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ABSTRACT

Although vanadium compounds are well recognized for their ability to change from insulator to metal, they may also be used therapeutically to
address significant medical issues. In this study, we used vanadium oxide thin films synthesized by the pulsed laser deposition (PLD) technique
to examine human stem cells generated from bone marrow. According to x-ray reflectivity (XRR) measurements, the films’ thickness ranged
from 6 to 26 nm. The water contact angle method has been employed to probe the surface energy and wettability of the films, which influence
the cell behavior significantly. We also used a variety of techniques, such as differentiation staining, phase contrast microscopy, and real-time
reverse transcription-polymerase chain reaction (RT-PCR), to examine the growth, adhesion, proliferation, and differentiation of human
bone marrow mesenchymal stem cells (h(BMMSCs) on these oxide films over time. Our results indicated that vanadium oxide films alter
hBMMSCs adhesion and growth and affect their differentiation. The application of VO films in biological and medical materials, as well as
future research on cells, is all made possible by these findings, which also improve our understanding of the biological actions of vanadium
compounds.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155299
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. INTRODUCTION

Over the last four decades, oxide materials have garnered
much interest in the scientific community. For example, high T¢c
superconductivity and colossal magnetoresistance, discovered dur-
ing this period, have opened up exciting opportunities for various
applications for oxides, including those in electronics, transparent
oxides, optoelectronics, magnetoelectronics, thermoelectrics, piezo
electronics, energy harvesting, and hydrogen storage.' Despite the
vast range of applications for oxide materials, their potential use
in medical and biological fields is relatively unexplored.” Titanium
oxide (TiO), in the form of nanotubes or thin films, has been exten-
sively studied and utilized in biomedical implants because of its bio-

inertness and good biocompatibility.”” However, other metal oxides
have yet to be explored. Among these, vanadium oxide (VOy) is a
promising candidate for biomedical implants since it occurs on the
surface of a commonly used implant material, TiAlV alloy.” How-
ever, since most metal implants are inert, the release of vanadium
ions from the surface of a biomaterial can lead to adverse effects.””
Conversely, some studies have shown that vanadium compounds
can effectively enhance cell growth at relatively low concentrations
of released vanadium ions (up to 10 ‘uM).‘W Therefore, understand-
ing the interfacial interactions between vanadium oxide compounds
and living materials is crucial.

Because of their potential for self-renewal and differentiation
into a variety of cell types, mesenchymal stem cells have garnered
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much interest in the fields of regenerative medicine and tissue
engineering.'” So far, only TiO, and ALO; have been investi-
gated for their potential to modulate cell growth and differentiation
depending on their composition.* Therefore, more research into
alternative oxide surfaces is required. In addition, bio-interface engi-
neering relies heavily on being able to exert command over cellular
architecture, particularly in the context of shrunken dimensions.'’
One of the primary goals of tissue engineering is the development of
a structural environment conducive to the survival and expansion of
progenitor cells.' "

This article aims to prepare the VO, thin films on glass surfaces
using the pulsed laser deposition (PLD) technique and examine the
adhesion, proliferation, and differentiation of human bone marrow
mesenchymal stem cells (hBMMSCs) on the surfaces of such films in
comparison with uncoated glass and plastic cover slides. We found
that vanadium oxide films can affect their differentiation. This study
offers new insights into using thin oxide films as culture substrates
for developing in vitro tests and related medical applications such as
articular prostheses.

Il. MATERIALS AND METHODS

A. Preparation and characterization
of oxide thin films

However, while other techniques such as reactive sputtering,
chemical vapor deposition, and molecular beam epltaxy have been
used to prepare and generate such films in the past,'*"” the PLD has
proven to be more reproducible and reliable for oxides; thus, vana-
dium oxide thin films were deposited on the glass substrates using
the pulsed laser deposition (PLD) technique.'® A target of vana-
dium oxide was prepared by a standard solid-state route, and the
films were deposited onto the glass substrates using a KrF excimer
laser source (A = 248 nm). The laser frequency was kept constant
at 5 Hz, and the number of pulses was varied to achieve different
film thicknesses. For instance, a sample with 5000 pulses resulted
in a vanadium oxide thin film with a thickness of 19 nm. The
deposition process was carried out at 400 °C, after evacuating the
vacuum chamber to a base pressure lower than 1.33 x 10™* Pa (107°
Torr). The samples were characterized using x-ray reflectivity (XRR)
measurements with a Bruker™ D8 Discover diffractometer. The
measurements were taken using CuKa; radiation (A = 1.541 A) over
a 26 angular range from 0° to 6°. The thickness of the films was
determined from the slope of the relative position of the oscillation
maxima vs the square of their order number. Reflectivity curves were
plotted using x-ray diffraction (XRD) measurements over an angular
range of 10°-50°.

The topography was characterized using Atomic Force Micro-
scopy (AFM) with the PicoSPM™ technique.'” Root-mean-square
(rms) roughness was determined from AFM measurements of a
1 um” area in the tapping mode and calculated using WSxM 5.0 soft-
ware. In addition, we investigated the relationship between rough-
ness and wettability by measuring the wettability, as described by
Wenzel'®

cos (6) = rcos(6y), 1)

where 6,, is the measured contact angle, 0, is Young’s contact angle,
and r is the roughness ratio (r = 1 for a smooth surface and >1 for

pubs.aip.org/aip/apm

a rough one). The roughness ratio () is defined as the ratio of the
developed surface area of the film to its nominal area. Wettability is a
solid-liquid-vapor interfacial phenomenon that is characterized by
the contact angle formed between a liquid drop and a solid surface.

B. Calculation of contact angle and surface energy

In addition to temperature and oxygen pressure, the surface
interfacial energy between the film and substrate also plays a crit-
ical role in film growth. As water-metal oxide interactions with
low electronegativity are primarily electrostatic, surface properties
such as roughness, wettability, and surface energy are expected to
be thickness-dependent. To further investigate this relationship,
we measured the water contact angles (WCAs) of different liquids
(water, glycerol, ethylene glycol, etc.) using the Shape Analyzer DSA
25-KRUSS GmbH. The contact angle was determined by the tan-
gent to the solid-liquid-vapor triple point, where the drop shape
was evaluated using Young’s equation,

cos (0) = L2 ; Y, (2)
I

where 0 is the contact angle, and Vo Vapr and y, are the surface ener-
gies of the substrate, the substrate-liquid interface, and the liquid,
respectively (see Fig. 1).

By observing the contact angle between a solid surface and a lig-
uid drop on the surface, it is possible to calculate the surface tension
and wettability of a given solid material. A substrate is considered
hydrophilic if the contact angle is less than 90°, indicating a high
affinity for water molecules. Hydrophilic materials have active polar
functional groups that enable them to adsorb water molecules. On
the other hand, hydrophobic materials behave in the opposite way
when interacting with water compared to hydrophilic materials, and
parameters such as surface topography and energy determine the
wetting behavior of the surface. The Owens-Wendt method (also
known as the Kaelble-Owens-Wendt method)'”” is one of the
few methods available for calculating surface energy components,
namely, the dispersion and polar components. These components
result from the Coulomb and van der Waals interactions between
permanent and induced dipoles, and from temporary fluctuations
caused by the charge distribution in the atom or molecules on
the surface. The method is based on Berthelot’s hypothesis, which
assumes that the work of adhesion between a solid and a liquid is
equal to the geometric mean of the cohesion work of a solid and the
work of cohesion of the measuring liquid.

The geometric mean of the polar component (y?) and disper-
sive component (y?) of the surface tensions of liquids and of the
surface energy of solids is given by the following equation:

Yo = ys+ v -2 O = 2/ V). (3)

Using Egs. (2) and (3)
attained,

, a linear equation such as y = ax + b is

(1 +cos (6)))

VoD
Vss 4)
ot -VOh Y22

ok
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where y = (y,((21+c7\/%9;)) and x = g contain the known values such
as the contact angle, the dispersive , and the polar ylp parts of the
liquid surface tension for each liquid. The linear regression of Eq. (4)
primes straight to the components of the solid surface energy y? = a*

and y¢ = b? with the total surface energy given by

ys =yl +9, ()

where y is the total surface energy, and y% and y? are the polar and
dispersive components, respectively.

C. Derivation and culture of human bone marrow
mesenchymal stem cells (hBMMSCs)

Bone marrow was collected from the iliac crests of adult
donors undergoing arthroplasty who had signed an agreement form
approved by the local ethical committee. The marrow was aspi-
rated and the cells were fractionated using a Hypaque-Ficoll density
gradient. Mononuclear cells were then isolated, seeded at a den-
sity of 5x 10* cells/cm?, and cultured in a-MEM supplemented
with 10% fetal calf serum (Invitrogen™, Cergy-Pontoise, France),
an L-glutamine of 2 mM, an FGF-2 of 1 ng/ml (Sigma-Aldrich,
Saint Quentin Fallavier, France), and antibiotics. Once the cells
reached ~80% confluency, they were harvested by trypsinization
(using 0.25% trypsin/1 mM EDTA, Invitrogen) and seeded at 2 x 10°
cells/cm?. After five passages, the cells were checked for the absence
of hematopoietic markers using reverse transcription-polymerase
chain reaction (RT-PCR), and these hBMMSCs were then used for
experiments. The media were changed three times per week, and the
cells were maintained in a 5% CO, atmosphere at 37 °C.

D. Cell adhesion and proliferation

To assess cell adhesion and proliferation, hBMMSCs were
seeded onto various substrates, including thin films of VO,
uncoated glass, and plastic wells as a control, at a density of
10* cells/cm® in 24-well plates with a-MEM medium. After a
2-h incubation period, non-adherent cells were removed by washing
them with phosphate-buffered saline (PBS). Adherent hBMMSCs
were subsequently harvested by trypsinization (0.25% trypsin/1 mM
EDTA, Invitrogen) and counted using the Countess™ II Automated
Cell Counter (Thermo Fisher Scientific) and trypan blue staining.
The same procedure was repeated at different time points (24 h and
10 days) to monitor cell proliferation.

E. Differentiation assays

Seven days after seeding, differentiation (adipogenic, chondro-
genic, and osteogenic) media were added, and cells were cultured for
an additional 2 weeks, with media changes twice a week. Afterward,
they were prepared for staining and gene expression. Composi-
tion media: Osteogenic medium (MEM « supplemented with 0.1%
antibiotics, 10% FBS, a dexamethasone of 100 nM, an ascorbic acid-
2 phosphate of 50 ug/ml, a 3-glyceraldehyde of 10 yuM), adipogenic
medium: (MEM « with 0.1% antibiotics, 10% FBS, a dexamethasone
of 100 nM, an Isobutylmethylxanthanine of 0.5 mM), or chon-
drogenic medium: [Dulbeccos Modified Eagles Medium-high glu-
cose with glutamine and sodium pyruvate (DMEM, Dutcher), 0.1%

pubs.aip.org/aip/apm

antibiotics, a dexamethasone of 100 nM, an ascorbic acid-2 phos-
phate of 50 ug/ml, a proline of 40 yg/ml, transforming growth factor
B-3 (TGF beta 3), and Insulin Transferrin Selenium media sup-
plement x(ITS + 1)]. (All materials are from Sigma-Aldrich unless
mentioned.)

F. Histological staining

To investigate the differentiation activity of cells on oxide thin
films, oil red, alizarin red, and alcian blue staining were done.
After 2 weeks of differentiation assay, the cells were fixed with 4%
paraformaldehyde (PFA), and after being washed with phosphate-
buffered saline (PBS), cells were kept at 4°C in PBS. The staining
tests consist of washing with distilled water (H20d) and incuba-
tion with alcian blue, alizarin red, or oil red solutions for 30 min.
After alizarin red and oil red staining, samples were washed four
times with H20d and fixed on microscopic histological glass slides.
After alcian blue staining, samples were washed with H20d, and cell
layers were analyzed in 1% sodium dodecyl sulfate (SDS). Aliquots
of the lysates were transferred to a 48-well plate, and absorbance
at 616 nm was determined for triplicate samples (Multiskan GO
spectrophotometer, Thermo Scientific™).

G. Real-time reverse polymerase chain reaction

Aside from histological staining, RNA was extracted by using a
Qiagen kit (RNeasy® mini kit 250), according to the manufacturer’s
protocol. Total RNA (1 ug) was treated with DNAse before reverse
transcription into cDNA using the MMLV enzyme (Invitrogen by
Thermo Fisher Scientific) and oligo T primers. Specific transcripts
were then amplified by real-time PCR on the StepOnePlus appa-
ratus (Thermo Fisher Scientific) targeting (RUNX2), chondrogenic
(COL2A1), and adipogenic (CEBP/a) genes. Reactions were done
using Power SYBR Green mix (Thermo Fisher Scientific) for 40
cycles (30 s at 95 °C/1 min at 60 °C). GAPDH, RPL13, and B2MG

TABLE . Primer sequences used for RT-PCR analysis.

Gene Primer

F: GGCTCAGCTCTCTCCATCTC
R: GGGGACTGGAGCCATAGTG
F: ACTGGGACCCTCAGCCTTG

OST (osterix)

CBPa (CCAAT enhancer-
binding protein alpha)

R: TGGACTGATCGTGCTTCGTG
F: GTGCCTATCAGGACAAGGTCT
R: GATGCCTTTCACCACGACTTC

F: ATGGGGAAGGTGAAGGTCG

ACAN (aggrecan)

GAPDH (glyceraldehyde-
3-phosphate
dehydrogenase)

R: TAAAAGCAGCCCTGGTGACC
RPL13 (ribosomal protein ~ F: GTTCGGTACCACACGAAGGT
L13)

R: CTGGGGAAGAGGATGAGTTTG
B2MG F: GAGGCTATCCAGCGTACTCCA
(beta-2-microglobulin)

R: CGGCAGGCATACTCATCTTTT
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FIG. 1. Schematic diagram illustrating the components of the contact angle.

housekeeping genes were used to normalize mRNA expression
levels calculated by the 2 — AA Ct method. The sequences of the
primers used are given in Table I.

Standard a-MEM medium was used for cell culture, and dif-
ferentiation media were introduced after one week of culture. The
media were refreshed twice a week. Total RNA was extracted from
cells cultured in osteogenic and chondrogenic media for 16 days
using a RNeasy Mini kit (Qiagen), according to the manufacturer’s
instructions. Next, an extracted RNA of 500 ng was reverse tran-
scribed into ¢cDNA using an Invitrogen kit after the DNAse I

(a)
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treatment. The 272 “ method was used to calculate nRNA expres-

sion levels, which were normalized using the GAPDH, RPL13, and
B2MG housekeeping genes.

lll. RESULTS AND DISCUSSION
A. Film characterization

Before conducting the in vitro experiments, various techniques
were utilized to characterize the vanadium dioxide films and gather
information about their properties, including thickness, roughness,
and wettability. Surface roughness was evaluated using the AFM
technique, and the surface profiles of the control sample (uncoated
glass slide) and VO film deposited at 400 °C were compared in
Figs. 2(a) and 2(b). The roughness was found to slightly increase
with film thickness, where the roughness of a 6 nm film was
~0.20 nm and that of a 26 nm film was 0.79 nm. The roughness of the
uncoated glass substrate was ~0.1 nm, while the VO, samples had a
roughness in a range of 0.2-0.8 nm, indicating a smooth surface of
the films and good quality of the PLD-grown VO thin films.

(b)

R,(V0,)=0.46 nm

—— Simulated data
Expermintal data

105 L

104 -

(d)

10% |

Intensity [arb. unit]

10" |

0.5 1.0 1.5 2.0 2.5
20 [deg.]

FIG. 2. AFM images showing the surface profiles of the glass substrate (control) (a) and VO thin films (b). The corresponding average roughness (Rj) is indicated below
each figure. Typical VOy thin films were analyzed for their XRD patterns (c) and XRR curves (d).
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Different
VO, liquids
Thin films on
glass substrate
With varying thickness

Water

6 nm

12 nm

19 nm

26 nm

Glycerol

FIG. 3. Contact angle images of vanadium oxide thin films with different testing liquids (water, ethylene glycol, and glycerol) are shown. The thickness of the films is also

indicated against each figure.

Although vanadium oxides can exhibit different stoichiome-
tries depending on temperature and other growth conditions, XRD
measurements revealed that the deposited thin films had an amor-
phous structure [Fig. 2(c)]. This is evident from the two broad peaks
of low intensity, indicating the absence of long-range ordering in
the structure. Hence, x-ray diffraction analysis does not provide
information about the stoichiometry or structure of the vanadium
oxide, and the composition of the vanadium oxide thin films will
be referred to as VO in the following. The thickness of the films
was extracted from Fig. 2(d) using the XRR technique, ranging
from 6 to 26 nm, resulting in a deposition rate of ~0.012 nm/laser
pulse.

When droplets of distilled water, ethylene glycol, and glycerol
were placed on VO, thin films of varying thickness, the contact
angle for all droplets was less than 90° (see Fig. 3), indicating that
the films were hydrophilic in nature. This hydrophilicity can be
attributed to the presence of surface hydroxyl groups on the metal
oxide thin films, which can easily form hydrogen bonds with water
molecules.”!

Figure 4 shows the evolution of the contact angle with the
thickness of VO, thin films. The contact angle values of distilled
water droplets on VO, thin films with thicknesses of 6, 12, 19, and
26 nm were 54.1°, 51.7°, 47.0°, and 40.9°, respectively, and with
ethylene glycol were 46.3°, 41.8°, 35.4°, and 26.7°, respectively. It
was observed that the contact angle decreased with increasing thick-
ness. Tungsten-doped vanadium dioxide (VO;) thin films deposited

on fused quartz were found to be extremely hydrophilic, yielding
similar results. In addition, iron dopants in VO, thin films resulted
in smaller water contact angles, indicating superior hydrophilic
properties.”” This phenomenon can be explained by the Wenzel
equations mentioned earlier, which indicates that an increase in
roughness with thickness results in increased hydrophilicity of these
surfaces as observed.

60 T T T T

55

i T
35| %\
30 | % e

Contact angle (deg.)

25

20 L ! L L
5 10 15 20 25 30

Thickness (nm)

FIG. 4. Variation of the magnitude of the contact angle with respect to the thickness
of VO, thin films. The contact angle with water and ethylene glycol is represented
by the symbols [l and o, respectively.
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FIG. 5. Evolution of total surface energy (Ill) and its polar (e) and dispersive
(A) components with varying thickness of the VO thin films.

B. Surface energy properties of VOy thin films

We used Egs. (4) and (5) to calculate the total surface energy
of VO, thin films, which varied from 47 to 69 m]/mz. To obtain

the surface free energy, we employed the dispersive (yf) fractions
reported previously, which were 21.8, 34, and 29 for water, ethylene
glycol, and glycerol, respectively, as well as the polar (yf ) fractions,
which were 51.0, 30.4, and 19.3 mJ/m? for the same liquids.

For the 6 nm VOj thin film, the polar, dispersive, and total sur-
face energies were 7.63, 39.56, and 47.19 mJ/m?, respectively. For the
26 nm thin film, the polar, dispersive, and total surface energies were
1.20, 67.32, and 68.52 mJ/m?, respectively, as shown in Fig. 5. The
polar component of the surface energy decreased with increasing
thickness due to weaker Coulomb interactions between permanent
and induced dipoles. Figure 5 also revealed that the dispersive com-
ponent contributed significantly to the surface energy, which was
related to van der Waals interactions resulting from charge motion
at the thin film surface.

The reason for this phenomenon could be attributed to the dif-
ferent oxidation states of vanadium, which react differently with
liquids depending on their polarity. In addition, the variation in
particle size distributions during the pulsed laser deposition (PLD)
growth of VO, thin films could lead to higher packing efficiency of
powder beds, resulting in a lower wetting effect, a decreased contact

Plastic control Glass control

(a)

(b)

Adhered cell number per field

Plastic control

Glass control

FIG. 6. Cell density of hBMMSCs cultured on glass and plastic control and VOy thin films after 2 h of culture. (a) Phase contrast images of hBMMSCs on glass control and
VO, surfaces were recorded after 10 days of culture (scale bar = 400 4 m). (b) shows the corresponding cell density of glass and plastic control vs VOy surfaces, respectively.
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angle (better wetting), and increased surface energy.”” To confirm
the oxidation state of vanadium, we are currently conducting x-ray
photoelectron spectroscopy (XPS), and the results will be published
in a separate publication.

C. Adhesion and proliferation of hBMMSCs
on VOy thin films

We assessed the initial adhesion of cells onto substrates at
2and 4 h [see Fig. 6(a)] and captured several microphotographs. Cell
counting was performed and indicated that there were only slight
differences in cell adhesion between vanadium oxide films and bare
glass or plastic substrates. However, the adhesion of hBMMSCs to
vanadium appeared to be somewhat lower, although the difference
was not significant. In addition, we captured microscopy images
after 10 days to monitor cell proliferation and growth (given in the
supplementary data video 10 days). The obtained images revealed
that cells cultured on plastic and glass substrates had reached con-
fluence, while those cultured on VO did not completely cover the
surface, likely due to the lower initial adhesion observed. Therefore,
our results suggest that VO, interferes with hBMMSCs adhesion but
does not impact cell growth.

Although there are no published works using vanadium oxides
for human mesenchymal stem cell culture, a few articles exist on
vanadium compounds used with other types of cells. For example,
Srivastava et al. investigated the ability of V(IV) oxides to control
the osteoblastic differentiation of C3H10t1/2 mouse cells.”* Their
results show that V (IV) oxide causes increased phosphorylation of
the proteins ERK 12, IB, and NFBp65. Inhibition of osteoblast dif-
ferentiation by ERK and NFB pathway inhibitors was abolished in
the presence of V (IV) oxide, as demonstrated by RT-PCR, alizarin
red staining, and immunoblot analysis. These results suggest that V
(IV) oxide can stimulate osteoblast differentiation via the ERK and
NEFB signaling pathways, suggesting its potential as an agent for bone
formation.”* Vanadium oxides have also been used in the form of

pubs.aip.org/aip/apm

nanotubes and found to be cytotoxic to human colon carcinoma cells
by Rhoads et al. who showed that these cells lost viability after a few
hours.”

D. Influence of VO, coating on chondrogenic,
osteogenic, and adipogenic differentiation
of hBMMSCs

To assess the influence of VOx oxide films on the differentia-
tion potential of hBMMSCs, cells were seeded on VO, thin films,
uncoated glass, or regular plastic wells. After adhesion for 48 h, they
were cultured for 2 weeks under a regular medium (control) before
fixing and preparing the cell layers for cytological staining, namely
Alcian blue (proteoglycans accumulation), Alizarin red (calcium-
rich sites of mineralization), and Oil red. Figure 7 illustrates that
culturing hBMMSCs on VOj substrate affects their differentiation.
They exhibit more proteoglycan accumulation (Alcian blue stain-
ing) and fewer calcium sites of mineralization (Alizarin red), while
calcium sites of mineralization (Alizarin red) and the number of
lipidic vesicles remain unchanged (Oil red) (lipidic vesicles stain-
ing). Parallel cultures were also conducted under specific media
that direct the cells toward chondrogenic, osteogenic, or adipogenic
differentiation. When seeded on plastic or glass wells, hBMMSCs
show good trilineage differentiation, with clear staining with Alcian
blue, Alizarin red, and Oil red in comparison to respective controls.
However, culture on VO, thin films alters the behavior of the cells
by altering osteogenic differentiation while enhancing adipogenic
differentiation.

To confirm the observations made by cytological staining,
gene expression analysis was done on parallel cultures. HBMMSCs
were cultured on VO, thin films, uncoated glass, and plastic
wells for 2 weeks. In order to observe the net effect of the
oxides vs control on differentiation, we culture the cells only with
regular media, without those that enhance their differentiation.

Control Chondro. Control Ostéo. Control Adipo.
= o, . F - ’ .
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0 ¥
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n:‘bv 4 N
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FIG. 7. Cytological staining with alcian blue, alizarin red, or oil red for hABMMSCs differentiation potential. Microphotographs were taken using a bright-field microscope at a

magnification of 10x.
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FIG. 8. Chondrogenic (COL2A1 and ACAN), Osteogenic (OSTERIX), and adipogenic (CEBP) differentiation of hBMMSCs on plastic, glass, and VOy thin film substrates after
14 days of culture. A statistical evaluation was performed by comparing the samples with the glass and plastic substrates.

RNA was extracted, and real-time RT-PCR analysis was per-
formed for specific gene expression. Figure 8 shows the normal-
ized expression of COL2A1 and ACAN (for chondrogenic lineage),
Osterix (for osteogenic), and C/EBPalpha (for adipogenic lineage)
with GAPDH, RPL13, and B2MG as housekeeping genes. How-
ever, while Osterix and C/EBPa expressions are unaffected, ACAN
expression is greatly enhanced when the cells are in contact with
VOy (as shown in Fig. 8). These observations are consistent with
cytological staining that showed more proteoglycan production
under culture on VO, while no mineralization or lipidic vesicles
were seen.

IV. CONCLUSION

To summarize, we employed the pulsed laser deposition tech-
nique to create thin films of vanadium oxide (VOy), which we then
used as substrates for the development of human bone marrow
mesenchymal stem cells (hBMMSCs). The VOx coatings had flat
surfaces that were hydrophilic in nature. According to the findings
of our comprehensive investigation, the VOy films had a marginally
inhibitive effect on the adhesion and proliferation of hBMMSCs,
although this effect was not statistically significant. Furthermore,
we found that VO, coatings promote chondrogenesis while hav-
ing some influence on osteogenic or adipogenic differentiation.
These findings are corroborated by cytological staining as well as

real-time RT-PCR gene expression analyses. Our findings emphasize
the necessity of understanding the mechanisms and reactions behind
vanadium oxide’s impacts on cell behavior, notably the relevance of
surface chemistry and morphology in the materials’ interaction with
cells. When exploiting such surfaces to construct cell culture sub-
strates for screening tests and perhaps orthopedic prostheses, this is
extremely crucial.

SUPPLEMENTARY MATERIAL

The supplementary material consists of media files pertaining
to Section C describing the adhesion and proliferation of hBMM-
SCs on VO, thin films corresponding to cell culture on glass
(Extension 1), plastic (Extension 2) substrates, and VO
(Extension 3) thin films for 10 days.
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