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Abstract: The surface topography and chemistry of titanium-aluminum-vanadium
(Ti6Al4V) implants play critical roles in the osteoblast differentiation of human bone
marrow stromal cells (MSCs) and the creation of an osteogenic microenvironment. To
assess the effects of a microscale/nanoscale (MN) topography, this study compared the
effects of MN-modified, anodized, and smooth Ti6 Al4V surfaces on MSC response, and for
the first time, directly contrasted MN-induced osteoblast differentiation with culture on
tissue culture polystyrene (TCPS) in osteogenic medium (OM). Surface characterization
revealed distinct differences in microroughness, composition, and topography among the
Ti6 Al4V substrates. MSCs on MN surfaces exhibited enhanced osteoblastic differentia-
tion, evidenced by increased expression of RUNX2, SP7, BGLAP, BMP2, and BMPR1A
(fold increases: 3.2, 1.8, 1.4, 1.3, and 1.2). The MN surface also induced a pro-healing
inflammasome with upregulation of anti-inflammatory mediators (170-200% increase)
and downregulation of pro-inflammatory factors (40-82% reduction). Integrin expression
shifted towards osteoblast-associated integrins on MN surfaces. RNA-seq analysis revealed
distinct gene expression profiles between MSCs on MN surfaces and those in OM, with
only 199 shared genes out of over 1000 differentially expressed genes. Pathway analysis
showed that MN surfaces promoted bone formation, maturation, and remodeling through
non-canonical Wnt signaling, while OM stimulated endochondral bone development and
mineralization via canonical Wnt3a signaling. These findings highlight the importance of
Ti6Al4V surface properties in directing MSC differentiation and indicate that MN-modified
surfaces act via signaling pathways that differ from OM culture methods, more accurately
mimicking peri-implant osteogenesis in vivo.

Keywords: biomimetic Ti6Al4V surface topography; RNA-seq; osteogenic media; MSCs;
pathway analysis

Biomimetics 2025, 10, 66

https://doi.org/10.3390 /biomimetics10010066


https://doi.org/10.3390/biomimetics10010066
https://doi.org/10.3390/biomimetics10010066
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com
https://orcid.org/0000-0003-1212-6164
https://orcid.org/0000-0002-6540-7624
https://orcid.org/0000-0003-3880-5886
https://orcid.org/0000-0002-9642-0311
https://orcid.org/0000-0003-1612-9223
https://doi.org/10.3390/biomimetics10010066
https://www.mdpi.com/article/10.3390/biomimetics10010066?type=check_update&version=2

Biomimetics 2025, 10, 66

2 0f 23

1. Introduction

Recent studies show that human bone marrow stromal cells (MSCs) exhibit an os-
teoblast phenotype when they are cultured on titanium and titanium-aluminum-vanadium
(Ti6Al4V) substrates that have a surface topography that mimics the macroscale, microscale,
and nanoscale features of an osteoclast resorption pit on bone [1,2]. The conditioned media
from MSC cultures grown on these Ti6Al4V substrates demonstrate osteoinductive proper-
ties, evidenced by their ability to induce bone formation when implanted in muscle as per
ASTM F2529-13, the Standard Guide for in vivo Evaluation of Osteoinductive Potential for
Materials Containing Demineralized Bone (DBM) [3].

This osteoinductive potential is due, at least in part, to bone morphogenetic protein 2
(BMP2), based on the observation that treatment with anti-BMP2 antibodies abolishes the
osteoinductive property of the conditioned medium [4]. However, other factors may also
contribute to this osteogenic effect, including semaphorin 3A, which has been shown to
stimulate the osteoblast differentiation of MSCs [5] and promote peri-implant osteogenesis
in vivo [6].

In addition to producing osteogenic factors, MSCs produce factors that regulate the
immune environment [7-9]. Earlier studies comparing MSC differentiation on Ti6 Al4V
substrates that have a surface topography with structural features of an osteoclast resorp-
tion pit to machined substrates and polyether-ether—ketone (PEEK) showed that cells on
Ti6Al4V generated immune mediators associated with a pro-regenerative response. This
effect was greatest on the microstructured Ti6Al4V surface than on the machined surfaces,
while cells cultured on PEEK produced immunomodulators indicative of a chronic immune
response [10,11].

Osteoblastic differentiation on Ti and Ti6Al4V surfaces with complex microscale
topographies has been well characterized [12]. There is a transition from canonical Wnt3a,
which promotes proliferation [13], to the production of non-canonical Wnt5a. This shift
depends on the production of Wnt11 [14] and a change in integrin expression from alpha5,
betal (a531) to x231 [15], which is accompanied by a change in planar cell polarity from
a fibroblastic phenotype to a more columnar phenotype [16]. This series of events is very
different from what occurs on TCPS, which involves canonical Wnt3a signaling [17].

When MSCs are cultured on biomimetic Ti6Al4V surfaces, osteoblast differentiation
occurs within 7 days in standard MSC growth medium (GM) [12]; BMP2 production is
increased at this time, reaching peak levels of expression by day 14 [4,18]. In contrast, when
MSCs are grown on tissue culture polystyrene (TCPS), osteoblastic differentiation is not
observed until day 21 when multi-cellular nodules have formed. Moreover, the expression
of an osteoblast phenotype is only consistent when osteogenic media (OM) are used [19].

This difference in MSC behavior under the two culture conditions raises questions
concerning the mechanisms involved. Conventionally, laboratories have used OM to
ensure the osteoblast differentiation of MSCs. However, the use of OM may result in non-
physiological mineral deposition [20,21]. OM contains dexamethasone, which stimulates
alkaline phosphatase activity, and as much as 10 mM beta-glycerophosphate (BGP), which is
a substrate for alkaline phosphatase [22,23], providing a local source of inorganic phosphate
ions needed for calcium phosphate formation. The base medium used to generate OM is
also rich in Ca?*. Thus, the use of OM and its non-physiological impact arises from the high
calcium phosphate ion product generated and not from an organized formation of apatite
crystals in the extracellular matrix [20,21]. In contrast, MSCs cultured on microstructured
Ti and Ti6Al4V substrates differentiate into osteoblasts without the use of OM [24]. Thus,
the use of OM for MSCs grown on biomimetic surfaces can confuse the interpretation of
the outcome, as it becomes unclear whether the osteoblast phenotype observed in culture
is attributable to surface properties or media composition, and what other differences
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in cell response might result. This study compares the two culture conditions for the
first time, and examines the underlying mechanisms involved by analyzing the signaling
pathways involved.

Two Ti6Al4V surfaces, which have been used successfully clinically, were used in the
present study. The MN surface, which has microscale and nanoscale surface features, supports
the osteoblast differentiation of MSCs and enhances osseointegration in vivo [3,4]. We and
others have shown that osteoblast differentiation also occurs on anodized Ti6Al4V [25-27].
Similarly, machined Ti6Al4V implants have been used successfully in bone, and MSCs
cultured on these substrates produce a pro-healing inflammasome, but to a lesser extent
than on microtextured surfaces [11]. A goal of this study was to directly compare MSC
responses on Ti6Al4V surfaces that are used clinically: MN vs. anodized vs. smooth
machined. A second goal was to directly compare osteoblast differentiation on the MN
surface with differentiation on TCPS in OM. We first confirmed that the MN surface
would generate a pro-healing inflammasome when compared to an anodized surface we
previously demonstrated to have osteogenic effects, and compared to control surfaces with
a smooth topography created by machining [26]. We then investigated if the response of
MSCs on Ti6Al4V substrates with MN topography is equivalent to osteoblast differentiation
by MSCs on TCPS in OM. Finally, we tested whether MSCs on TCPS in OM generate a pro-
osteogenic, pro-regenerative immune environment comparable to the microenvironment
created by MSCs on Ti6 Al4V. The findings generated by these inquiries will provide crucial
insights into the role of surface topography and chemistry in modulating MSC behavior,
their potential implications for implant design and tissue engineering applications, and
whether OM should be used to determine if a material is osteogenic as a function of its
surface properties.

2. Materials and Methods
2.1. Ti6Al4V Disk Fabrication

Grade 23 alloyed Ti6Al4V rods (15 mm diameter) were machined into 1.6 mm thick
disks, designed to precisely fit wells in a 24-well plate. Anodized surfaces were prepared
using commercial manufacturing methods (Type II anodization, Medtronic Inc., Minneapo-
lis, MN, USA) per ASM 2488, using an alkaline solution with pH 13 or higher. The surface
was finished with a glass bead blast. This process resulted in an oxide layer between 1
and 2.5 um in thickness. Micro/nano (MN)-substrates were grit-blasted and acid-etched
using commercial manufacturing methods (nanoLOCK®, Medtronic Inc.). All disks were
sterilized via gamma irradiation.

2.2. Surface Characterization
2.2.1. Scanning Electron Microscopy (SEM)

Surface topography and morphology were qualitatively visualized using scanning
electron microscopy (SEM; Hitachi SU-70, Tokyo, Japan). Substrates were mounted on
SEM imaging platforms using carbon tape and imaged under the following parameters: a
56 pA ion current, a 5 kV accelerating voltage, and a 5 mm working distance. Six different
locations on two separate surfaces were imaged at multiple resolutions.

2.2.2. Contact Angle Analysis

Contact angle measurements were performed using a goniometer (CAM 250, Rame-
Hart, Succasunna, NJ, USA) employing the sessile drop method/test with water. Mea-
surements were taken at six distinct locations on two different surfaces (n = 12), with the
surfaces dried using nitrogen gas between measurements. A 3 uL droplet of distilled water
was used for each measurement.
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2.2.3. Roughness Analysis

Optical profilometry to measure surface topography was performed using a confocal
microscope (Zeiss LSM 710, Carl-Zeiss AG, Oberkochen, Germany). A main beam splitter
was set to T80/R20 with reflectance, and Z-stacks were acquired at 1.00 pm intervals using
a high pass filter with a cut-off at 20 pm. Measurements were taken at six different locations
on two different surfaces (n = 12).

2.2.4. Chemical Analysis
X-Ray Photoelectron Spectroscopy (XPS)

Elemental composition was analyzed using XPS (PHI VersaProbe III Scanning XPS,
Physical Electronics Inc., Chanhassen, MN, USA). Samples were secured to the instrument
mount using copper clips, with the mount pre-cleaned via sonication in ethanol solution
prior to use. Analysis was performed using a 50-Watt, 15 kV X-ray gun with a 200 uM
spot size, 20 ms dwelling time, and 1 eV step size. Two samples per treatment group were
analyzed at six different surface positions (1 = 12).

Energy-Dispersive X-Ray (EDX) Analysis

Chemical analyses and elemental mapping of surfaces were conducted using an
FE-SEM (Quanta FE-SEM, FEI Co., Hillsboro, OR, USA) equipped with EDX capability.
Analyses were conducted using an acceleration voltage of 10 kV and a beam current of
1648 nA. The data are presented as the mean and standard deviation (SD) of 10 areas
measured.

X-Ray Diffraction (XRD)

Crystal structure identification was performed using an X'Pert PRO Alpha-1 diffrac-
tometer (PANalytical, Almelo, The Netherlands). XRD scans were collected using Cu Ka
radiation with a 1° parallel plate collimator, a % divergence slit, and a 0.04 rad soller slit
for controlled axial divergence. Bragg—Brentano para-focusing at 45 kV and 40 mA was
employed. The assignment of detected peaks to crystalline phases was performed using
the International Centre for Diffraction Data (ICDD) PDF-4+ reference database.

2.3. Response to Surface Topography
2.3.1. Cell Culture

Human bone marrow stromal cells (MSCs) were purchased from Ossium Health (RUO
MSC P2). They were isolated from the bone marrow of a 23-year-old white female (batch
number 20000127PD). The cells were cultured in MSC growth medium (GM) consisting
of «MEM (modified Eagle’s medium) without nucleosides (Gibco Catalog #12561-056,
Waltham, MA, USA), supplemented with 2 uM L-glutamine (Life Technologies, Catalog
#25030-081, Carlsbad, CA, USA) and 10% fetal bovine serum (Gemini Biproducts, Catalog
#900-108, West Sacramento, CA, USA), and 0.5% penicillin/streptomycin (Corning, Catalog
#30-002-CI, Corning, NY, USA).

The MSCs were cultured to confluence on TCPS in GM before plating on the test
surfaces. Confluent human female MSCs were seeded onto TCPS, smooth machined,
anodized, and MN Ti6Al4V surfaces in 24-well plates at a density of 10,000 cells/cm? in
0.5 mL per well (20,000 cells/well). Twelve wells of each type were used per experiment
with duplicates, resulting in a sample size of nn = 6 per group to generate sufficient mRNA
for PCR array analysis. The media were changed at 24 h post-seeding and subsequently
every 48 h. On day fourteen, fresh media were added to the cultures, and cell layers were
lysed and homogenized in TRIzol® for RNA isolation via phenol-chloroform extraction
and ethanol precipitation.
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2.3.2. RNA Expression Analysis

Homogenized samples in TRIzol® were transferred to pre-chilled, equilibrated phase
lock gel (PLG) tubes in 1 mL aliquots. RNA extraction was performed using a modified
chloroform-based protocol, followed by isopropanol precipitation and ethanol washing
steps. To equilibrate the PLG tubes, they were centrifuged at 12,000x g for 30 s at room
temperature. 200 pL of chloroform was added to each PLG tube, and the PLG tubes were
shaken vigorously by hand for 15 s. The PLG-tubes were then incubated at room temper-
ature for 5 min to allow phase separation. The PLG tubes were centrifuged at 5000x g
for 5 min at room temperature; the speed was increased to 10,000 x ¢ and centrifuging
continued for an additional 5 min. 500 pL of the aqueous phase of two samples were
transferred to the same new 2 mL RNase-free Eppendorf tube. 800 uL of isopropanol was
added to the tube, which was shaken by hand for 15 s, and incubated for 10 min at room
temperature. RNA was pelleted by centrifugation (16,000 x g, 10 min, 4 °C). Supernatants
were removed, and the RNA pellet was washed with 500 pL ice-cold 70% ethanol and
vortexed briefly. RNA samples were pelleted by centrifugation (16,000 g, 5 min, 4 °C),
and the supernatant was removed and washed with ethanol for a total of two ethanol
washes. The pellet was air-dried at room temperature for 5 min by leaving the tube lid
open. RNA pellets were dissolved in 100 pL of nuclease-free water and incubated at 37 °C
for 5 min, with vortexing performed periodically to solubilize the RNA. The samples were
placed immediately on ice.

The extracted RNA was then subjected to DNase treatment to eliminate genomic
DNA contamination. Briefly, 100 uL RNA samples were added to 0.3 puL of human
RNase inhibitor (40 U/uL) (Sigma Cat. #R2520), 15 pL of 10x DNase I reaction buffer
with MgCly, 69.7 uL nuclease-free water, and 15 uL DNase I (1 U/uL). The reaction
mixtures were transferred to new, equilibrated PLG tubes, and 400 pL of Ultrapure™
phenol/chloroform/isoamyl alcohol (25:24:1, v/v) (PCI) solution (Invitrogen) was added
per sample. The samples were shaken vigorously by hand for 30 s and centrifuged at
14,500 % g for 5 min at room temperature. The aqueous phase was transferred to a new
1.5 mL tube, and 0.02 volumes of glycogen (5 mg/mL), 0.1 volumes of 3 M NaOAc pH 5.5,
and 2.5 volumes of 100% ice-cold ethanol were added to each sample before immediately
storing them at —20 °C to precipitate RNA.

RNA was stored at —20 °C for at least 12 h for the robust recovery of total RNA. The
RNA was pelleted via centrifugation (14,500 x g, 30 min, 4 °C). Supernatants were removed,
and the RNA pellet washed twice with 500 pL ice-cold 70% ethanol, as before. The pellet
was air-dried at room temperature for 5 min by leaving the tube lid open and dissolved
in 50 pL of nuclease-free water. The Samples were vortexed for 15 s and placed on ice.
RNA was quantified using a Synergy H1 Hybrid Reader Take 3 Spectroscopy instrument
with Gen5 v3.08 software (BioTek) and stored at —80 °C. RNA quality was determined
by measuring the 260/280 and 260/230 ratios, with values close to 2.0 considered opti-
mal. First-strand cDNA synthesis was performed using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA) as per the manufacturer’s
protocol. Gene-specific forward and reverse DNA oligo qPCR primers were designed and
synthesized commercially.

mRNA was measured via qPCR using Power SYBR Green Master Mix (Applied
Biosystems) and optimized gene-specific primers. Fold changes to TCPS were normalized
to GAPDH in the array using the web-based PCR Array Data Analysis Software (Qiagen,
Hilden, Germany). The fold change to TCPS was normalized to housekeeping genes
(GAPDH). A no-template control (NTC) and a no-reverse transcriptase control (No-RT
control) were included to check for reagent or gDNA contamination.
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2.4. Growth on Ti6Al4V in GM vs. Growth on TCPS in OM
2.4.1. Cell Culture

Sprague Dawley (SD) rat bone marrow-derived MSCs were purchased from Cyagen
(RASMX-01001, OriCell™, Cyagen, Santa Clara, CA, USA) and cultured in GM (RAXMX-
90011, Cyagen) on TCPS or MN in 24-well plates at a density of 10,000 cells/cm? for all
experiments. The media were changed 24 h after plating and every 48 h thereafter for
7 days. On day 7, cells cultured on Ti6Al4V were incubated with fresh GM, while cells
cultured on TCPS were switched from GM to osteogenic media (OM) (RAXMX-90021,
Cyagen) for 12 h. A combination of 8 wells from each group constituted n = 3 for each
experimental condition.

2.4.2. Gene Expression Analysis

To quantify the mRNA levels, cells were plated as described above. At 7 days, the
cells were incubated with fresh media for 12 h. mRNA was isolated from the cells using a
TRIzol® (Invitrogen, Carlsbad, CA, USA) extraction protocol. RNA quality was assessed
by measuring the 260/280 and 260/230 ratios, with values approaching 2.0 considered
optimal. RNA quantification was performed using the Synergy H1 Hybrid Reader Take
3 Spectroscopy instrument with Gen5 v3.08 software (BioTek, Shoreline, WA, USA). Sub-
sequently, 2 mg of extracted RNA was submitted to Genewiz (Research Triangle Park,
NC, USA) for next-generation RNA sequencing using an Illumina MiSeq platform and
approximately 350 M raw paired-end reads per lane.

2.4.3. Bioinformatics Analysis

The read quality of the RNA-seq data was assessed using FASTQC, and reads were
aligned to the NCBI Rattus norvegicus annotation release 105 (Rnor_6.0) using STAR. The
“Feature Counts” function was employed to determine the number of reads associated
with each gene, and differential expression gene analysis was conducted using DESeq?2
(1.32.0) in RStudio [28-30]. Normalized differentially expressed counts from DESeq2 [31]
were used to identify unique and shared genes, represented in Venn diagrams [32], with a
threshold of adjusted p-value of less than 0.05 and a log fold change of 2. Volcano plots
comparing sample groups were generated using the Galaxy web platform, using count data
with a significance threshold of 0.05 and a log fold change threshold of 2 [33]. Heat maps
were produced using iDEP, an integrated web application, with data samples centered by
subtracting the average expression of each gene, and genes centered by subtracting the
mean and normalized by dividing by their standard deviation [34].

2.4.4. Functional Enrichment Analysis

Following the calculation of differentially expressed (DE) genes for each pairwise
comparison and filtering for significance, pathway enrichment was performed on bone-
related-disease-related genes using the MOET database, an online tool for Rat disease
enrichment [35]. DE genes for each pairwise comparison were analyzed using the Rat
genome assembly GRCr8. The resulting enriched pathways were manually curated to
select those relevant to bone disease, and the associated genes of interest were used for
downstream functional enrichment analysis. The R package cluster Profiler was used for
the functional enrichment analysis, performing a GO Biological Process overrepresentation
analysis [36]. Significant pathways were filtered using a Bonferroni-adjusted p value <
0.05. Enriched pathways were visualized using barplots for each pairwise comparison
of implants. Venn diagrams were created to illustrate overlapping pathways between
implants, and were generated using the ggVennDiagram R package [37].
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3. Results
3.1. Surface Characterization and Analysis

The comparison of the smooth machined Ti6Al4V surface to the anodized and MN
modified surfaces demonstrated distinct differences in peak-to-valley distance (Figure 1A)
and microroughness (Figure 1B). The smoothed and anodized surfaces exhibited similar
skewness, whereas the skewness of the MN surface was lower (Figure 1C). In contrast,
the kurtosis of the smooth and MN surfaces was similar, but the kurtosis on the anodized
surface was greater than either the smooth or MN surfaces (Figure 1D).

Peak to Valley Distance
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Figure 1. Optical profilometry measurements of surface micro-roughness of smooth machined (SM),
anodized (AN), and micro/nano-rough (MN) Ti6Al4V surfaces: average peak-to-valley distance (A),
skewness (B), microroughness (C), and kurtosis (D). Data are means + SEM and were evaluated
using analysis of variance (ANOVA) with Tukey post hoc test. Statistical significance was established
at p-values equal to or less than 0.05 (*** p < 0.001; **** p < 0.0001).

Surface composition was found to be highly dependent on the fabrication method
employed (Figure 2A). Smooth surfaces comprised 40% carbon (C), 40% oxygen (O), and
15% titanium (Ti), while anodized surfaces were predominantly composed of carbon
and oxygen. In contrast, the MN surfaces exhibited a composition of 30% C, 50% O,
and 20% Ti. Representative XPS Spectra of the three different surfaces are presented in
Supplemental Figure S1. These compositional differences were reflected in the contact angle,
which followed the order smooth > MN > anodized (Figure 2B). EDX analysis confirmed
that both the smooth and MN surfaces maintained a Ti6Al4V composition. The amount
of oxygen was below the level of detection (Figure 2C). However, the unique contact
angle of the anodized surface suggested the introduction of an additional component
during the anodization process. The XRD data revealed peaks for both «-Ti and (3-Ti, as
would be expected for the Ti6Al4V alloy, demonstrating primarily alpha phase across all
surface compositions (Figure 2D). The differences in peak intensity may be attributed to
the surface chemistry, oxide thickness, or crystallographic orientation changes that occur in
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the manufacturing processes to achieve surface texture. Further testing would be required
to confirm the contribution of each factor to peak intensity.

A XPS Surface Composition B Smooth Contact Angle
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nodized 34.74+3.00 4.74+0.58 1.15x0.09
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MN 84.905+£0.13 12.31+£0.01 2.78+0.12 ]

Fre

Figure 2. Implant surface characterization of smooth machined (SM), anodized (AN), and
micro/nano-rough (MN) Ti6Al4V surfaces: (A) X-ray photoelectron spectroscopy (XPS) was used
to determine elemental composition, shown as mean atomic percentage (%) of carbon (C), oxygen
(O), titanium (Ti), aluminum (Al), and vanadium (V). (B) Surface wettability was quantified through
sessile drop contact angle measurements performed on each surface. (C) Semi-quantitative energy-
dispersive X-ray spectroscopy (EDX) analysis of surface elemental composition was obtained from
ion-milled cross-sections of each surface, shown as mean atomic percentage (%) of titanium (Ti),
aluminum (Al), and vanadium (V). (D) X-ray diffraction (XRD) profiles were used to determine distri-
bution of «-Ti and 3-Ti phases for each surface material, with circles depicting «-Ti, whereas triangles
distinguish 3-Ti phase based on elemental reference standards for EDX. Data are presented as mean +
SEM and were evaluated using analysis of variance (ANOVA) with Tukey post hoc test. Statistical
significance was established at p-values equal to or less than 0.05 (*** p < 0.001; **** p < 0.0001).

SEM imaging of the surfaces showed distinct topographical features specific to each
surface treatment (Figure 3).

The smooth surface exhibited randomly oriented machine marks, which were low in
height with an area of smooth surface between them. At higher magnification, the surface
showed the presence of knob-like projections at the microscale level with no nanoscale
structure. The anodized surface had an oxide layer between 1 and 2.5 um in thickness.
It was characterized by a uniform distribution of rounded knobs, approximately 100 nm
in diameter. The micro/nano structures were not organized, and the nano structures
did not show a defining morphology. In contrast, the MN surface exhibited a complex
topography consisting of overlapping microscale pits (approximately 30-50 pm in diame-
ter), microscale scallops (approximately 1-4 pm in diameter), and nanoscale ridges and
protrusions superimposed within these microscale features.
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Anodized Smooth

MN

Figure 3. Characterization of surface topography using scanning electron microscopy (SEM). SEM
micrographs/images of smooth, anodized, and micro/nano-rough (MN) Ti6Al4V surfaces were
captured at macroscale (35 x ), microscale (1000 ), mesoscale (10,000 ), and nanoscale (100,000 x)
resolutions. Macro/micro/meso/nanoscale images have scale bars of 1 mm, 50 um, 5 um, and
500 nm, respectively.

3.2. MSC Response to Surface Topography
3.2.1. Osteoblast Phenotypic Expression

The mRNA expression of surface-dependent osteoblast differentiation markers in
MSCs exhibited a pronounced dependence on surface topography (Figure 4).

The MN surface elicited the highest expression of RUNX2, a key transcription fac-
tor in osteogenesis, followed by the anodized and smooth surfaces, respectively. This
hierarchical pattern of expression (MN > anodized > smooth) was consistently observed
for other important osteogenic markers, including SP7 (Osterix), BGLAP (osteocalcin),
BMP2, and BMPR1A. BGLAP expression was elevated on the anodized surface compared
to smooth Ti6Al4V, but OPG expression was lowest on the anodized surface, and OPG
levels on the MN surface did not surpass those observed on the smooth substrate. The MN
surface caused a reduction in semaphorin 3A (sema3A) expression relative to the smooth
surface. Conversely, MN surfaces promoted increased expression of the angiogenic factor
FGF2, as well as the production of IGF1 and NRP1. Notably, the expression of several
other proteins associated with osteogenesis remained unaffected by surface properties
(Supplemental Figure S2).
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Figure 4. Relative expression of osteogenesis-related genes in human BMSCs cultured for 14 days on
TCPS, smooth, anodized, or micro/nano-rough (MN) surfaces via RT-qPCR. Genes were normalized
to GAPDH, and their relative expression compared to TCPS, determined using the 2-8ACT method.
Values presented are mean + SE of twelve independent cultures per surface, pooled in duplicate with
n of 6 per group. Groups were evaluated using analysis of variance (ANOVA) with Tukey post hoc
test. Statistical significance was established at p-values equal to or less than 0.05 (* p < 0.05; ** p < 0.01;
***p < 0.001; **** p < 0.0001).

The analysis of oxidative-stress-related genes and transcription factors revealed largely
consistent regulation across all substrates, with two exceptions (Supplemental Figure S3).
MAPK11 (p38b) was upregulated on MN surfaces, and MAPK9 (JNK2) was downregulated
on both anodized and MN substrates (anodized > MN), with a more pronounced effect on
the anodized surface. Furthermore, MMP13 expression was significantly upregulated on
the MN surface, whereas MMP2, MMP9, MMP14, TIMP1, and TIMP3 remained unaffected
by surface modifications (Supplemental Figure S4).

3.2.2. Regulation of Apoptosis

The expression of apoptosis-related genes exhibited significant sensitivity to surface
topography (Supplemental Figure S5). The MN surface induced downregulation of several
pro-apoptotic genes, including PTGS2 (COX2), RIPK2 (CARD3), TNFRSF1A (p55), AKT1,
TNFRSF6 (FAS), and FADD. Conversely, the MN surface promoted the upregulation of
HSP90B1 (Hsp90p), CASP1, and THBSI, suggesting complex regulation of apoptotic pathways.

3.2.3. Inflammasome Expression

Mesenchymal stem cells (MSCs) demonstrated an anti-inflammatory, or pro-healing,
inflammasome expression profile when cultured on MN surfaces (Figure 5).
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Figure 5. Relative expression of anti-/pro-inflammatory genes in human BMSCs cultured for 14 days
on TCPS, smooth, anodized, or micro/nano-rough (MN) surfaces via RT-qPCR. Genes related to
innate and adaptive immune mechanisms related to inflammation, including genes that encode
for cytokines/chemokines and inflammasome components with anti-inflammatory (top) and pro-
inflammatory (bottom) effects, were analyzed. Fold changes to TCPS were normalized to GAPDH
and relative expression determined using 22T method. Values are presented as mean =+ SE of
twelve independent cultures per surface, pooled in duplicate with n of 6 per group. Groups were
evaluated using analysis of variance (ANOVA) with Tukey post hoc test. Statistical significance was
established at p-values equal to or less than 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001).

The expression levels of IL4, IL23A, and IL33 were significantly elevated on MN
compared to smooth Ti6Al4V, although no difference was observed between MN levels
compared to the anodized surface. IL10 expression was unaffected by surface topography.
In contrast to their stimulatory effect on anti-inflammatory mediators, MSCs grown on
MN surfaces decreased their expression of pro-inflammatory factors, including IL1e, IL1f3,
IL123, IL6, RIPK3, and TLR4. The anodized surface similarly reduced expression of IL1f3,
IL6, and RIPK3 by MSCs. Anodized surfaces similarly reduced the expression of IL1f3, IL6,
and RIPK3 by MSCs. However, not all pro-inflammatory mediators were downregulated;
CCL2 (MCP1) showed increased expression, while CXCL2 remained unaffected. CXCL1
(NAP3) was markedly increased on the anodized surface compared to the smooth surface.

3.2.4. Integrin Expression

Integrin expression patterns were sensitive to surface topography (Figure 6). The
expression of ITG1, ITGA2, ITG6, and ITGf1 was upregulated in MSCs grown on MN,
with ITGA2 and ITG6 also being increased on anodized surfaces. Conversely, the expression
of ITG8 and ITGB3 was reduced on anodized surfaces. The expression of ITG«3, ITG5,
ITGA9, and ITGV was unaffected by surface modifications. Other regulatory factors
exhibited surface-specific expression patterns. ANPEP and SERPINF1 were comparably
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elevated on both anodized and MN surfaces, while JAG1 expression increased only on
the MN surface. The expression of FN1 and PVR (CD155) remained unaltered across all

surface types.
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Figure 6. Relative expression of extracellular matrix (ECM)-related genes related to integrin binding

and cell adhesion in human BMSCs. Cells were cultured for

14 days on TCPS, smooth, anodized, or

micro-/nano-rough (MN) surfaces via RT-qPCR. Representative genes related to integrin binding are

on top, and components of ECM are shown in bottom row. Fold changes to TCPS were normalized

to GAPDH and relative expression determined using

27AACT

method. Values are presented as

mean + SE of twelve independent cultures per surface, pooled in duplicate with n of 6 per group.

Groups were evaluated using analysis of variance (ANOVA) with Tukey post hoc test. Statistical

significance was established at p-values equal to or less than 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001;

w0 ) < 0,0001).

3.3. Differential Regqulation of Gene Expression and Signaling Pathways in MSCs Cultured on

MN-Modified Ti6 A4V Versus TCPS in Osteogenic Media
3.3.1. RNA-seq and Principal Component Analysis

The comprehensive transcriptome analysis revealed distinct gene expression profiles
in MSCs cultured on TCPS in OM versus on MN-modified Ti6Al4V in GM (Figure 7 for
12,000 genes and Supplemental Figure S6 for 100 selected genes).
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Figure 7. Comparison of 12,000 differentially expressed genes (DEGs) of human BMSCs grown in
osteogenic media (OM), compared with BMSCs cultured on micro/nano-rough (MN) surfaces or
TCPS in standard growth media: (A) Heatmap of sample z-scores clustered using Euclidean distance
measurement. Red and green in heat map denote upregulated and downregulated genes, respectively,
while gray denotes no significant difference between groups. (B) Principal component analysis (PCA)
plot generated from 12,000 differentially expressed genes in hBMSCs grown for 14 days on TCPS in
OM, TCPS in growth media, or MN surfaces in growth media, as determined by RNA-seq. Results

from two independent experiments are shown.

Heat map visualization demonstrated that MSCs seeded on TCPS exhibited a unique
gene expression profile when cultured in GM that was distinct from those grown in OM.
Notably, MSCs grown on MN surfaces in GM displayed a gene expression profile that di-
verged from both TCPS culture conditions. The principal component analysis corroborated
these findings, elucidating the degree of similarity within each group. Volcano plot com-
parisons (Figure 8) further emphasized the stark differences in gene expression among the
various culture conditions. Quantitatively, MSCs cultured in OM differentially expressed
1025 genes compared to those in GM, while MSCs on MN-modified surfaces showed differ-
ential expression of 563 genes relative to TCPS in GM. Remarkably, only 199 genes were
commonly regulated between cells cultured in OM and those on MN-modified surfaces.
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Figure 8. Comparison of 12,000 differentially expressed of genes (DEGs) of human BMSCs grown
on TCPS in osteogenic media (OM), or BMSCs cultured on micro/nano-rough (MN) surfaces in
growth media, compared to cells on TCPS in growth media. (A) Venn diagram displaying overlap
of differentially expressed genes, showing overlap between OM and MN cultures. (B) Volcano plot
of MN vs. TCPS genes with Log?2 fold change greater than 2 and adjusted p-value less than 0.05.
(C) Volcano plot of OM vs. TCPS genes with Log?2 fold change greater than 2 and adjusted p-value
less than 0.05. Red and blue denote upregulated and downregulated genes, respectively, while gray
denotes no significant difference between groups.

3.3.2. Pathway Analysis

The examination of bone- and cartilage-associated pathways revealed differential
emphases in cellular responses across culture conditions (Figure 9).

While bone development emerged as a major outcome in all comparisons, bone
mineralization pathways were notably more pronounced in TCPS cultures grown in OM.
Additionally, TCPS-OM cultures exhibited enhanced activation of pathways linked to
connective tissue and cartilage development, which were not apparent in MSCs cultured on
MN-modified surfaces. The comparison of MN vs. TCPS in GM and MSCs on TCPS in OM
shows that the canonical Wnt pathway is shared through the expression of Frizzled, LRP
5/6, and REPO, but then diverges with cells on MN expressing ICAT, P53, and sphingosine-
1-phosphate (SIP), a bioactive lipid mediator, and cells on TCPS in OM favoring the
expression of c-JUN, an integral component of the AP-1 transcription factor complex
(Table 1).
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Figure 9. Functional enrichment analysis of genes expressed by BMSCs grown on TCPS in growth
media (TCPS), TCPS in osteogenic media (OM), and micro/nano-rough Ti6Al4V in growth media
(MN). The enriched pathways were visualized using a barplot for each pairwise comparison of
treatments: (A) MN vs. TCPS, (B) OM vs. TCPS, and (C) MN vs. OM. (D) The Venn diagrams were
created by determining the overlapping pathways between OM vs. TCPS and MN vs. TCPS.
Table 1. Comparison of differentially expressed genes (DEGs) in the canonical Wnt signaling pathway,
the noncanonical Wnt pathway (Wnt/Ca), and the planar cell polarity pathway. Human BMSCs
were grown on TCPS in osteogenic media (OM) or on micro/nano-rough (MN) surfaces in growth
media. Their expression was compared to BMSCs cultured on TCPS in growth media. Red text shows
increased expression; green text shows inhibition of expression; and yellow highlighting indicates
changes in expression shared by both culture conditions.
Canonical Pathway
D';Il(\:IP‘gs. RSPO FRP CycD  Frizzled LRP5/6 Notum AXIM BAMBI P53 ICAT GBP APC PRARD CK2 SIP
QFIE/IPVSS' RSPO FRP CycD  Frizzled LRP5/6 Notum AXIM BAMBI P53 ICAT APC PKA NKD Catenin ]SI-\T
Planar Cell Polarity
MN vs. . .
TCPS WNT11 Frizzled Daaml ROR1/2 Knypek Prickle ROCK2
OM vs. . .
TCPS WNTI11 Frizzled Daaml DVL JNK Prickle ROCK2
Wnt/Ca (Non-Canonical Pathway)
I\%IP‘&S' Frizzled CaMKII NFAT ~ PLC  PKC
OM vs. .
TCPS Frizzled CaMKII NFAT PLC PKC

Wntll-mediated planar cell polarity was evident in both OM and MN conditions.
However, alternate middle steps in MN cultures enhanced the expression of Prickle, a core
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component of the planar cell polarity pathway, and Rock2, a key regulator of cytoskeletal
reorganization. Conversely, OM conditions resulted in the suppression of their expression.
Non-canonical signaling at the receptor level was comparable across culture conditions,
although notable distinctions emerged in the downstream pathway mediated through
phospholipase C (PLC) and protein kinase C (PKC). PLC and PKC were stimulated in MN
cultures but were inhibited under OM conditions.

4. Discussion

This study underscores the sensitivity of MSCs to the topographical and chemical
attributes of the Ti6Al4V substrates commonly used for implants in vivo. This sensitivity
is reflected in a multifaceted cellular response, encompassing alterations in osteoblastic
differentiation, the modulation of inflammasome activation, and the reconfiguration of
integrin-mediated surface interactions. The surface properties also impact downstream
cellular responses, including autocrine and paracrine signaling, extracellular matrix modifi-
cation, and apoptotic machinery. The observed cellular plasticity in response to these varied
substrate characteristics highlights the critical role of the extracellular microenvironment in
dictating stem cell fate and function and, ultimately, clinical outcome.

We have previously shown the importance of surface topography in determining
osteoblast differentiation on Ti and Ti6Al4V substrates. In general, MSCs exhibit a more
osteoblastic phenotype when grown on macro/micro/nanoscale surfaces, with features
including 1-3 mm levels of roughness, the morphology of an osteoclast-resorption pit
(30 to 100 um in diameter), and nanoscale to mesoscale roughness that has low skewness
and kurtosis, akin to an isosceles triangle shape with a sharp edge [4]. All three Ti6AI4V
substrates used in this study have microscale surface features, but only the MN modification
has a specifically engineered texture that includes the preferred topography. Notably,
anodized substrates induce a more pronounced pro-osteogenic phenotype compared to
smooth machined Ti6Al4V, but to a lesser extent than the micro/nano-textured MN surface.

Surface composition analysis via XPS and EDX reveals variations that may influence
cellular responses. Differences in surface hydrophobicity likely affect protein and lipid
adsorption from the media, subsequently impacting downstream cell attachment and ad-
hesion [38—41]. Anodized Ti6Al4V surfaces had the highest carbon content and lowest
contact angle among the surfaces tested, suggesting that the involvement of factors beyond
carbon content may account for differences in surface properties and cellular response. The
X-ray diffraction results of the three surfaces were similar, but not identical, further sup-
porting the conclusion that the adsorption of media components differs between surfaces,
consequently impacting cell attachment, adhesion, and differentiation.

This investigation corroborates and extends upon our previous findings regarding
the modulation of integrin expression during the osteoblastic differentiation of MSCs. As
noted in our previous studies, the osteoblast differentiation of MSCs is accompanied by
a shift in integrin expression from o531 to «231 and «1p1 [42—44]. Consistent with these
observations, this study demonstrates a characteristic shift in the integrin expression profile
of MSCs. Specifically, we observed significant upregulation of the integrin subunits ITGa1,
ITGo2, and ITGB1, aligning with the downregulation of ITGB3. This alteration in integrin
expression suggests reconfiguration of the mechanisms involved in cell adhesion, including
cell-extracellular matrix interactions.

The expression levels of ITGa5 and ITGoV remained largely unaffected, indicating the
selective modulation of specific integrin subunits rather than global alteration of the entire
repertoire of integrin subunits. The observed downregulation of ITG[33, in conjunction with
the stable expression of ITGa5 and ITGaV, implies a potential shift in the affinity of cellular
adhesion molecules towards collagen type I, a primary constituent of the bone extracellular
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matrix. Conversely, this integrin expression profile suggests a potential reduction in or
the maintenance of cellular interactions with fibronectin and vimentin, two extracellular
matrix proteins associated with less differentiated mesenchymal phenotypes. This selective
modulation of integrin expression illustrates the complex and precisely regulated nature
of cell-matrix interactions during osteoblastic differentiation, providing insights into the
molecular mechanisms governing MSCs” commitment to the osteoblastic lineage and role
during osseointegration.

We demonstrate for the first time that the growth of MSCs on MN surfaces is asso-
ciated with the upregulation of integrin o6 (ITGA®6), a receptor known to interact with
extracellular matrix proteins such as fibronectin and laminin family members [45]. ITGx6
has been implicated in cellular adhesion, migration, and epithelial-to-mesenchymal transi-
tion processes [46], although its precise role in mediating MSCs’ responses to MN surface
textures remains to be elucidated.

We also observed downregulation of mRNA for integrin a8 (ITGAS8). ITG«8 func-
tions as a receptor for tenascin, fibronectin, and vitronectin [47], which is important for
MSC attachment and adhesion to the implant surface. The a8f31 integrin pair also binds
nephronectin, an extracellular matrix protein, which is involved in the osteoblast differen-
tiation of osteoprogenitor cells [48]. The concomitant increase in ITGa6 and decrease in
ITGa8 expression as the cells shift from migration and proliferation to extracellular matrix
synthesis and attachment to type 1 collagen supports the hypothesis that MN surfaces
promote osteoblastic differentiation rather than a proliferative fibroblastic phenotype.

The observed shift in integrin expression is notably accompanied by the concomitant
upregulation of BMP2 and its cognate receptor, BMPR1A. This supports our previous
data, reinforcing the notion that cells not only produce this crucial autocrine regulator
of osteoblast differentiation but are also receptive to it [4]. The functional significance
of this BMP2-BMPR1A axis is highlighted by inhibition studies, wherein the blockade
of either BMP2 or its receptor abrogates the surface topography-induced osteoblastic
differentiation and attenuates the osteoinductive capacity of conditioned media derived
from these cultures.

Further substantiating the osteogenic differentiation process on MN surfaces and,
to a lesser extent, on anodized surfaces is the observed upregulation of RUNX2 and SP7
(osterix), which are transcription factors that serve as master regulators orchestrating the
cellular differentiation program during osteogenesis. RUNX2 functions as an early-stage
transcriptional activator, while osterix acts as a late-stage transcription factor, collectively
governing the sequential progression of osteoblastic differentiation [49,50]. The functional
consequence of enhanced RUNX2 and SP7 expression is manifested in the increased tran-
scription of BGLAP, which encodes osteocalcin, a non-collagenous protein abundant in the
bone matrix, which serves as a definitive marker of mature osteoblasts and plays a crucial
role in calcium homeostasis and bone mineralization [51].

The cascade of molecular events involved in integrin modulation, the enhancement of
BMP2 signaling, and the activation of osteogenic transcription factors collectively delineate
a comprehensive mechanism by which surface topography influences mesenchymal stem
cell fate decisions, directing them towards the osteoblastic lineage. These findings not only
enhance our understanding of the molecular mechanisms of surface-induced osteogenesis,
but also provide valuable insights for the rational design of biomaterials aimed at enhancing
osseointegration and bone regeneration in clinical applications.

Elevated levels of pro-angiogenic factors like FGF2, NRP1, and IGF1 in MSCs grown
on MN surfaces indicate enhanced potential for bone regeneration and osteointegration.
Specifically, we observed an increase in FGF2, a potent angiogenic factor that promotes
blood vessel formation. Concurrently, there was an elevation in neuropilin-1 (NRP1), a
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co-receptor for VEGE, which plays an important role in regulating vascular development.
Additionally, IGF1, which facilitates normal bone and tissue growth and development, was
also found to be upregulated. Our observations suggest that these factors are regulated
in a reciprocal manner. The collective action of these factors creates a microenvironment
conducive to neovascularization and tissue growth, both of which are critical for successful
implant integration and long-term stability.

Our study revealed a nuanced interplay between various osteogenic factors. While
BMP2 and its receptor exhibited increased expression on MN surfaces, sema3A levels were
concomitantly reduced. This observation is particularly intriguing given that sema3A,
like BMP2, has been demonstrated to stimulate osteoblast differentiation in vitro [6] and
promote peri-implant bone formation in vivo [52].

The reciprocal regulation of BMP2 and sema3A suggests a complex, finely tuned
mechanism governing osteoblast differentiation and bone formation in response to MN
surface topography. This inverse relationship may represent a homeostatic mechanism that
optimizes the osteogenic response while preventing excessive bone formation. Alterna-
tively, it could indicate a temporal sequence in the activation of these factors during the
process of osteogenesis and implant integration. Such insights have profound implications
for the design and optimization of implant surfaces to direct angiogenesis to maximize
osseointegration and long-term implant success in clinical applications.

Our investigation reveals that certain molecular factors are consistently expressed
under different culture conditions. These factors include BMP4, BMPR2, TGFB1, TGER2,
TGFBR1, sema3C, VEGFA, ANG1, and NRP2, among others. It is important to note
that this analysis represents a snapshot in time, making it difficult to interpret these
findings in the overall context of the cell response to the surface. Our results demonstrate,
however, that cellular responses are highly sensitive to the micro/nano surface topography
and chemistry. Moreover, we focused our analysis on genes encoding proteins integral
to bone tissue regeneration, including cell recruitment, attachment, and proliferation.
Specifically, we observed the modulation of several key genes, including ANPEP, encoding
alanyl aminopeptidase, a membrane-bound enzyme involved in peptide catabolism; FN1,
encoding fibronectin, an extracellular matrix glycoprotein crucial for cell adhesion; JAGI,
encoding a protein pivotal for new blood vessel development; SERPINF1, known for its
dual role as an anti-angiogenic factor and neurotrophic agent; and PVR, a protein implicated
in cell proliferation and migration. Of particular interest is the coordinated upregulation of
ANPEP, JAG1, and SERPINF1 observed on the MN surface. This specific gene expression
profile suggests that cells on the MN surface are actively modifying their extracellular
milieu to promote vascularization and neurogenesis; such processes are intrinsically linked
to successful bone regeneration. These findings collectively indicate that MN surface
modifications elicit a sophisticated cellular response, characterized by the orchestrated
regulation of genes involved in tissue remodeling, angiogenesis, and neurogenesis.

The observed cellular responses to micro/nano surface modifications are further
corroborated by alterations in the inflammasome profile generated by MSCs cultured on
these surfaces. Notably, there is marked upregulation of anti-inflammatory mediators,
including IL4, IL23A, and IL33, concomitant with the downregulation of pro-inflammatory
factors. While similar changes are observed on anodized surfaces, they occur to a much
lesser extent.

Interestingly, the expression of IL10 remained unaffected by surface topography
and chemistry in the present study. This contrasts with earlier investigations com-
paring MSC responses to smooth Ti6Al4V and grit-blasted/acid-etched surfaces with
macro/micro/nanoscale (MMN) features, which demonstrated IL10 upregulation on MMN
surfaces relative to PEEK [11]. This discrepancy suggests that IL10 production may be
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mediated by larger-scale topographical features or represents an early-stage event in the
cellular response.

This study also revealed upregulation of chemokine (C-C motif) ligand 2 (CCL2) on
MN surfaces, a factor known to recruit monocytes, memory T cells, and dendritic cells
to sites of inflammation following tissue injury. Concurrently, chemokine (C-X-C motif)
ligand 1 (CXCL1), which facilitates neutrophil recruitment and activation for microbial elim-
ination, was upregulated on anodized surfaces. Additionally, Toll-like receptor 4 (TLR4),
a key sensor for Gram-negative lipopolysaccharides (LPS) and other infectious stimuli,
showed increased expression. These findings collectively suggest that MSCs cultured on
MN surfaces promote the recruitment of immune cells that enhance regeneration while
modulating factors and receptors involved in infection response.

Importantly, this study shows for the first time that the differentiation process on MN
occurs through mechanisms distinct from those observed in MSCs cultured in osteogenic
media. This disparity raises questions regarding the applicability of defining nanoscale
features as osteogenic based solely on OM culture conditions. RNA-sequencing analysis
revealed marked differences between MN and OM culture conditions, with only 199 genes
shared between the two and only a 35% overlap in activated pathways. Notably, OM
stimulates pathways involved in endochondral bone development, a process that was
not observed in MN cultures. Conversely, MN surfaces activate pathways associated
with bone formation, maturation, and remodeling, while OM predominantly stimulates
mineralization-related pathways. The validation of the results of the RNA-seq was found
in the gene expressed in MSCs grown on the MN surface compared to the smooth Ti6Al4V
surface presented in Figure 4 (genes involved in osteogenic differentiation) and Figure 6
(integrin genes).

The divergent mechanisms of osteogenic induction are further exemplified by the
activation of canonical Wnt3a signaling in OM cultures, contrasting with the non-canonical
Wnt signaling pathways observed in MN cultures. Both conditions result in alterations
in planar cell polarity but through distinct molecular routes. This observation aligns with
our previous findings, demonstrating that MMN and MN surfaces promote a shift from
canonical Wnt3A signaling to non-canonical Wnt5A signaling, whereas cells cultured on
TCPS in OM differentiate via Wnt3A.

Changes in the inflammasome generated by cells on MN surfaces, characterized by
the upregulation of anti-inflammatory mediators and downregulation of pro-inflammatory
factors, further support the pro-regenerative potential of these surfaces. The differential reg-
ulation of chemokines and immune receptors suggests that MIN surfaces have the capacity
to modulate the inflammatory response to potentially promote enhanced bone regeneration.

5. Conclusions

Collectively, these findings emphasize the complex and multifaceted nature of surface-
induced osteogenesis, highlighting the importance of considering both surface properties
and culture conditions when evaluating the osteogenic potential of biomaterials. The
distinct molecular mechanisms underlying MN-induced osteogenesis suggest that these
surfaces may better mimic the in vivo osteogenic microenvironment compared to tradi-
tional culture systems that use osteogenic media. This paper reports for the first time
a direct comparison of MSC osteoblastic differentiation on microscale/nanoscale rough
TiAl6V4 surfaces with MSCs that are cultured in “osteogenic media”. The data demonstrate
clearly that the two processes are very different. Given that OM is used in the bone field to
induce “osteogenesis”, these data are critically important to the understanding of what they
are actually measuring and what relationship it has, if any, with the actual peri-implant
events that occur in vivo. This finding carries significant implications for the field of regen-
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erative medicine and the rational design of biomaterials, as it suggests that MN-modified
surfaces possess the potential to confer substantial advantages in clinical applications
aimed at enhancing bone regeneration and promoting robust implant integration.
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mdpi.com/article/10.3390 /biomimetics10010066/s1, Supplementary Figure S1: Representative XPS
Spectra of the three different surfaces used throughout the studies; Supplementary Figure S2: Relative
expression of osteogenesis- and angiogenesis-related genes in human BMSCs cultured for 14 days on
TCPS, smooth, anodized, or micro/nano-rough (MN) surfaces via RT-qPCR; Supplementary Figure S3:
Relative expression of oxidative-stress-related and transcription factors and related genes in human
BMSCs cultured for 14 days on TCPS, smooth, anodized, or micro/nano-rough (MN) surfaces via
RT-qPCR; Supplementary Figure S4: Relative expression of extracellular matrix processing genes in
human BMSCs cultured for 14 days on TCPS, smooth, anodized, or micro/nano-rough (MN) surfaces
via RT-qPCR; Supplementary Figure S5: Relative expression of pro- and anti-apoptosis-related
genes in human BMSCs cultured for 14 days on TCPS, smooth, anodized, or micro/nano-rough (MN)
surfaces via RT-qPCR; Supplementary Figure S6: Comparison of differentially expressed genes (DEGs)
from a panel of 100 genes associated with osteogenesis. Human BMSCs were grown for 14 days on
TCPS in osteogenic media (OM), on TCPS in growth media (TCPS), or on micro/nano-rough Ti6Al4V
surfaces (MN) in growth media.
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