimension

and f) lacunarity.
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these early osteogenic functions. In contrast, the NT surface
elicits more marked later-term events, inducing the
formation of mineral deposits with a higher degree of
crystallinity. Taken together, these findings further
underscore the selective role of specific nanoscale
topographies in shaping both early cellular response and
long-term mineralization, while providing new insights into
the differential cueing exerted by the NT and HC
nanostructures. In conclusion, this work not only deepens
our understanding of how nanotopography influences
cellular behavior but also suggests a framework for tailoring
cell-instructive surfaces for titanium biomedical implants to
optimize distinct phases of bone regeneration.

Experimental

Anodization of titanium

Titanium foil (0.127 mm thickness, 99.9+% purity, Thermo
Fisher, USA) was cut into 2.5 x 1 cm strips. These were
subsequently immersed in 99.8% anhydrous toluene (Sigma-
Aldrich, USA) and subjected to sonication for 15 minutes to
remove surface contaminants. After sonication, the strips
were thoroughly rinsed with deionized water and allowed to
air-dry. Samples were mounted in a 3D-printed fixture made
of UV-hardened resin, where they were aligned parallel to a
2.5 ecm x 2.5 cm platinum electrode (99.9% purity, Alfa
Aesar, USA) via alligator clips, ensuring stability throughout
the process. The anodization process was carried out with a
Bio-Rad PowerPac power supply (Bio-Rad, USA) under
constant DC voltage in a 50 ml Pyrex beaker filled with
anhydrous ethylene glycol (C,HeO,, Sigma-Aldrich) mixed
with 0.3 wt% crystalline ammonium fluoride (NH,F, Sigma-
Aldrich) and 2 wt% deionized water. Voltages below 20 V
were applied using a B&K Precision model 9111 power
supply (B&K Precision Corporation, USA). The resulting
anodic oxide layer was removed with adhesive tape, and the
samples were re-mounted for a second anodization step.
Upon completion, surfaces were rinsed with deionized water
and air-dried. By adjusting the parameters of each
anodization step (Table 1), the two nanostructures
considered in this study were generated.

SEM characterization and analysis of anodized surfaces

The nanoscale surface morphology of the anodized substrates
was imaged by using a Gemini 500 Scanning Electron
Microscope (Zeiss, Germany) at a magnification of 50 000x.
SEM images were processed with a custom Image]** pipeline,
where they were manually thresholded, segmented, and

Table 1 Voltage and time parameters for the NT and HC surfaces

NT HC

Step 1 Voltage (V) 60 60
Time (min) 30 30

Step 2 Voltage (V) 60 5
Time (min) 10 5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analyzed using the ‘Particle Analysis’ tool. Nanotube
diameters were calculated using this tool, with outliers
removed by applying a 0.1% Q value. Entropy was quantified
to assess the randomness and complexity of pixel intensity
values within the images. The analysis was performed using
the SampEn2D plugin in Image], with m = 2 and r set as a
fraction (0.2) of the standard deviation of pixel values.****
This analysis evaluates the probability that sequences of data
points that are similar for m points remain similar at the next
point within a tolerance r.*>*® The hexagonal packing
efficiency of the nanotubes was assessed using the N1:N6
ratio, defined as the ratio of the first nearest neighbor
distance (NND) to the average of the six nearest neighbor
distances.”” This metric quantitatively measures how closely
the nanotube arrangements approximate the ideal
hexagonal packing. Fractal dimension was calculated to
quantify the complexity of the nanotubular patterns. The
box-counting method was employed, where a grid of boxes
of varying sizes is superimposed onto the image, and the
number of boxes containing part of the structure is
counted. The fractal dimension was derived from the slope
of the log-log plot of the number of boxes versus the box
size, and was carried out by using the MultiFrac*® plugin in
Image].*’ Lacunarity was calculated to measure the texture
and spatial distribution of gaps within the nanotubular
structures. This was accomplished by using the gliding box
method, which involves covering the image with a series of
boxes of varying sizes and calculating the variance in the
number of occupied boxes across scales. The analysis was
performed using the MultiFrac*® plugin in Image], covering
a range of box sizes to capture the multi-scale heterogeneity.
To ensure consistency in the analysis, images were
processed in Image] and converted into binary format, with
nanotubes represented as white pixels on a black
background. Outlier removal was conducted using the ROUT
method with a Q value of 0.1% to maintain data integrity
while eliminating extreme values.

Human MG63 osteoblastic cell cultures

Human MG63 osteoblastic cells (CRL-1427, ATCC, USA) were
thawed and passaged in DMEM (10567-014, Gibco, USA)
containing 5 mM glucose, supplemented with 10% fetal
bovine serum (FBS), 10 mM B-glycerophosphate and 50 ng
mL™ ascorbic acid. The cells were maintained at 37 °C in a
humidified atmosphere of 5% CO,. After gently aspirating
the complete culture medium (CCM), cells were gently
washed three times with sterile 1x PBS. To detach the cells, 3
mL of 1x TrypLE were added to the flask for a 3-minute
incubation to ensure complete detachment. The cell
suspension was diluted by adding 7 mL of culture medium
and subsequently centrifuged at 150 rpm for 8 minutes. After
centrifugation, the cells were resuspended in 10 mL of CCM.
A 2 mL aliquot of the cell suspension was transferred into 8
mL of fresh CCM in a filtered 75 cm? flask, which was
returned to the incubator for continued culture.
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Cell seeding and fixation

NT and HC substrates were sterilized in 70% ethanol and
subsequently rinsed with sterile 1x phosphate-buffered
saline (PBS). Cells for all immunofluorescence and Raman
analyses were seeded onto the substrates at a density of
5000 cells per cm” in 60 mm tissue-culture treated Petri
dishes. Surfaces were removed and placed in 24-well
plates and the cells were cultured on the nanotubular
substrates for durations specific to each experiment,
ranging from 1 to 21 days, to investigate proliferation,
morphology, establishment of focal adhesions/complexes,
differentiation and mineral deposition. At the conclusion
of the experiments, cells were fixed by adding 500 pL of
fresh 4% paraformaldehyde (PFA, Sigma-Aldrich) to each
well for 10 minutes at room temperature (RT). The wells
were then washed three times with PBS to remove any
residual PFA, filled with 500 pL of PBS, and stored at 4
°C. Day 21 mineral samples underwent a separate fixation
with methanol. After aspirating the culture medium, cells
were rinsed once with PBS and then with distilled water.
The samples were then immersed in pre-cooled methanol
(=20 °C) for 10 minutes at RT. Following fixation, the
methanol was removed, and the samples were allowed to
air-dry completely. The dried, fixed samples were stored at
RT until analysis.

Immunofluorescence staining

MG63 cells were permeabilized with a 0.25% solution of
Triton X-100 (TX-100, Sigma-Aldrich) for a duration of 10
minutes at RT. Following permeabilization, samples were
blocked with 5% Donkey serum (Sigma-Aldrich) at RT for 1
hour. Nuclei and actin filaments were labeled with DAPI and
1:400 AlexaFluor 488 Phalloidin (Thermo Fisher). Vinculin,
active YAP1 and osterix (OSX) were stained with primary anti-
hvinl mouse mAb (Sigma-Aldrich) at a ratio of 1:500, YAP1
monoclonal antibody (Proteintech, USA) at a ratio of 1:400
and anti-OSX mAb (SP7 monoclonal antibody (2G6)) (Thermo
Fisher) at a 1:100 dilution, respectively. These primary
antibodies were followed by secondary staining using
AlexaFluor 594 Donkey-anti-mouse IgG (Thermo Fisher) at a
1:500 dilution. Cell proliferation was assessed by staining
for anti-Ki-67 polyclonal rabbit antibody (Millipore Sigma,
USA) at a 1:250 dilution, while RUNX2 polyclonal rAb
(Thermo Fisher) at a 1:100 dilution was used as a second
differentiation marker. YAP1 was stained using phospho-
YAP1 (ser127) (Thermo Fisher) at a dilution of 1:100. RUNX2,
phospho-YAP1 and Ki-67 primary stains were followed by
secondary labeling with AlexaFluor 647 Donkey-anti-rabbit
IgG (Thermo Fisher). The primary antibody incubation was
conducted overnight at a temperature of 4 °C, whereas the
blocking and secondary antibody incubations were each
carried out for 1 hour at RT. Post-incubation, the samples
were thoroughly washed and subsequently imaged in PBS in
a 60 mm Petri dish.
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Immunofluorescence imaging and analysis

The multi-channel images used for the quantification of
nuclei number and the analysis of cytoskeletal morphology
were obtained by using a ThermoFisher EVOS FL Auto 2
(inverted) widefield microscope (ThermoFisher, USA). Images
for all immunofluorescence experiments were captured with
a 20x air objective (20, 0.40 NA, air, PL FL LWD PH). The
imaging system utilizes LED light sources with specific filters
for different wavelengths: blue (Ex 357/44 nm, Em 447/60
nm), green (Ex 470/22 nm, Em 510/42 nm), red (Ex 585/29
nm, Em 624/40 nm), and far red (Ex 628/40 nm, Em 692/40
nm). Detection is performed using a monochrome camera.
For day 1 samples, 3 images were analyzed as technical
replicates, each consisting of 9 images stitched together (total
27 images). For day 3 and day 5 samples, 6 images per
sample were taken at randomly selected locations across each
sample. The number of DAPI-stained nuclei and actin
morphology were quantified with custom Image]** pipelines.
Both nuclear and cellular morphology analyses were carried
out by stitching, segmenting and processing images in a
custom pipeline calculated via particle analysis in Image].

DAPI images were segmented via custom Image] pipeline
and used in generating regions of interest (ROIs) for
measuring nuclear intensities and total expression for Ki-67,
active YAP1, OSX and RUNX2. Actin images were also
segmented in Image] and used in generating regions of
interest (ROIs) for measuring nuclear intensities and total
expression YAP1 and cytoplasmic OSX. Total protein
expression as defined as the integrated density of the ROI
For Ki-67 analysis a minimum of 15 samples per condition
were analyzed, encompassing three biological replicates from
each of nine distinct experimental sets, discarding one
sample to use as a negative control. The active YAP1/YAP1
ratio was calculated by dividing the mean intensities of active
YAP1 ROIs by the mean intensities of the YAP1 ROIs. In a
similar way, the OSX NucBod Ratio was calculated by dividing
the mean intensity of nuclear bound OSX by the mean
intensity of OSX present in the cytoplasm. Vinculin images
were subject to a background subtraction and auto-
thresholding via a custom Image] pipeline and resulting
segmented images were analyzed via the “Particle Analysis”
tool in Image]. Focal complexes were defined as having a
length along the major axis being less than 2 um and focal
adhesions having a major axis length greater than 2 um, but
less than 10 um.>°>* All day 1 immunofluorescence
experiments consisted of 14 samples per condition, analyzed
across three separate experiments, with 1 damaged sample
being discarded. Day 3 and day 5 immunofluorescence
experiments consisted of 20 samples per condition, across
three separate experiments.

Proliferation assay

The PrestoBlue assay (Thermo Fisher) was employed to assess
cell viability in response to their metabolic activity. Cells were
first seeded in a 48-well plate at a density of 5000 cells per

© 2025 The Author(s). Published by the Royal Society of Chemistry
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em?® and cultured at 37 °C. PrestoBlue measurements were
taken at 1-, 3- and 5-day intervals. The PrestoBlue reagent
was diluted 1:10 in CCM as a working solution. The culture
medium was removed from the wells and 250 pL of the
prepared PrestoBlue working solution were added to each
well. The plate was incubated at 37 °C with 5% CO, for 1
hour. Following the incubation period, the plate was gently
swirled to ensure even distribution of the reagent and cells.
Two 100 pL aliquots of solution were transferred to a 96-well
plate as technical replicates, while fresh CCM was pipetted
back into the 48-well plate. Fluorescence signal was
measured with the Synergy H1 plate reader (BioTek, USA)
with excitation and emission wavelengths set at 560 nm and
590 nm, respectively. Data analysis was carried out by
subtracting intensity readings of control wells containing
only media and the 1:10 PrestoBlue mixture and comparing
the relative fluorescence units between anodized and control
groups to determine the effect of various treatments on cell
viability/metabolism. This assay was completed in triplicate
with 10 wells per condition, per plate per experiment (30
samples in total).

Alkaline phosphatase (ALP) assay protocol

The alkaline phosphatase (ALP) activity was evaluated at two
different time points, namely 3- and 5-day post seeding, by
employing the Pierce PNPP Substrate kit (Thermo Scientific,
USA). Cells were first seeded in a 48-well plate at a density of
5000 cells per cm® and cultured at 37 °C. Following each
predetermined incubation period, samples were subjected to
lysis and then treated with a solution made from
p-nitrophenyl phosphate, disodium salt (PNPP) tablets and 1
M diethanolamine, as per the guidelines provided by the
manufacturer. The reaction was allowed to proceed for 1 hour
before it was terminated by adding NaOH. Subsequently, ALP
activity was quantified by measuring the absorbance at 405
nm using the Synergy H1 plate reader (BioTek, USA). To
maintain consistency across multiple time points, all ALP
measurements were juxtaposed with a standard curve. All
experiments were done in triplicate with a total of 30
samples, with 10 wells for each experimental condition
across 3 independent experiments.

Alizarin red staining assay

To assess mineralization, an alizarin red staining (ARS)
(Sigma-Aldrich) protocol was employed. Cells were first
seeded on 0.5 x 0.5 cm NT and HC samples placed in a
48-well plate at a density of 5000 cells per cm”® and
cultured at 37 °C and grown for 21 days. Initially, the
culture medium was carefully discarded from each well,
followed by a gentle triple washing step in 1x PBS. Cells
were fixed in 4% PFA at RT for approximately 15 min.
Following the fixation, the PFA was removed, and the cells
were subjected to three thorough washing steps in
deionized water. After ensuring the complete removal of
deionized water, each well was treated with 1 mL of 40

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mM ARS solution. This step involved a RT incubation
period of 25 min, during which the plates were subjected
to gentle shaking to ensure optimal interaction between the
cells and the dye. Post-incubation, the ARS solution was
removed, and the cells were washed 5 times with deionized
water to eliminate the reagent. As a final step, the plates
were tilted for about 2 minutes to facilitate the removal of
any residual water, thereby preparing the samples for
subsequent procedures and analyses.

After imaging, 200 pL of 10% acetic acid were first added
to each well and incubation was completed at RT for 30
minutes with shaking. Cells were successively collected using
a cell scraper and transferred to a 1.5 mL microcentrifuge
tube containing the 10% acetic acid. The samples were then
subjected to vortexing for 30 seconds and heated at 85 °C for
10 minutes. To avoid evaporation, the tubes were sealed with
parafilm. After the heating step, the tubes were placed on ice
for a 5 min incubation period wuntil fully cooled.
Subsequently, the mixture was centrifuged at 12 000g for 15
minutes. Post centrifugation, the supernatant was carefully
transferred to a new tube. To this, 30 uL of 10% ammonium
hydroxide was added to maintain a pH between 4.1 and 4.5.
100 pL of the samples were aliquoted into a 96-well plate and
the absorbance was read at 405 nm using the Synergy H1
plate reader (BioTek). Measurements for the assay were
conducted on a total of 30 samples, which included nine
wells from each of the three distinct experimental sets.

Confocal Raman spectroscopy

All Raman spectra were acquired using an Alpha 300R
confocal Raman Microscope (WITec, Germany). The imaging
system was equipped with a 50 pm diameter optical fiber
(pinhole). For spectral acquisition, a Zeiss 50x EC Epiplan air
objective was used. Prior to data collection, the Raman
microscope system was calibrated using the silicon peak at
520 cm™". A 633 nm laser with a 1200 mm ™" grating and the
50% objective were used, operating at 32.7 mW.

For the analysis of mineralized deposits at day 21, cells
fixed on the NT and HC surfaces were rehydrated in
deionized water, scraped and dried onto CaF, substrates.
Data analysis was conducted with the Origin Pro software
(OriginLab, USA), and involved the use of the quick peaks
automated peak analyzer, which provided measurements for
peak position, maximum intensity, full width at half
maximum (FWHM), and integrated area. A straight-line
baseline was applied during the peak analysis to ensure
consistency across measurements. Raman imaging and data
analysis were conducted using WITec Project 4.1 Pro
software. To ensure high-quality data, all images underwent
spectral subtraction to remove the contributions from PBS
and other background contributions. This was followed by
Savitzky-Golay smoothing (parameters: 3, 3, 2, 0), cosmic ray
removal (CRR) (parameters: 4, 4) and a background shape
subtraction (parameters: 50, 2). Spectral averages of the
samples were generated using the spectral average tool

RSC Appl. Interfaces, 2025, 2,1913-1927 | 1917
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within Project 4.1 Pro, which provided a representative
spectrum for each Raman map after applying the same
preprocessing steps (Savitzky-Golay smoothing, cosmic ray
removal and background subtraction).

The principal Raman bands used for quantitative analysis
include the amorphous calcium phosphate at ~940 cm™ and
the phosphate (PO,*") v; band at ~960 cm™, the carbonate
(CO3*) v, band at ~1070 cm™ and the amide I at ~1660-
1680 cm > To assess the mineral quality, the v,(PO,*")/
amide I (mineral-to-matrix ratio, a measure of the mineral
content), amorphous/v;(PO,>) (amorphous-to-crystalline
ratio) and v;(CO;*))/v;(PO,*7) (carbonate content of the
mineral) ratios were calculated. Mineral crystallinity was
calculated from the 1/FWHM of the phosphate v; band.

Statistical analysis

The Shapiro-Wilk test was used to evaluate the normal
distribution of the datasets. For comparisons involving
2-sample conditions, if the data followed a normal
distribution, a parametric Student's ¢test was used to
compare means between the two groups. For datasets that
did not meet the normality assumption, the non-parametric
Mann-Whitney U test was applied. Levene's test was
conducted to evaluate the equality of variances between
groups. In cases where variances were unequal, Welch's ¢-test
was utilized as an alternative to the Student's ttest.
Comparisons across timepoints involving more than two
variables were analyzed using a parametric one-way ANOVA,
and any significant differences in means were identified
using Tukey's honest significant difference (HSD) post hoc
test. Data deviating from normal were confirmed by the
nonparametric Kruskal-Wallis test, and subject to Dunn's
post hoc test. Error bars are displayed as the mean with 95%
confidence interval, unless stated otherwise in figure
description. A p-value less than 0.05 was considered
indicative of statistical significance. The levels of significance
were denoted as follows: “*” for p < 0.05, “**” for p < 0.01,
and “***” for p < 0.001.

Results and discussion

SEM images (Fig. 1a) display the nanoscale morphology of
the single nanotube structure and the unique two-tiered
architecture. The NT surface exhibits the characteristic
ordered array of anodized titanium, in this case consisting of
nanotubes of 72 + 8 nm in diameter (Fig. 1b). Conversely, the
HC architecture features two superimposed tiers with
significantly different diameters: 7 + 2.5 nm (HC-T1) and 109
+ 12 nm (HC-T2). Surface entropy (Fig. 1c) highlights the
disordered nature of the HC-T1 domains, which exhibit
significantly higher values compared to the other
architectures. In this context, the fact that HC-T2 domains,
despite their larger diameter, do not show a significant
difference in entropy from the NT surface suggests that the
spatial arrangement of nanotubes, rather than size alone,
plays a crucial role in determining the surface's overall
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complexity. The analysis of hexagonal packing efficiency, as
measured by the N1:N6 ratio (Fig. 1d), further underscores
the differences between these surfaces. The HC-T1
nanotubes, with their less efficient packing and higher
disorder, contrast with the more organized packing found in
the HC-T2 and NT domains. These differences in entropy
and packing efficiency are crucial as findings in previous
literature emphasize the importance of entropy and disorder
in influencing cellular interactions and response, guiding
cells more effectively into differentiation.'””***> The
significantly different fractal dimension values across all
surfaces (Fig. le), with the HC-T1 surface exhibiting the
highest value and the HC-T2 surface the lowest, illustrate the
hierarchical nature of the HC architecture. In fact, a higher
fractal dimension often indicates a more complex surface®’
capable of presenting multiple scales of topographical
features to adhering cells, which could enhance cellular
functions such as differentiation and proliferation,
complementing the N1:N6 packing metric. In contrast, the
lower fractal dimension of the HC-T2 domains suggests a
simpler, more homogeneous structure. Lacunarity, which
measures the texture and spatial distribution of gaps within
the nanotubular arrays, also varies significantly between the
surfaces (Fig. 1f).>® The highest lacunarity value on the HC-
T1 surface reflects the more heterogeneous topography,
consistently with its higher entropy and fractal dimension.
The lower lacunarity on the HC-T2 surface indicates a more
regular nanotubular array.

Cell viability and proliferation

The viability and proliferation of MG63 cells were evaluated
at 1-, 3- and 5-days post-seeding using the PrestoBlue assay.
Fig. 2a demonstrates that cell viability on the HC surface was
consistently higher at day 3 and day 5. This increased
viability suggests a more favorable environment for cellular
metabolism and proliferation, potentially due to its more
complex nanotopography and increasing entropy and
disorder which favour initial process of the cellular
colonization of surfaces, such as adhesion and spreading.
Fig. 2b shows a neutral response with a statistically similar
total expressions of Ki-67, a well-established marker for
proliferation. However, when looking at the Ki-67 positive cell
counts in Fig. 2c¢, an intriguing finding emerges: the NT
surface has a higher number of Ki-67 positive cells, despite
the similar overall expression. Fig. 2d offers insight into this
apparent contradiction by showing an increase in nuclear
density on the HC surface. This suggests that cells on the HC
surface may enter a quiescent or differentiated state more
readily as they reach confluence, a phenomenon often
observed in more complex topographical environments where
cell-cell interactions and contact inhibition become more
prominent."”>” Taken together, the higher cell viability and
nuclear density on the HC surface suggest that the increased
surface complexity provides an environment conducive to
enhanced cellular metabolism and growth. This is consistent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and focal complex count after one day of attachment.

with previous studies that showed complex nanotopographies
can enhance cell attachment/spreading®**®°  and
subsequent proliferation by providing a more stimulatory

environment.>3°860-64

Cell adhesion

The comparative analysis of focal adhesions (FA) formation
and vinculin expression reveals significant differences in
cellular adhesion dynamics, crucial for understanding how
these nanotopographical features influence cell behavior.”*>*
Fig. 3a displays immunofluorescence images of MG63 cells

© 2025 The Author(s). Published by the Royal Society of Chemistry

on the NT and HC surfaces on day 1-post seeding,
highlighting that both surfaces successfully form vinculin-
based adhesions. In particular, quantitative analysis in
Fig. 3b shows that the average size of FAs on the HC surface
is significantly greater than that associated with cells
adhering onto the NT surface, indicating that the former
better support the formation of more substantial and
potentially more stable adhesions. However, when focal
adhesions are broken down into specific size categories,
Fig. 3c shows no significant difference in the size of mature
FAs (2-10 pm).”®*? In contrast, Fig. 3d highlights a notable
difference in the smaller, transient structures known as focal
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complexes (FCs) (<2 pum),>>** with the HC surface promoting
the formation of larger FCs. The smaller FC sizes observed
on the NT surface suggest an adhesion dynamic where the
early stages of focal adhesion formation may be less robust.
This could indicate, due to vinculin's pivotal role in FA/FC
assembly and mechanotransduction, a less stable adhesion
state which may potentially impact how cells perceive and
respond to the substrate, negatively influencing various
aspects of cell behavior, including spreading.’*>***>%%% This
suggests that while both surfaces support FA formation, the
HC architecture encourages the maturation of FCs into more
stable FAs. This is further supported by Fig. 3e which reveals
that the HC surface elicits a higher number of FAs overall
compared to the NT surface, thereby underscoring its
potential to foster a more stable and mature adhesion
environment. Notably, FC counts were significantly higher
on both The HC
demonstrates a clear advantage in promoting stable cell
adhesion, as evidenced by the larger and more numerous FAs
and FCs. These differences in adhesion dynamics may set the

than FA counts surfaces. surface

stage for distinct downstream signaling responses, as
explored in the following section focused on the analysis of
the YAP1/Hippo pathway.®>®°

YAP1 and active YAP1

The analysis of the YAP1/Hippo signaling pathway activation
on the NT and HC surfaces derives from the crucial role of
the
nanotopographies. In fact, recent research has highlighted
the roles of yes-associated protein 1 (YAP1) and
transcriptional coactivator with PDZ-binding motif (TAZ) in
mechanotransduction.®® These proteins respond to
mechanical and regulate cell proliferation and
differentiation through the Hippo signaling pathway.®>®” The

mechanotransduction  in cellular response to

cues

activation of YAP1/TAZ is influenced by cytoskeletal tension
and actomyosin contractility, which are modulated by
substrate topography. The activation of YAP1, governed by
mechanical cues, involves its translocation into the nucleus
where it drives gene expression changes essential for cellular
6567 This between
mechanical stimuli and YAP1 activation is particularly
relevant in the context of nanotopography, where the physical
features of the substrate can profoundly impact cell behavior.

proliferation and differentiation. link

For this reason, various studies have assessed the significant
role YAP1 activation plays in osteoblastic response to
nanotubular titanium surfaces.>*%*"*

Immunofluorescence images in Fig. 4a display YAP1
(active YAP1) and its phosphorylated form, pYAP1 (YAP1).
The nuclear translocation of YAP1, a key transcriptional
coactivator in the Hippo pathway, indicates that cells are
responding to the mechanical provided by the
underlying nanotopography.®>°®”? Elevated levels of nuclear

cues
expression of active YAP1 can be observed in cells on the HC

surface. Quantitative analysis (Fig. 4b) reveals that total YAP1
expression within the cell nuclei is higher on the HC
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highlighting their localization within MG63 cells on NT and HC
surfaces. Scale bar: 100 um. b) Total YAP1 expression within cell nuclei
and c) average nuclear intensity of active YAP1 to the cytoplasmic
intensity of YAPL.

architecture compared to the NT surface. This elevated
nuclear YAP1 expression may be a result of a stronger
stimulus for early YAP1 activation by day 1. The increased
focal adhesion size observed on the HC surface likely
contributes to this enhancement. Large, stable focal
adhesions are in fact known to influence the YAP1 pathway
by altering cytoskeletal tension and cell contractility, thereby
promoting YAP1 nuclear localization.®®”>”> The correlation
between increased focal adhesion size and higher nuclear
active YAP1 levels reinforces the hypothesis that the HC
surface promotes
response by the MG63 cells.

Comparing the average intensity of active YAP1 in the cell

a more robust mechanotransductive
65,66

nuclei to YAP1 in the cytoplasm (Fig. 4c) shows a higher
active YAP1 intensity and cytoplasmic
phosphorylated YAP1 in cells on the HC surface. In turn, this
suggests the cells are in a state of heightened
mechanotransductive activity, which could accelerate
processes such as differentiation and proliferation,®”¢>%7>73

nuclear lower

as supported by the elevated proliferative levels (Fig. 2).
Taken together, this trend indicates that the HC surface is
more effective at promoting early cellular differentiation (as
demonstrated in Fig. 5), adding to the body of literature
highlighting YAP1's impact on osteoblast
differentiation.>**%7"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Immunofluorescence images of a) RUNX2 and OSX at day 3 and day 5. Scale bar: 100 um. Normalized (against the NT surface) expression

of b) nuclear RUNX2 and c) OSX at day 3 and day 5. d) Nuclear-to-cytoplasmic OSX expression ratio at day 3. e) ALP activity at day 3 and day 5. f)

Alizarin red assay (minerali
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Differentiation

The expression of the osteogenic markers RUNX2 and OSX,
along with the ALP activity and mineralization, were
evaluated to assess surface-driven osteogenic differentiation.
Immunofluorescence images of RUNX2 and OSX at day 3 and
day 5 (Fig. 5a) qualitatively indicate a higher expression of
these markers in cells on the HC surface. Quantitative
analysis at day 3 shows no significant difference in RUNX2
and OSX total expression within the nucleus (Fig. 5b).
However, at day 5, a significant increase in nuclear
expression of both RUNX2 and OSX is observed on the HC
surface (Fig. 5c). Further analysis reveals that the ratio of
nuclear to cytoplasmic OSX expression at day 3 is more
elevated on the HC surface (Fig. 5d). This early surge in OSX
expression, followed by its rapid translocation to the
nucleus,”®”” supports the notion that the HC surface induces
a quicker initiation of the differentiation process. By day 5,
however, this early advantage normalizes, indicating that the
cells on the HC surface may reach a differentiated state more
rapidly than those on the NT surface. This differentiation
trend is further corroborated by ALP data, where significantly
higher activity is detected at both day 3 and day 5 on the HC
surface (Fig. 5e). Interestingly, despite the accelerated
differentiation observed on the HC surface, mineralization
shows no distinguishable difference between the two surfaces
after 21 days (Fig. 5f).

These results provide evidence that the HC surface
promotes a more rapid onset of osteogenic differentiation in
MG63 cells compared to the NT surface. RUNX2 and OSX are
in fact critical transcription factors in the osteogenic
pathway, with RUNX2 initiating the differentiation process
and OSX being essential for the maturation of pre-osteoblasts
into fully functional osteoblast.”*”® The significant increase
in the nuclear expression by day 5 on the HC surface of these
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key transcription factors®>’®%*%! indicate that the HC
nanotopography is highly effective in driving early osteogenic
differentiation, likely due to the increased propensity to form
large, stable focal adhesions (Fig. 3) and the enhanced
mechanotransductive signaling observed in earlier YAP
pathway activation (Fig. 4). Notably, the elevated nuclear-to-
cytoplasmic ratio of OSX at day 3 on the HC surface further
underscores the early onset of differentiation. This early
nuclear localization is indicative of a rapid transition from a
proliferative to a differentiated state, which is consistent with
the observed increase in ALP activity. ALP is a key enzyme
involved in the early stages of mineralization, and its higher
activity on the HC surface suggests that cells are not only
differentiating more quickly but are also preparing for the
mineralization phase of bone formation. However, the lack of
difference in mineral deposition between the two surfaces
after 21 days raises interesting questions about the long-term
effects of early differentiation. While the HC surface clearly
promotes rapid osteoinduction, this does not necessarily lead
to a greater accumulation of mineralized matrix over time.
This finding indicates that while early differentiation
markers may be upregulated, the ultimate amount of
mineralization may be influenced by other factors, ultimately
highlighting the importance of considering both early and
late-stage markers in the design and evaluation of
biomaterials intended for bone regeneration.

Mineral quality

Raman spectroscopy was employed to assess and compare
the quality of mineral deposits on these surfaces, a critical
aspect given that alizarin assay results were statistically
similar for the two surfaces analyzed in this work (Fig. 5f).
We assessed the composition of the mineralized deposits
formed by MG63 cells after 21 days of culture.**** The
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representative Raman spectrum of the mineral formations
showcases distinct peaks associated with crystalline
hydroxyapatite and with amorphous calcium phosphate
(Fig. 6a). A significantly higher v;(PO,*")/amide I ratio was
observed in deposits deriving from the cellular activity on the
NT surface (Fig. 6b), indicating a greater presence of
crystalline hydroxyapatite. In contrast, formations on the HC
surface exhibited a higher amorphous calcium phosphate to
crystalline hydroxyapatite ratio (Fig. 6¢), indicating that the
mineralization on this surface is less advanced. Interestingly,
no significant differences were observed in terms of the full
width at half maximum (FWHM) of the phosphate peak and
the position of the phosphate peak at 960 cm™ (Fig. 6d),
indicating that the crystallinity of the mineral formed on
both surfaces was comparable.*”®**® Taken together, our
results show that the NT surface appears to facilitate more
advanced mineralization, as indicated by the higher
v1(PO,*")/amide 1 ratio, which reflects a greater presence of
crystalline hydroxyapatite. In parallel, the HC surface shows a
higher proportion of amorphous calcium phosphate relative
to crystalline hydroxyapatite, implying that mineralization on
this surface is still in a less mature phase.®®*” It should also
be noted that MG63 cells are known for their lack of
production of high quality bone mineral in comparison to
other immortalized osteoblastic cell lines.*® This does not
invalidate the comparative results; however, it may explain
the lack of an intense and sharp v;(PO,*") peak along with
the early 21 day timepoint. These results provide context to
the alizarin results, offering a better understanding of
mineralization process between these two osteogenic
surfaces, slightly favoring the NT surface for long term
production of mineral.

Conclusion

This study demonstrates that the HC surface markedly
enhances early cellular response, most notably by
accelerating proliferation and promoting early osteogenic
differentiation in MG63 cells. The observed increase in cell
viability, coupled with the pronounced upregulation of early
differentiation markers, establishes the HC surface as a
substrate capable of fostering more rapid cellular attachment
and growth. These results highlight the critical role of
nanotopographical complexity in modulating cell behavior,
positioning the HC surface as a promising candidate for
applications demanding swift cell proliferation and
differentiation. Furthermore, the significantly elevated
number of focal adhesions (FAs) on the HC surface compared
to the NT surface underscores its enhanced capacity to
support robust and mature cell adhesion—an essential
prerequisite for effective mechanotransduction and the
activation of downstream signaling pathways. The heightened
localization of YAP1 provides evidence that
mechanotransduction is a pivotal driver of the enhanced
cellular responses observed on the HC surface. However,
despite the HC surface's clear advantages in early cellular

nuclear
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dynamics, the NT single-tube surface drives mineralization
that rivals the HC surface, as evidenced by the alizarin assay.
Notably, the NT surface yields mineral deposits of superior
quality, distinguished by a greater abundance of crystalline
hydroxyapatite—a critical factor for ensuring long-term bone
stability and structural integrity. This suggests that while the
HC surface excels in eliciting early cellular activity, the NT
surface demonstrates greater efficacy in fostering the
formation of mature mineral deposits. Taken together, these
findings highlight a complementary relationship between the
two architectures: the HC surface could be viewed as a closer
analogue to the heterogeneous extracellular matrix, which
may explain its capacity to foster early cellular activity,
whereas the NT reflects a more uniform template conducive
to mineral stability. In light of this distinction, the selective
strengths of the HC and NT surfaces suggest potential
application-specific deployment: HC-like surfaces could be
leveraged for rapid osseointegration in conditions where early
stability is critical, whereas NT-like architectures may be
preferable in load-bearing implants requiring durable
interfacial mineral formation. Looking ahead, future implant
surfaces may achieve the best of both approaches through
hybrid or gradient designs that mirror the staged biology of
bone healing by initiating early cellular recruitment and
differentiation, followed by the formation of high-quality
mineralized tissue.

Beyond these biological and materials considerations, the
practical implementation of the NT or HC architecture
requires careful attention to manufacturing scalability. While
results and prior work demonstrate that these
nanostructures can be  generated with  excellent
reproducibility through anodization, translating this process
to industrial-scale production raises additional
considerations.  Specifically, = maintaining  consistent
nanotopographical features across large implant surfaces will
require robust process control and monitoring, particularly
as implant geometries become more complex. Cost-
effectiveness is another critical factor, as multi-step
anodization must be optimized to minimize production time
without compromising surface quality. At scale, integration
with automated fabrication lines and standardized quality
assurance methods will be essential to ensure batch-to-batch
consistency and regulatory compliance. Addressing these
technical and economic aspects will be key to bridging the
gap between the demonstrated biological advantages of the
NT and HC architectures and their adoption in clinically
deployable implant technologies.

In parallel with these translational considerations, it is
also important to consider the broader methodological
implications of this work. Although anodization is particularly
suited to Ti, other fabrication strategies (e.g:, laser texturing,
plasma deposition, chemical etching) can also introduce
varying degrees of topographical disorder on biomedically
relevant metals and alloys, for which metrics such as entropy,
lacunarity and fractal dimension will capture the hierarchical
complexity of nanoscale organization by extending beyond

our
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conventional geometric descriptors. This quantitative
framework is poised to transform disorder from an incidental
outcome of fabrication into a deliberate design parameter,
enabling rigorous correlation with cell adhesion, proliferation
and differentiation across diverse material systems. By
embedding spatial statistical analysis into biomaterials
research, disorder can be reframed as a biologically
meaningful and controllable variable, offering a unifying
principle that transcends specific materials or processing
methods. In this way, disorder emerges as a versatile and
broadly applicable tool to guide the rational development of
next-generation implant surfaces that promote robust tissue
integration and long-term functionality.

In conclusion, this research advances our understanding
of how nanotopographical features govern MG63 cell
behavior. More broadly, this work illustrates how integrating
spatial analyses into surface evaluation reframes disorder
from a fabrication byproduct into a controllable, biologically
meaningful variable. Together, these insights provide
guidance for the rational design of next-generation implant
surfaces that combine biological efficacy with practical
manufacturability, ultimately advancing the development of
multifunctional cell-instructive surfaces.
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