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s modified with copper enhance
osteogenic differentiation of adipose derived stem
cells

Aniruddha Vijay Savargaonkar, *a Liszt Coutinho Madruga,b Amit H. Munshi a

and Ketul C. Popat ab

To achieve long term success of orthopedic implants, it is critical to have a successful integration of bone

and implant material. To accomplish this, various surface modifications have been investigated in research.

Even though titania nanotubes and copper have individually demonstrated successful stem cell adhesion,

proliferation and differentiation, these modifications have not yet been investigated together. In this

study, we fabricated copper-modified titania nanotubes and evaluated the adhesion, proliferation and

osteogenic differentiation of adipose derived stem cells on these surfaces. Implant surfaces also have to

interact with blood after insertion in the body. Several studies have shown the importance of blood clots

on material surfaces and their influence in differentiation of cells. Hence, blood clotting properties of

modified surfaces were also investigated through whole blood clotting, and platelet adhesion and

activation. The copper-modified titania nanotube surfaces demonstrated increased differentiation of

adipose derived stem cells towards osteogenic lineage as well as enhanced blood clotting properties,

thus they can be used as a potential surface for orthopedic implants.
1. Introduction

Due to their excellent biocompatibility, good corrosion resis-
tance, inertness and high specic strength, titanium and its
alloys have been established as a gold standard for orthopedic
biomaterials.1–3 Titanium, when exposed to air or water forms
an oxide layer that is inert and prevents further corrosion
making it as an ideal choice for orthopedic implants. It is
important for these implants to integrate appropriately with the
living bone as this will determine their long-term success.
However, their inertness sometimes inhibits sufficient
osseointegration that can lead to failure and formation of
brous tissue around the implant.4 Osseointegration is the
structural and functional connection between living bone and
the loading surface of the implant.5 Several surface modica-
tion strategies have been explored including but not limited to
modifying the surface chemistry, and/or surface topography to
enhance osseointegration.6–9 As bone has a hierarchical struc-
ture that ranges from the micro- to the nanoscale, a multi-scale
structure has shown greater promise as it is biomimetic and
provides a favorable environment for growth and differentiation
of mesenchymal stem cells as well as enables nutrient trans-
port.10 Hence, different nanoscale topographies have been
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investigated, such as nanowires, nanotubes, nanoowers,
nanorods, and nanoribbons11–15 at the nano scale, as well as
microscale topographies such as honeycomb-shape, parallel
groove formation, and micro-pits.16–18 Implant surfaces modi-
ed with nanoparticle layers have also shown a higher growth of
mesenchymal stem cells.19,20 In addition to surface topography,
the surface wettability also affects the behavior of mesenchymal
stem cells. Hydrophilic acid-etched surfaces demonstrated an
increase in mesenchymal stem cell proliferation.21 Surface
chemistry is a property which can drastically change the mate-
rial–cell interactions and can have a very versatile effect on cell
adhesion, proliferation and differentiation. Therefore, incor-
porating trace elements like silver (Ag), copper (Cu), strontium
(Sr) and zinc (Zn), compounds like hydroxyapatite and groups
like carboxyl (–COOH) and amino (–NH2) as well as effect of
incorporating proteins like bone morphogenic protein and
peptides on the osteogenic differentiation of stem cells have
been explored.22–28 Some of the above-mentioned surface
modications have also been combined to fabricate multi-
functional surfaces which resist bacteria adhesion, whilst
encouraging cell adhesion and growth.29

Additionally, osseointegration is also inuenced by the
blood clot formation on the implant surface when it comes in
contact with the biological environment.30,31 This blood clot is
the rst step towards wound healing process. Platelets are the
rst cells to contact the implant surface that eventually helps in
clot formation aer their activation on the surface. Surface
topography and chemistry also plays a critical role in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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modulating the rate of the platelet activation, thus inuencing
the blood clot formation and initiation of wound healing
process.32,33 Blood clot has shown to inuence the bone regen-
eration process with delayed bone growth observed in animal
studies when blood clot was removed.34 As the clot constitutes
biodegradable materials, it works as an important source sig-
nalling molecules and growth factors. Additionally, the clot also
provides a three-dimensional matrix for cell adhesion and
migration.32 The clot also provides space for supporting cell
inltration, proliferation and differentiation.34 In addition to
contributing towards clot formation, platelets in the form of
platelet rich plasma (PRP) have also shown to provide growth
factors and support faster differentiation of mesenchymal stem
cells to osteoblasts.35 Presence of clot also allows for contact
osteogenesis which is a superior healing method as compared
to distant osteogenesis.35 Surface topography and chemistry,
therefore, are critical in inuencing not only the osseointegra-
tion but also the blood clot formation. Research has shown that
acid – etched, hydrophilic surfaces and surfaces with nano-
structured topography or increased roughness have shown
enhanced blood clot formation.36–39

In this study, copper modied titania nanotube surfaces
were fabricated as a potential surface for orthopedic implants.
Titania nanotube surfaces are easy to fabricate, and previous
research has shown enhanced biocompatibility, improved
antibacterial properties and higher adhesion & differentiation
of stem cells.1,40–44 Copper (Cu) is the third most abundant trace
element found in the human body and plays an important role
in wound healing and maintaining bone volume in addition to
preventing cell damage and resisting bacterial infections.45 Cu
has also shown to enhance the osteogenic differentiation of
mesenchymal stem cells (MSCs).46 Deciency of Cu has also
been shown to be a cause of osteoporosis in humans.47 Previous
studies have shown that presence of copper leads to higher
expression of osteogenic proteins like osteocalcin (OCN) and
alkaline phosphatase (ALP) as well as enhanced calcium depo-
sition in vitro.45,48,49 Thus, in this study the favorable topography
of titania nanotube surfaces was modied with copper and the
interaction of these surfaces with adipose derived stem cells
(ADSCs) was investigated. ADSCs adhesion, proliferation and
differentiation were investigated using uorescence & immu-
nouorescence microscopy, scanning electron microscopy and
protein expression assays. To understand the blood clotting
properties of these surfaces, platelet adhesion and activation,
and whole blood clotting was also investigated. The results of
the study indicate that copper modied titania nanotube
surfaces demonstrate enhanced osteogenesis as well as blood
clotting, thus making them a possible surface for orthopedic
implants.

2. Material and methods
Fabrication of copper modied titania nanotube surfaces

Titania nanotube surfaces were fabricated from commercial
grade titanium (Ti) foils using an anodization and annealing
process as discussed elsewhere.44,50 Ti foils were cut into a size
of 25 mm × 25 mm × 0.5 mm and mechanically polished and
© 2024 The Author(s). Published by the Royal Society of Chemistry
cleaned before anodizing in an electrolyte solution of 95%
diethylene glycol (DEG), 3% DI water, 2% hydrouoric acid for
22 h at 55 V. Following the anodization, surfaces were rinsed
with DI water and isopropyl alcohol before annealing at 530 °C
for 3 h in an oxygen ambient environment with temperature
increment rate at 15 °C min−1 at the beginning of the process.
Copper modication was carried out through a novel one-step
physical vapor deposition process (PVD) under a high vacuum
of 40–60 mTorr with argon as the carrier gas. A copper chloride
(CuCl2) source was used for copper deposition. The surfaces
were annealed at 200 °C aer deposition to allow for copper
diffusion onto the surfaces. To understand the effect of nano-
tube surface topography as well as the copper modication, we
used the following surface combinations: titanium (Ti), titania
nanotube surfaces (NT), titanium with copper modication
(TiCu), and copper modied titania nanotube surfaces (NTCu).

Surface characterization

Surface topography and morphology were characterized for the
different surfaces using a JEOL 6500 eld emission scanning
electron microscope (SEM). Surfaces were coated with a 10 nm
layer of chromium (Cr) before imaging using a quorum coater to
enhance the conductivity. The SEM parameters were chosen as
follows: accelerating voltage of 15 kV, working distance of 10
mm, and vacuum pressure below 3 × 10−4 Pa.

Surface chemistry was characterized to evaluate the compo-
sition of copper on different surfaces using a PHI-5600 X-ray
photoelectron spectroscopy (XPS) probe equipped with Al Ka
X-ray source. Survey spectra was collected at a pass energy of
187 eV and a 0.05 eV step for 16 cycles. The data was analyzed,
and percentage of elements present on the surface was calcu-
lated using CASA XPS soware.

Adipose derived stem cell (ADSC) culture

Human ADSCs were obtained from Late Dr Kimberly Cox-York's
laboratory at Colorado State University. The ADSC isolation
protocol was approved by the Colorado State University Insti-
tutional Review Board. The cells were cultured in a growth
media composing of a –MEMmedia with 10% (v/v) Fetal Bovine
Serum (FBS) and 1% (v/v) penicillin/streptomycin1 at 37 °C and
5% CO2. The cells were cultured, and media was changed every
other day till they reached >80% conuence. Following expan-
sion, cells were detached using TrypLE and suspended in
growthmedia. All cells used in these studies were below passage
4. Prior to seeding of cells, all the surfaces were sterilized by
incubating for 10 min in 70% ethanol solution and kept under
ultraviolet light for 30 min before being rinsed three times with
phosphate buffer saline (PBS). The surfaces were then kept in
48-well plates with the nal volume of cells seeded on each
surface being 2.0 × 104 cells per well.

ADSC adhesion and proliferation on different surfaces

Cell adhesion and proliferation were evaluated through uo-
rescence microscopy. Aer days 4 and 7 of culture, the media
was removed, and the surfaces were rinsed three times with
PBS. The cells were then xed using a 3.7% (v/v) solution of
RSC Adv., 2024, 14, 34362–34371 | 34363
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formaldehyde in PBS for 15 min. Following three rinses with
PBS, the surfaces were kept in a 1% Triton X-100 solution in PBS
for 3 min and rinsed twice with PBS. Then the cells were stained
with rhodamine phalloidin in PBS for 20 min for cytoskeleton
and DAPI was added in the last 5 min for staining the nucleus.
The surfaces were then rinsed twice in PBS and le in PBS till
imaging under a uorescence microscope. The amount of
ADSCs adhered on surfaces was determined by counting the
stained nucleus on the surfaces. The ADSC proliferation was
also evaluated using a CellTiter-Blue assay (Promega) aer 4
and 7 days of culture. The manufacturer's protocol was
followed.51

The cell morphology was evaluated using SEM. Aer the
incubation period, the cell growth media was removed, and the
surfaces were rinsed with PBS. Cells on the surfaces were xed
by immersing the surfaces in a xative solution containing 3%
glutaraldehyde, 0.1 M sucrose and 0.1 M sodium cacodylate in
DI water for 45 min. Once the cells were xed, they were allowed
to sit in a buffer solution (xative solution without glutaralde-
hyde) for 10 min. The surfaces were immersed subsequently in
35%, 50%, 70%, and 100% ethanol solutions for 10 min each.
Finally, the surfaces were stored inside a desiccator before
taking SEM images. Prior to imaging, the surfaces were coated
with 10 nm chromium (Cr) to increase the conductivity. SEM
images were captured at different magnications from 500× to
5000×. The following imaging parameters were chosen: accel-
erating voltage of 3 kV, working distance of 10 mm, and vacuum
pressure below 3 × 10−4 Pa.
ADSC differentiation on different surfaces

Aer 7 days of culture, the cells were exposed to differentiation
media that included growthmedia plus 10−8 M dexamethasone,
50 mg mL−1 b-glycerol phosphate and 6 mM ascorbic acid to
induce osteogenesis. The differentiation media was changed
every other day from day 7 to day 28. Aer days 14 and 28 of
culture, the media was removed and 500 mL of 0.2% (w/v) Triton
X-100 in sterile DI was added to the wells. The surfaces were
shaken for 20 min at 150 rpm to remove all the proteins from
the cells. The differentiation was then evaluated through the
following quantitative assays: total protein content, alkaline
phosphatase (ALP) activity and calcium concentration:

� To determine total protein content, 150 mL of Triton–
protein mixture was added to a 96-well plate and 150 mL of
working reagent made from micro-BCA protein assay kit. The
well plate was then covered with foil and incubated for 2 hours
at 37 °C and 5% CO2. The absorbance was read at 562 nm. The
total protein content was determined from a standard absor-
bance curve versus known concentration of albumin standard
provided by the manufacturer.

� To determine ALP activity, 50 mL of the Triton–protein
mixture from each well was added to a 96-well plate and 150 mL
of working reagent made from QuantiChrom™ Alkaline Phos-
phatase Assay Kit. The absorbance was read at 405 nm and
repeated aer 4 min. The absorbance was converted to
concentration using ALP standard and data was normalized
using the total protein content.
34364 | RSC Adv., 2024, 14, 34362–34371
� To determine calcium deposition on each surface,
a commercially available calcium reagent test (Teco Diagnos-
tics) was used. The Triton–protein mixture was removed and
a 6 M HCL (hydrochloric acid) concentration was added to the
wells and the well plate was le in the shaker overnight to
ensure all the calcium was dissolved into the solution. Aer 12
hours, 20 mL of calcium-acid solution was added to 1 mL of
working reagent and absorbance was read at 570 nm and was
converted to concentration using a calcium standard provided
by the manufacturer.

The differentiation of the cells was also evaluated through
immunouorescence microscopy for osteocalcin. Aer 14 and
28 days of culture, the media was removed, and the surfaces
were rinsed three times with PBS. The cells were then xed
using a 3.7% (v/v) solution of formaldehyde in PBS for 15 min.
Following three rinses with PBS, the surfaces were kept in a 1%
Triton X-100 solution in PBS for 3 min and rinsed twice with
PBS. Following the Triton X-100, surfaces were immersed in
a 10% solution of bovine serum albumin (BSA, Sigma) for
30 min to blocks non-specic binding sites in the cells. Aer
removing BSA, the surfaces were rinsed with PBS and osteo-
calcin primary antibody (Santa Cruz Biotechnology) was added
at a dilution of 1 : 100 in 1% BSA for 60 min. The surfaces were
again washed with PBS three times, followed by adding of the
secondary antibody, FITC (Santa Cruz Biotechnology) at a dilu-
tion of 1 : 200 in 1% BSA for 45 min. The surfaces were then
washed with PBS which was followed by the staining with
rhodamine phalloidin and DAPI, process for which has been
explained in the previously. The surfaces were then rinsed twice
in PBS and le in PBS till imaging under a uorescence
microscope.
Platelet adhesion and activation

Whole human blood was drawn from healthy individuals with
formal consent by a trained phlebotomist. The protocol was
approved by the Colorado State University Institutional Review
Board, which follows the National Institutes of Health's
“Guiding Principles for Ethical Research”. Whole blood was
obtained in 10 mL vacuum tubes coated with ethyl-
enediaminetetraacetic acid (EDTA) to avoid clotting. Platelet
Rich Plasma (PRP) was obtained by centrifuging whole blood at
150 g for 15 min. The surfaces were placed in a 48 well plate and
incubated in 500 mL PRP for 2 hours at 37 °C and 5% CO2.

Platelet adhesion was investigated using uorescence
microscopy. Aer the incubation period, surfaces were rinsed
twice with PBS to remove unadhered platelets and incubated in
a 5 mM solution of calcein for 20 min at room temperature in
a dark environment to stain the platelets. Aer the incubation
period, the surfaces were rinsed once with PBS and stored in
PBS before being imaged using a uorescence microscope.
ImageJ was used to quantify the adhered platelets on different
surfaces. Platelet activation was investigated using SEM. The
surfaces were rinsed with PBS and xed using a similar process
as described earlier. The surfaces were coated with chromium
and imaged in SEM with the similar parameters.52,53
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Whole blood clotting

Human blood was drawn from healthy individuals by a trained
phlebotomist in 3 mL vacuum tubes without anticoagulants. To
evaluate whole blood clotting, 7 mL of blood was placed on
different surfaces in a 24 well plate. The blood was allowed clot
for 15, 30 and 45 min. Aer the specic time interval, 700 mL DI
water was added to the wells and the surfaces were gently
agitated for 5 min on a shaker to lyse the red blood cells and
release hemoglobin. Blood that was not exposed to any surface
was used as control (100% hemoglobin release). The absor-
bance of hemoglobin was measured using a plate reader at
540 nm. The control was read immediately aer collection (0
min).53,54
Fig. 1 Representative SEM images of different surfaces.
Statistical analysis

Surface characterization was repeated for at least six different
samples of each surface. Cell studies were performed two times
with at least three different samples in each group (nmin = 6).
Blood studies were performed three times with at least three
different samples in each group (nmin = 9). The quantitative
results were analyzed by two-way analysis of variance (ANOVA)
and Tukey's honestly signicant difference (HSD) test using the
JMP soware with signicant results considered when p < 0.05.
The data presented here is from one study and similar trends
were observed from other cell studies as well.
Table 1 Surface elemental composition for different surfaces

% Ti 2p % C 1s % O 1s % Cu 2p % Cl 2p

Ti 32.72 53.58 6.88 — —
NT 29.49 16.94 48.07 — —
TiCu 8.42 34.89 29.96 3.31 1.90
NTCu 24.30 20.17 43.19 0.69 0.94
3. Results and discussion

In previous study, copper modied titania nanotube surfaces
were fabricated and evaluated for their antibacterial and anti-
fouling properties against Gram-positive and Gram-negative
bacteria.44 The adhesion, growth and morphology of bacteria
was evaluated. The results indicated that NTCu surfaces dis-
played signicantly lower bacteria adhesion, growth as well as
biolm formation (p < 0.05). Against Gram-positive bacteria,
NTCu surfaces displayed around 15–20% less bacteria adhesion
and growth in comparison to all other surfaces which was
similar to the Gram-negative bacteria where a 10–15% reduc-
tion was observed.44 This reduction was observed due to the
nano-topography of the surface and the presence of copper on
the surface. Incidentally, these properties also inuence cell
adhesion, proliferation and differentiation. Hence, in this
study, we investigated the ability of these surfaces towards the
cell viability, adhesion, proliferation and differentiation of
ADSCs towards osteogenic lineage. As blood clotting also plays
a critical role in the osteogenic differentiation, the interaction
of surfaces with platelet rich plasma and the clotting properties
with whole blood were evaluated.

Surface topography of all the surfaces (Fig. 1) was charac-
terized in detail and is discussed elsewhere.44 In brief, as ex-
pected, Ti surfaces did not have any distinctive features and NT
surfaces displayed vertically oriented, uniform nanotube
surfaces. However, aer copper modication, there were no
signicant changes observed in the surface topography of NTCu
when compared with NT, indicating that the modication
process did not alter the surface topography at nanoscale. For
© 2024 The Author(s). Published by the Royal Society of Chemistry
long term success of implants, the modication strategies
should maintain the topography of the original surface as it is
critical in affecting cell adhesion, proliferation and differenti-
ation as well as in blood clot formation.

Surface chemistry for all the surfaces was characterized and
explained in detail elsewhere using XPS (Table 1).44 In brief, as
expected, the XPS survey scans for all surfaces showed peaks for
titanium (Ti 2p), carbon (C 1s), and oxygen (O 1s). Presence of
carbon can be attributed to the impurities on the surfaces as
well as possible to carbon contamination of the XPS chamber.
However, there was lower carbon concentration on NT and
NTCu surfaces as compared to Ti surfaces since some of the
surface impurities were removed in the etching process as part
of anodization. Higher amount of oxygen present on NT and
NTCu surfaces can be attributed to anodization that results in
formation of more oxide on the surface. As expected, TiCu and
NTCu surfaces show the presence of Cu 2p peaks but also Cl 2p
peaks due to CuCl2 as a source to deposit Cu on surfaces. NTCu
surfaces have a higher copper content compared to TiCu
surfaces that can be attributed to the difference in surface
topography and surface area.

Initial cell viability, attachment and proliferation is impor-
tant as that will affect their long-term stability and cell differ-
entiation.55 The cell viability was evaluated using
a commercially available CellTiter-Blue assay (Promega) aer 4
and 7 days of cell culture (Fig. 2). Cell viability was calculated
using the reduction percentage of CellTiter-Blue. Living cells
reduce resazurin to resorun through dehydrogenase enzymes.
Hence, the higher the expressed resorun, greater the cell
RSC Adv., 2024, 14, 34362–34371 | 34365
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Fig. 2 Cell viability after 4 and 7 days of cell culture. Results are
normalized using the positive control.
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viability.56 The cell viability results for the surfaces were
normalized using a positive control (cells on tissue culture
polystyrene). All the surfaces displayed equivalent reduction of
CellTiter-Blue with no signicant difference aer 4 days of
culture. Aer 7 days, the copper modied surfaces (TiCu, NTCu)
showed a slight decrease in the viability as compared to the non-
modied surfaces (Ti, NT) indicating ADSCs had a higher
metabolic activity on these surfaces (Ti, NT).

The adhesion, proliferation, and growth of ADSCs on
surfaces were investigated through uorescence microscopy.
Fig. 3 (a) Cell count after 4 and 7 days of ADSC culture. Significant
difference is observed between cell counts for NT and NTCu. (b)
Representative fluorescence microscopy images of ADSCs stained
with DAPI (blue) and rhodamine phalloidin (red) after days 4 and 7 of
culture. [* represents p < 0.05].

34366 | RSC Adv., 2024, 14, 34362–34371
Aer 4 and 7 days of culture (Fig. 3), Ti surfaces had the highest
cell proliferation followed by NT, TiCu and NTCu respectively.
There was a signicant difference between cell proliferation for
NT and NTCu surfaces. Between day 4 and day 7, all the surfaces
displayed an increase in proliferation as seen by the higher cell
counts. The cell growth on NT and NTCu surfaces is elongated
as compared to spherical on the Ti and TiCu surfaces. The cell
adhesion was highest on Ti surfaces as compared to all other
surfaces. However, for long term stability of the implants, the
functionality of adhered cells on the surface is important. This
decrease could be attributed to the presence of copper on the
surfaces. Previous studies have shown lower proliferation but
enhanced differentiation due to the presence of copper.45 As
expected, the cell adhesion on nanotubes is similar to what has
been reported in previous studies.40,43,57 Though NT and NTCu
surfaces display lower cell density, the nanotubular topography
has been well established as a topography which promotes
osteogenic differentiation as well as communication between
cells. Copper has also demonstrated enhanced osteogenic
differentiation. However, while each of these modications
have been extensively researched, the combined effect of these
modications towards cell adhesion, proliferation and differ-
entiation has not yet been investigated.

Cell morphology was investigated using SEM (Fig. 4). As ex-
pected, cell morphology was similar to that reported by other
studies on Ti and NT surfaces.1,40,43,57 As seen on the uores-
cence microscopy images, there was an increase in the cell
proliferation on SEM images as well from day 4 to day 7 of
culture. As seen on uorescence microscopy, cell growth on the
nanotubular surfaces (NT and NTCu) are elongated. These
elongations are called lopodia which were clearer in the SEM
images and protruding across the surfaces. Filopodia are actin-
based cell protrusions which are critical in the cell adhesion
and sensing the environment around for contact guidance.58

Filopodia have been associated and are deemed important for
cellular response to nano-topography.40,43,59
Fig. 4 Representative SEM images of cells on surfaces after 4 and 7
days of culture.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Aer 7 days of ADSC culture on surfaces, osteogenesis was
induced by providing osteogenic media to cells for differentia-
tion to osteoblasts. Osteogenic media comprised of growth
media plus dexamethasone, b-glycerophosphate, and ascorbic
acid. The additives have to be added to the growth media
because the a – MEM media allows for rapid proliferation but
depresses the differentiation markers.60 Each additive plays
a key role to induce osteogenic differentiation, dexamethasone
induces and regulates the expression of Runx2 protein which is
a key transcription factor associated with osteoblast differenti-
ation. b-Glycerophosphate provides the phosphate for bone
mineral i.e. hydroxyapatite and ascorbic acid ensures osteo-
genic differentiation via increasing the secretion of collagen
type 1.61 Osteogenesis is critical in long-term stability of ortho-
pedic implants which plays an important role in preventing
device failure.1 The ability of the ADSCs to differentiate towards
osteogenic lineage was characterized aer 1- and 3 weeks of
providing differentiation media using immunouorescence
microscopy of a marker protein, osteocalcin as well as through
cell functions which are associated with osteoblast differentia-
tion – ALP activity, and calcium deposition.

ALP is a key component of bone matrix due to the role it
plays in mineralization and is an early indicator of immature
osteoblast activity.55 The expression of ALP is at its peak typi-
cally during the early differentiation of cells to mature osteo-
blasts, then it decreases before increasing again.62 The results of
ALP normalized as part of total proteins (Fig. 5) show that there
is an increase in the ALP content from week 1 to week 3 of
culture, with TiCu surfaces showing the highest level of ALP
within the surfaces at the end of culture aer 3 weeks. Lower
ALP expression aer week 1 is expected as the cells have not
been exposed to the differentiation media for an extended
duration of time. Hence, the differentiation is in its initial
stages. However, at week 3, we can see a higher ALP expression
which shows that cells are differentiating on all the surfaces.
Difference of ALP between TiCu and NTCu surfaces can be
attributed to the cyclical nature of ALP expression. ALP
expression might be higher for NTCu surfaces on week 2 and is
now in a decline whereas it is on the peak for TiCu surfaces.
Presence of copper and nanotube topography have individually
Fig. 5 Normalized ALP activity on surfaces after weeks 1 and 3 after
culture. [* represents p < 0.05].

© 2024 The Author(s). Published by the Royal Society of Chemistry
shown earlier differentiation and higher ALP expression.43,63

Hence, it could be possible that when these two modications
are combined, the maximum ALP expression happens earlier.

As calcium is one of the main components of hydroxyapatite,
which is produced during the mineralization process, it is
necessary to quantify it.1 Mineralization process is the process
through which cells produce hydroxyapatite which is the prin-
ciple inorganic component of the bone.1 Calcium and phos-
phorous are the main components of hydroxyapatite.
Phosphorous is already produced by cells in form of ALP. Cells
deposit hydroxyapatite crystals on the surfaces. Calcium
deposited on surfaces was dissolved in HCL and quantied
using a colorimetric assay (Fig. 6). All the surfaces have similar
calcium deposition and have increase between weeks 1 and 3 of
induced osteogenesis. Thus, showing that differentiation is
happening. NTCu surfaces have higher calcium deposition
normalized by total protein content as compared to all other
surfaces aer week 1 and compared to NT and TiCu surfaces
aer week 3. The lower calcium content shown on TiCu surfaces
also supports the high ALP expression as it means that cells are
still in the early differentiation phase for TiCu surfaces at week 3
of culture.

As stem cells differentiate to osteoblasts, matrix proteins are
secreted which are necessary for mineralization. Osteocalcin
(OCN) is one protein which is a late marker for osteoblasts
differentiation and is involved in bone matrix formation.40

Osteocalcin is the most abundant non-collagenous protein
found in bone.64 Immunouorescence microscopy was used in
this study to evaluate the OCN deposition for different surfaces
aer weeks 1 and 3 aer culture (Fig. 7(b)). Immunouores-
cence images show that OCN is present on all the surfaces and
increase from week 1 to week 3 of culture. The area covered by
OCN was analyzed using ImageJ soware and the area was
calculated and normalized by the number of nuclei (Fig. 7(a)).
As expected, all the surfaces display an enhanced OCN expres-
sion from week 1 to 3 aer culture. Despite having a lower cell
count, NTCu surfaces displayed higher OCN expression which
has also been observed in other studies with copper-based
surfaces.45,48 These images correspond to the ALP and calcium
deposition results which show an increase of osteogenic
Fig. 6 Normalized calcium deposition on surfaces after weeks 1 and 3
of culture. [* represents p < 0.05].
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Fig. 7 (a) Percentage area coverage by osteocalcin normalized by
number of nuclei after 1 and 3 weeks of culture. (b) Representative
fluorescence microscopy images of ADSCs stained with DAPI (blue),
osteocalcin (green) and rhodamine phalloidin (red) after weeks 1 and 3
of culture. [* represents p < 0.05].
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differentiation between week 1 and 3 of culture. The signicant
lower OCN expression of TiCu surfaces as compared to NTCu
surfaces also shows that copper as a modication by itself does
not prove to be a signicant improvement in the osteogenic
differentiation. However, when combined with nanotube, it
demonstrated a signicant increase in the differentiation of
ADSCs to osteogenic lineage.
Fig. 8 Representative SEM images of ADSCs after 1 and 3 weeks of
induced osteogenesis.

34368 | RSC Adv., 2024, 14, 34362–34371
To evaluate the morphology of ADSCs on surfaces, SEM was
used (Fig. 8). As expected, all the surfaces were covered with
cells and the extracellular matrix deposited by cells aer 3 weeks
of culture. Similar growth has been observed on nanotube
surfaces in other studies as well.1,40 Covering of the surface is
important as that will allow for new tissue formation. Cu
modied surfaces have a higher cell coverage as compared to
non-modied surfaces. This is especially true for NTCu and NT
surfaces. SEM results agree with calcium and OCN outcomes,
hence conrming that NTCu surfaces demonstrate a higher
level of cell differentiation from ADSCs to osteogenic lineages.

Platelet adhesion and activation on surfaces was character-
ized using uorescence and SEM respectively (Fig. 9). Platelet
adhesion is an indicator of thrombogenicity of the material and
is a precursor to platelet activation which can initiate the
coagulation cascade.53 All the surfaces have platelet adhesion
(green) on surfaces aer 2 h incubation in PRP (Fig. 9(b)).
Surfaces modied with copper i.e., TiCu and NTCu, have lower
platelet adhesion as compared to Ti and NT surfaces respec-
tively. Similar behavior from copper has been observed in other
studies as well.65,66 Additionally, nanotubular surfaces, NT and
NTCu also have lower adhesion as compared to Ti and TiCu
surfaces. This behavior of nanotube topography has also been
Fig. 9 (a) Percentage area of adhered platelets on the surfaces. (b)
Representative fluorescence microscopy images of platelets stained
with calcein (green) and SEM images of platelets on surfaces after 2
hours of culture. [* represents p < 0.05].

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed in previous studies.67 This decreased adhesion has
been attributed to Vroman effect in the literature as it replaces
the protein contributing to platelet adhesion, brinogen with
another plasma protein.67 The area covered by platelets in the
uorescence microscopy images was analyzed using ImageJ
soware and results are in agreement with the images which
show that as the modications increase, the platelet adhesion
decreases. NTCu surfaces had a signicantly lower adhesion as
compared to Ti.

Platelet adhesion to surfaces leads to rapid activation.
Platelet activation leads to change of morphology of the
adhered platelets, which can include spreading, dendrite
formation and aggregation of platelets.53,68 Activation of plate-
lets also changes their shape from a round (un-activated) to an
activated morphology which has nger-like extensions.53 All the
surfaces show activated platelets with very low number showing
the round morphology. The platelet morphology on the NT
surfaces is different from the one observed on NTCu surfaces,
with NT surfaces showing a morphology which has been
observed in other studies as well.69 NTCu surfaces have
a platelet morphology which is between that of TiCu and NT.
Hence, showing the difference brought by Cu on the platelet
activation. This clearly shows that each surface modication,
surface chemistry as well as surface topography inuences the
platelet adhesion cascade.

Whole blood clotting was characterized by a hemolysis
assay.54 Whole blood clotting offers an accurate thromboge-
nicity index and presents the combined effects of all compo-
nents.53,54 Human blood droplets were applied on the surfaces
and clot formation was analyzed aer 15, 30 and 45 min by
absorbance measurements. Free hemoglobin released from un-
clotted blood at time 0 was used as a control (Fig. 10). A
reduction in the absorbance value indicates an increase in the
procoagulant activity. As expected, all the surfaces show an
increased coagulation over time. However, as seen in platelet
adhesion, TiCu and NTCu show a delay in the coagulation
process as compared to Ti and NT surfaces over time. Similarly,
NT and NTCu surfaces show an increase in the coagulation
process over Ti and TiCu. Therefore, as seen in previous studies,
Fig. 10 Whole blood clotting data for surfaces after incubation for 15,
30 and 45 min. [* represents p < 0.05].

© 2024 The Author(s). Published by the Royal Society of Chemistry
chemical modication as well surface topography inuences
the coagulation.53
4. Conclusion

In this work, NTCu surfaces were fabricated and ADSC adhe-
sion, proliferation and differentiation to osteogenic lineage was
evaluated. The NTCu surfaces were characterized using SEM
and XPS for their surface topography and surface morphology
respectively. The SEM displayed vertically oriented nanotube
arrays across the NT and NTCu surfaces. There was also no
visible change in the surface topography aer copper modi-
cation. XPS survey scans showed the presence of copper on the
TiCu and NTCu surfaces. ADSCs were seeded on the surfaces to
evaluate the adhesion and proliferation. NTCu surfaces
demonstrated increased cell density aer 7 days of culture. Aer
7 days, osteogenic media was added to induce differentiation.
NTCu surfaces demonstrated the highest OCN expression as
well as higher calcium expression among all the groups. Hence,
demonstrating the osteogenic differentiation on the surfaces
aer 28 days of culture. Blood clotting characteristics were
evaluated through a whole blood clotting and platelet adhesion
and activation on the surfaces. NTCu surfaces displayed platelet
adhesion as well as activation and also displayed whole blood
clotting over time. These results show that copper modied
nanotube surfaces demonstrate enhanced differentiation of
ADSCs to osteogenic lineages and have a potential of being used
for fabrication of orthopedic implants.
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and M. H. Kudzin, Mar. Drugs, 2023, 21, 625.
66 E. Jelis, D. Kristol, R. R. Arora and C. R. Spillert, Proceedings

of the IEEE Annual Northeast Bioengineering Conference,
NEBEC, 2004, vol. 30, p. 127.

67 R. M. Sabino, K. Kauk, S. Movafaghi, A. Kota and K. C. Popat,
Nanomedicine, 2019, 21, 102046.
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