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Introduction

Combining QCM-D with live-cell imaging reveals
the impact of serum proteins on the dynamics of
fibroblast adhesion on tannic acid-functionalised
surfacest

Agnes Rogala,? Daria Zaytseva-Zotova,}® Enrique Oreja,? Alejandro Barrantes (9P
and Hanna Tiainen (2 *?

Nanocoatings based on plant polyphenols have been recently suggested as a potent strategy for modifi-
cation of implant surfaces for enhancing host cell attachment and reducing bacterial colonisation. In this
study we aimed to investigate how serum proteins impact the early adhesion dynamics of human gingival
fibroblasts onto titanium surfaces coated with tannic acid (TA). Silicate-TA nanocoatings were formed on
titanium and pre-conditioned in medium supplemented with 0, 0.1, 1 or 10% FBS for 1 hour. Dynamics of
fibroblasts adhesion was studied using quartz crystal microbalance with dissipation (QCM-D). Time-lapse
imaging was employed to assess cell area and motility, while immunofluorescence microscopy was used
to examine cell morphology and focal adhesion formation. Our results showed that in serum-free
medium, fibroblasts demonstrated enhanced and faster adhesion to TA coatings compared to uncoated
titanium. Increasing the serum concentration reduced cell adhesion to nanocoatings, resulting in nearly
complete inhibition at 10% FBS. This inhibition was not observed for uncoated titanium at 10% FBS,
although cell adhesion was delayed and progressed slower compared to serum-free conditions. In
addition, 1% FBS dramatically reduced cell adhesion on uncoated titanium. We revealed a positive
relationship between changes in dissipation and changes in cell spreading area, and a negative relation-
ship between dissipation and cell motility. In conclusion, our study demonstrated that serum decreases
fibroblasts interaction with surfaces coated with TA in a concentration dependent manner. This suggests
that controlling serum concentration can be used to regulate or potentially prevent fibroblasts adhesion
onto TA-coated titanium surfaces.

between the implant and its surrounding environment. This
barrier is essential for preventing microbial invasion and con-

The success of metallic implants in both orthopaedic and
dental applications is largely determined by their ability to
integrate with bone and soft tissue.' ™ Despite biocompatibility
and robust mechanical properties of implants, achieving soft
tissue integration remains challenging due to infections and
inflammation resulting from poor wound healing and
regeneration.”® Consequently, cutrent studies focus on the
initial stages of cell adhesion following implantation, a critical
phase during which various cells establish a biological seal

“Department of Biomaterials, Institute of Clinical Dentistry, University of Oslo,
Postboks 1109 Blindern, 0317 Oslo, Norway. E-mail: hanna.tiainen@odont.uio.no
bClinical Oral Research Laboratory, Institute of Clinical Dentistry, University of Oslo,
Norway

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4bm00184b

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2024

tributes significantly to the implant’s long-term survival.®
Various strategies are being employed to modify the
implant surface properties, such as roughness, morphology
and chemical composition, which aim to enhance cellular
attachment and thereby improve healing and regeneration pro-
cesses.” More recent approaches have focused on using
various biomolecules to form nanocoatings, including ECM
proteins, growth factors, peptides, and polysaccharides.?
Bioactive layers deposited on implant surfaces demonstrated a
strong ability to impact the biological response of the sur-
rounding tissues. For example, titanium (Ti) surfaces coated
with collagen I have been shown to accelerate initial attach-
ment and growth of both fibroblasts®'® and osteoblasts.""
Similarly, RGD (Arg-Gly-Asp) peptides immobilised on the
titanium dental implants enhanced adhesion and proliferation
of fibroblasts and epithelial cells."”> These monofunctional
strategies, however, do not address the problem of poor tissue
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integration in its full complexity. Developing surfaces functio-
nalised with molecules that possess multifunctional pro-
perties, such as enhancing cell adhesion, preventing bacterial
colonisation, and reducing tissue inflammation would facili-
tate better implant integration.

Currently, polyphenols have emerged as new agents that
can modulate the functions of biomaterials, contributing to
enhanced tissue regeneration."*'* Ti surfaces coated with
quercitrin have been found to improve implant integration by
increasing fibroblasts attachment, improving the mineralis-
ation processes in mesenchymal stem cells, and inhibiting
biofilm formation.">'® Tannic acid (TA) is also considered as
an interesting candidate for biomedical applications due to its
biocompatible nature, antibacterial activity, and unique
physicochemical properties that enable it to interact with a
broad variety of biological macromolecules (e.g. proteins and
polysaccharides) and materials."””'® Studies investigating the
interaction between TA deposited on various surfaces and
human cells showed that the molecule promoted adhesion,
proliferation and morphological changes of different cell
types.'®?°® Additionally, TA inhibited biofilm formation by
several bacteria species related to the infections associated
with bone-anchored implants.?* >3

Understanding how cells interact with functionalised sur-
faces is an essential step in the development of biomaterials
that enhance implant integration and tissue regeneration.
Traditional techniques for studying these interactions like
fluorescence microscopy, atomic force microscopy, western
blotting, and ELISA, despite numerous advantages often have
limitations such as being time-consuming, expensive, and
invasive. Additionally, they usually provide limited real-time
insights into adhesion and detachment events because of the
necessary steps of fixation and permeabilization.>*°
Overcoming these challenges, quartz crystal microbalance with
dissipation monitoring (QCM-D) has emerged as a powerful
tool to study cell behaviour on various substrates. This non-
invasive, highly sensitive, and label-free technique allows real-
time monitoring of events at material surfaces or within thin
films.”” Its application in cell studies, including those on
fibroblasts,?® osteoblasts,>® epithelial cells®® and stem
cells,®® has enabled the identification of various key events
occurring on the surface throughout cell adhesion: (i) initial
attachment, (ii) secretion of ECM components, (iii) cell spread-
ing, (iv) focal adhesions formation, and (v) cytoskeletal
rearrangements.”” QCM-D has been effectively used for moni-
toring cell response to the uncoated surfaces, including bare
titanium,*® and surfaces pre-coated with various ECM and
serum proteins, such as collagen,® albumin,®® and
fibronectin®~°® providing an accurate insight into cell-
protein—substrate interactions.

Recently, formation of silicate-phenolic networks has been
proposed as a method for the controlled continuous depo-
sition of TA on implant surfaces for improved implant-tissue
integration.>®*° However, the biological response of cells and
human tissue to such TA surface modifications remains
unclear and further characterisation of the obtained nanocoat-
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ings is needed. This study was carried out to investigate the
relationship between surface properties, protein adsorption,
and the behaviour of hGFs on TA-coated titanium surfaces
treated with media containing increasing concentration of
serum. QCM-D employed in parallel with time-lapse
microscopy enabled a comprehensive analysis of initial attach-
ment and cell behaviour on the studied surfaces, while for-
mation of focal adhesions and changes in cell morphology
were assessed by fluorescence staining on cells fixed at several
time points.

Materials and methods

Materials

Tannic acid (MW = 1071.2 g mol™", LOT#MKBN9606 V),
HEPES (>99.5%), NaCl (ACS grade, >99.0%), sodium metasili-
cate pentahydrate (Si,q, >95.0%), bovine serum albumin (BSA,
cold ethanol fraction, pH 5.2, >96.0%), Tween® 20, Triton
X-100, phosphate buffered saline (PBS), sodium dodecyl sul-
phate (SDS), Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), propidium iodide (PI), 0.02%
trypsin-EDTA solution, paraformaldehyde and mouse mono-
clonal antibody to vinculin (V9131) were purchased from
Sigma-Aldrich. The secondary antibody Alexa Fluor™ 488 goat
anti-mouse IgG (A11029), Alexa Fluor™ 568 Phalloidin
(A12380) and CellTracker™ Green CMFDA dye were supplied
by Invitrogen™. DAPI was purchased from Thermo Fisher
Scientific. Solution of penicillin-streptomycin (10 000 units
per ml of penicillin and 10 g 1™ of streptomycin) and
GlutaMAX supplement were obtained from Gibco.

Cells and cell culture conditions

Primary normal human gingival fibroblasts (hGFs) purchased
from American Type Culture Collection (ATCC, USA) were cul-
tured in DMEM containing low glucose (1 g 17"), sodium bicar-
bonate (3.7 g 17") and supplemented with 10% (v/v) heat inacti-
vated FBS, 100 units per ml of penicillin, 0.1 g 17" streptomycin
and 2 mM GlutaMAX. The cells were cultured in a humidified
incubator with 5% CO, at 37 °C.

For cell experiments, a CO,-independent cell culture
medium (test medium) was prepared. The test medium con-
tained low glucose DMEM (1 g 17" glucose), 10 mM HEPES,
5 mM sodium bicarbonate, 100 units per ml of penicillin,
0.1 g I”" streptomycin, and 2 mM GlutaMAX. The test medium
supplemented with 0, 0.1, 1 or 10% FBS was used for cell
experiments.

Tannic acid coating solutions

Tannic acid (TA) solutions for coating formation were prepared
as described previously.*® Briefly, TA was dissolved at a concen-
tration of 1 mg ml™" in buffer solutions containing 600 mM
NaCl, 100 mM HEPES and 80 uM Si,q at either pH = 6.8 or pH
= 7.8. The coated surfaces are referred to as TA68 and TA78
depending on the coating solution pH while the uncoated
control surfaces are called Ti.

This journal is © The Royal Society of Chemistry 2024
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QCM-D monitoring and time-lapse imaging

Cell adherence to Ti sensors with and without TA nanocoat-
ings was monitored in a QCM-D QSense® window module
(QWM 401) using a QCM-D QSense® E4 (Biolin Scientific) and
Leica SP8 upright confocal laser scanning microscope (CLSM,
Leica microsystems, Germany). The QCM-D and CLSM
measurements were not performed simultaneously using the
same chamber. Note that the actual flow rates were between
100 and 123% of the set pump rate.

Sensors preparation and TA deposition. Ti-coated quartz
crystal sensors (QSX 310) were cleaned according to the manu-
facturer’s protocol. Briefly, the sensors were sonicated in 2%
(w/v) SDS for 15 min and then in water for 15 min, rinsed with
96% (v/v) ethanol, dried with nitrogen gas, and finally treated
with UV-ozone (Novascan PSD-UV4) for 15 min. The sensors
were then equilibrated in the corresponding coating buffer at
100 ul min~" for 30 min and then coated with TA solutions at
a flow rate of 100 pl min™" for 30 min. The polyphenol solu-
tions were gently stirred (100 rpm) during the coating pro-
cedure to provide sufficient oxygen supply. The coated sensors
were rinsed in the respective buffer solution at 100 pl min™"
for 30 min to remove loosely bound material. All procedures
were carried out at 37 °C.

Equilibration in medium. For cell experiments, the prepared
sensors were equilibrated at 37 °C in serum-free test medium
for 1 h to establish a stable baseline (only uncoated Ti) and
after that in a respective test medium at a flow rate of 50 pl
min~" for 45-60 min. For modelling of protein corona thick-
ness, the sensors were equilibrated in coating buffer and then
coating buffer containing the required concentration of FBS
was injected at a flow rate of 100 ul min~" for 1 h; this set of
experiments was performed at 21 °C.

Cell injection and monitoring. Prior to cell injection, the
hGFs were stained with 1 pM CellTracker™ Green CMFDA dye
for 30 min at 37 °C. The labelled cells were collected by trypsi-
nisation, dispersed in the corresponding test medium at a con-
centration 0.5 x 10° cells per ml and injected into a QCM
module at 300 pl min~" (30 s). Cell injection procedure was
optimised beforehand to ensure even cell distribution on top
of the sensor and reproducibility (Fig. S1t). Measurements
were performed at 37 °C under 10 pl min™' flow of test
medium, which was supplemented with 0.1 uM PI to visualise
dead cells. Changes in frequency (AF) and dissipation (AD)
were continuously monitored at several harmonics (n = 3, 5, 7,
9 and 11) overnight. Time-lapse imaging was performed using
the CLSM equipped with an OkoLab Stage system maintaining
controlled temperature and humidity conditions, and the
images were captured with 15 min intervals with a 10x/0.40
HC PL APO CS objective.

QCM-D modelling

Calculations of layer thicknesses were performed with QTools
Software (BiolinScientific, V. 3.1.33). The TA layer thickness
was calculated according to Sauerbrey model, while protein
adlayer thickness was modelled using an extended Voigt visco-

This journal is © The Royal Society of Chemistry 2024
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elastic model using the 3™, 5*, and 7™ harmonics. Solutions
containing 0.1% and 1% FBS had viscosity = 0.73 mPa s and
density = 1 ¢ em™, while 10% FBS solutions had viscosity =
0.93 mPa s and density = 1.009 g cm™>.*" The QCM-D experi-
ments performed in triplicates for each FBS
concentration.

were

Cell morphology and focal adhesions

To assess changes in cell morphology and formation of focal
adhesions, the hGFs were cultured on top of Ti disks.

Deposition of TA on Ti disks and equilibration in medium.
Polished Ti disks (@ 6 mm) were cleaned similarly to the QCM
sensors and then autoclaved. The TA nanocoatings were
formed in aseptic conditions by incubating the disks first in a
corresponding buffer for 30 min and then in 2.5 ml per disk of
a TA solution on a rocking platform at 30 rpm for 30 min. The
coated disks were washed with buffer for 30 min, serum-free
medium for 60 min (only uncoated Ti) and then incubated in
the corresponding test medium for 45-60 min.

Cell cultivation on Ti disks. The hGF cells were seeded on
top of the disks at a density of 1 x 10* cells per well (200 pl per
well, test medium) in a 48-well plate and cultured under static
conditions at 37 °C in a CO,-free incubator for 1, 2, 6 and
24 h.

Modified cell seeding procedure. To test the effects of cell
seeding procedure, fibroblasts were seeded on top of the disks
coated with TA (pH 6.8) for 4 h. Uncoated Ti disks were used
as a control. Cells were added at a density of 1 x 10* cells per
well (100 pl per well) in medium containing either 0 or 10%
FBS and incubated at 37 °C. After 2 h, FBS concentration was
adjusted to 10% by adding 100 pl per well of fresh medium
containing 20% or 10% FBS, respectively, and cells were incu-
bated for additional 22 h.

Immunofluorescence staining. At each timepoint, HGFs
were rinsed with PBS and fixed in 4% (w/v) PFA for 20 min.
Cells were then permeabilised with 0.1% Triton X-100 for
10 min and incubated in blocking buffer (5% BSA in PBS) for
60 min. The samples were then treated with anti-vinculin
primary antibody (1:100 in 1% BSA/PBS for 60 min), and
DAPI (0.1 pg ml™" in PBS for 20 min in the dark). Thereafter,
the samples were incubated with secondary antibody goat anti-
mouse Alexa Fluor™ 488 (1:400 in 1% BSA/PBS for 30 min in
the dark) and counter-stained with Alexa Fluor™ 568
Phalloidin (1:4000 in 1% BSA/PBS for 30 min in the dark) to
visualise cytoskeleton organization. All the steps were per-
formed at room temperature. Images were captured under
upright CLSM equipped with 20%/0.50 HCX APO L U-V-I and
63x/0.90 HC APO UVIS CS2 objectives.

Data analyses

Origin® version 2022 (OriginLab Corporation, Northampton,
MA, USA) was used to create QCM-D and cell motility plots
and to analyse differences between the means for statistical
significance using a one-way ANOVA with post-hoc Tukey test.
Data were expressed as mean + standard deviation. Pierson’s
correlation coefficient was computed using Excel (Microsoft

Biomater. Sci, 2024,12, 3345-3359 | 3347
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365, WA USA). Differences were considered statistically signifi-
cant at p < 0.05 (¥), p < 0.01 (**), and p < 0.001 (***). Confocal
microscope images were analysed by using Image] Fiji
program (NIH, MD, USA).

Results and discussion
TA nanocoating deposition

In the present study, we combined QCM-D monitoring, time-
lapse microscopy and immunocytochemistry to investigate the
dynamics of cell adhesion process on tannic acid (TA) coated
titanium (Ti) surfaces. TA nanocoatings were formed by
30 minutes deposition of TA under non-oxidising (pH = 6.8) or
oxidising (pH = 7.8) conditions in the presence of silicic acid
as reported previously.*®?° The coating process was slower at
pH 6.8 (Fig. S21) and the TA layer reached a thickness of 2.9 +
0.7 nm (37 °C, n = 7). In comparison, deposition of TA at pH
7.8 resulted in a thicker layer of 7.3 + 1.5 nm (37 °C, n = 12).
These results correspond well to the previous report showing
that initial adsorption kinetics of TA is considerably slower at
lower pH.*® Importantly, the roughness of the tested surfaces
was comparable before and after the coating process (Fig. S31),
which was in agreement with our previous observations for
24 h coatings.*°

Pre-adsorption of proteins

Upon insertion into the body, implants become immediately
covered by the proteins from biological fluids, such as blood
and interstitial fluids.**> The composition, type, amount and
conformation of the adsorbed protein layer depend on the
physicochemical properties of the wunderlying surface.
Subsequently, this layer plays a key role in mediating cell-
surface interactions, including cell adhesion, growth and phe-
notypic behaviour.*”** To evaluate the impact of serum
protein adlayer on fibroblast adhesion dynamics, we pre-con-
ditioned the test surfaces with growth medium containing
fetal bovine serum (FBS). FBS is a complex mixture of biologi-
cally active molecules, including proteins, attachment factors,
growth factors and hormones. When these biomolecules make
contact with an implant surface, they may bind to it, conse-
quently altering interactions between cells and the implant.
Although a standard growth medium is usually supplemented
with 10% FBS, in vitro cell studies can utilise lower serum con-
centrations or even serum-free media. Therefore, in this study
we analysed cell behaviour in growth medium containing four
different FBS concentrations: 0, 0.1, 1 and 10%.

Following the introduction of FBS solutions into a QCM-D
chamber, we observed a rapid and concentration-dependent
decrease in resonance frequency (Fig. S4 and S5t). After the
initial drop, a plateau was reached, characterised by a fre-
quency change (AF) of less than 1% per minute. As AF is
associated with the mass deposited on the crystal surface, the
recorded change in frequency suggests a rapid initial protein
adsorption that slows down as the surface becomes saturated
with the proteins. The final plateau level of AF depended on
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the concentration of FBS, with more concentrated solutions
resulting in larger shifts in frequency, suggesting a higher
mass of adsorbed proteins on the sensor, which is in line with
previous report.*> Furthermore, AF was larger on TA-coated
surfaces compared to uncoated Ti. This difference can be
attributed to the abundance of hydroxyl groups (OH) present
in the phenolic groups of TA, which serve as potential multi-
point binding sites for proteins.*®

In addition, we observed an increase in dissipation (AD) fol-
lowing the FBS injection. While AD was comparable for 0.1%
and 1% FBS, a notable increase was observed at 10% FBS.
Overall, TA-coated surfaces yielded more dissipative protein
layers than uncoated Ti.

Fig. 1 summarises the thickness of the protein adlayer
formed after 1 hour of FBS deposition under model con-
ditions. Thickness of the protein layer serves as an indicator of
potential conformational changes for the adsorbed proteins,
such as deformation, unfolding, or globular transformation
during the adsorption process. Additionally, it provides
insights into the orientation of proteins within the layer, indi-
cating the direction in which proteins adhere to the surface.””
As can be seen from Fig. 1, the thickness of the adsorbed
protein layer increased with increasing serum concentration
and was comparable for both tested TA coatings. The protein
adlayer was thicker on TA coatings than on uncoated Ti in 0.1
and 1% FBS (p < 0.05) but was not significantly different
between the groups in 10% FBS. The increase of protein
adlayer thickness due to TA coating agrees with previous find-
ings for ~250 nm TA nanocoatings.*®

Cell adhesion dynamics monitored by QCM-D and time-lapse
imaging

Cell adhesion dynamics on the prepared TA coatings was
assessed by combining QCM-D monitoring with time-lapse
imaging. Cells were injected simultaneously into two QCM-
modules. One module was installed in the QCM-D analyser,

30

00.1% FBS
h + 01% FBS

< # m10% FBS

\%20 | # ‘]‘ °
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Fig. 1 Thickness of protein adlayer formed on TA-coated (TA68 and
TA78) and uncoated titanium surfaces modelled from QCM-D data. The
protein adlayer was formed by exposing surfaces to the coating buffer
supplemented with 0.1, 1, or 10% FBS during 1 h at a flow rate of 100 pl
min~, 21 °C. The results are presented as mean + SD (n = 3-6). #signifi-
cantly different from the samples incubated in 10% FBS (p < 0.01) and
TA78 surface incubated in 0.1 and 1% FBS (p < 0.05).
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while another module was placed under the confocal micro-
scope. Following cell injection, hGFs were allowed to interact
with the sensor surface for approximately 9 h. Longer monitor-
ing was not possible because of air bubbles entering the
QCM-D module. To enhance the exchange of nutrients and
waste between the cells and their environment, as well as to
maintain optimal oxygen concentrations, the fibroblasts were
cultured on the examined surfaces under a continuous flow of
medium. As no directional motility of the cells was observed,
the applied flow rate of 10 pl min~" was considered to have a
negligible influence on cell adhesion behaviour, which aligns
with previous study.** The QCM-D responses for TA68 and
TA78 coatings were comparable, hence, only TA78 coatings
and uncoated Ti are discussed further in this paper. The
QCM-D results are presented for only one representative har-
monic (n = 7) since the responses across all harmonics were
similar (Fig. S6 and S77).

Analysis of the QCM-D data (Fig. 2) revealed that hGF cells
behaved differently depending on both underlying substrate
and amount of the pre-adsorbed serum proteins. The DF-plots
(Fig. 2A and C) comprised three major phases, each of
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different duration depending on the protein concentration:
phase I lasted for 6-25 min, phase II lasted until 60-500+ min
and was followed by phase III. While the QCM-D responses
during phase I differed among the tested groups, the DF-plots
in phase II exhibited similar profiles, characterised by a large
shift in dissipation with only minimal changes in frequency.
On the contrary, phase III was associated with a large fre-
quency change along with minimal shifts in dissipation. The
end of phase II was determined by the time at which AD
reached a plateau level.

To verify whether the observed shifts in dissipation and fre-
quency for different test conditions were not a result of vari-
ations in cell count, we quantified the number of cells present
in the QCM-D chamber following cell injection (Table 1).
Indeed, comparable number of cells was found on TA-coated
surfaces irrespective of FBS concentration. For uncoated Ti
and 1% FBS, the cell number on the surface was almost
double compared to 0 and 10% FBS.

Cell adhesion to surfaces in the absence of serum is a well-
known phenomenon explained by rapid formation of initial
connections between cells and surfaces through biomolecules,
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Fig. 2 Averaged DF-plots (A and C) and the corresponding AD/AF plots (B and D) for 7th QCM-D harmonic of hGFs adhesion on TA78-coated (A
and B) and uncoated (C and D) titanium surfaces pre-conditioned with medium containing 0% (0), 0.1% (V), 1% (5%), or 10% FBS (O). The insert plots
in (A) and (C) are magnified views of the DF-plots corresponding to FBS-containing media. |, Il, lll — major phases of cell-surface interaction. AD/AF
was calculated from the dissipation and frequency shifts normalised to the time of growth medium injection, rather than the time of cell injection, to

prevent dividing by zero. Mean + SD (n = 3).
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Table 1 Characteristics of cells cultured on top of TA78-coated and
uncoated titanium sensors in medium with 0, 0.1, 1 and 10% FBS in a
QCM-D module. Total of 65 time-lapse frames were acquired under the
confocal microscope, a filmed area was 1.228 mm?2. Mean + SD (N =
4-8)

Number of cells per
filmed area

Viability (%)
Surface % FBS Frame 1 Frame 4 Frame 65
TA78 0 307 £ 10 98.7 £ 0.4
0.1 265 + 51 99.2 £ 0.3
1 371 +12 99.4 + 0.3
10 348 + 49° 328 + 44 98.7 £ 0.5
Ti 0 232 £ 55 97.8 £1.0
1 515 + 60 99.0 £ 0.2
10 222 + 66b 190 + 43 979 +1.2

“If an air bubble was observed in the chamber, an earlier timeframe
was used to calculate cell viability. ? Cells did not attach immediately
to the surface.

such as cellular fibronectin, and by secretion of fibronectin
onto the surface mediating the subsequent cell adhesion and
spreading.’® Following injection of hGFs in serum-free
medium, cells promptly sedimented and initiated first inter-
actions (Fig. 3, Video S1}) on TA78 coatings. Fibroblasts gener-
ated an abrupt decrease in frequency with accompanying
increase in dissipation within the first 4 min (Fig. 2A). This
also caused an immediate change in AD/AF (Fig. 2B). Both fre-
quency and dissipation continued to change up to 17 minutes.
Notably, for the uncoated titanium, phase I exhibited the same
duration and frequency shift (Fig. 2C). This suggested a com-
parable number of cells (mass) interacting with the surface,
indicating that the mass changes near the sensor surface
might result from immediate cell adsorption to the surface,
followed by cell attachment. However, the overall lower AD
observed on uncoated Ti during phase I may indicate for-
mation of fewer cell-surface connections compared to TA
coatings.

During phase II, the DF-plot showed a steep slope, which
slowly decreased until dissipation reached a plateau at
~280 minutes (Fig. 2A). At this phase, cells formed multiple
protrusions and most of them were spread within ~80 min
post-seeding (AD/AF peak). The cells continued to reshape
until they occupied maximal area at ~280 min. The observed
changes in dissipation can be related to an increase in the
degree of formed receptor-mediated cell adhesions,*®%’
increase in cell spreading area, as well as secretion of proteins
and other ECM components.>®?>'?3>1

As time progressed, cells acquired more elongated fibro-
blast-like shape (phase III). This phase, characterized by slowly
decreasing AF with minimal changes in AD, may correspond
to ECM remodelling.”®??

On the uncoated Ti surface (Fig. 2C), cells exhibited
reduced spreading and a higher tendency to cluster compared
to TA coatings. Despite similar durations, phases II and III
showed lower overall AD and AF values, indicating a stronger
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interaction of fibroblasts with TA-coated surfaces in serum-free
medium. This effect could be attributed to the natural ability
of multiple galloyl groups present in TA to form complexes
with proteins, including various integrin ligands.>> Hence,
modification of surfaces with TA can provide more potential
adhesion sites for the cells if the protein (integrin ligand) is
bound to the substrate in suitable orientation and
conformation.

Exposure to a serum-containing medium led to a dramatic
change in cell behaviour, indicating that serum proteins pre-
adsorbed on TA coatings altered cell adhesion process (Fig. 2A
and 3, Videos S2-547). In medium with 0.1% FBS, cells rapidly
attached to the surface, and started to form first protrusions.
This observation can explain the recorded frequency decrease
with accompanying dissipation increase during phase I. In the
presence of 1% FBS, cells remained spherical for a longer
time, but no floating cells were observed, suggesting a delayed
cell attachment process. This observation was supported by
the QCM-D results, showing only negligible shift in dissipation
during this initial phase (phase I). As the serum concentration
increased to 10%, cells floated over the surface for about
30 minutes before settling down and initiating attachment.

During the subsequent cultivation period, cells initiated the
formation of protrusions on the surfaces and began to spread.
In 0.1% FBS, majority of the cells had flattened and adopted a
shape similar to those cultured in 0% FBS at ~120 minutes
(AD/AF peak) and the cell morphology remained unchanged
during phase III. In contrast, 1% and 10% FBS markedly
delayed both cell adhesion and spreading, triggering increased
cell motility and clustering. In 1% FBS the majority of cells
had spread out by the end of phase II. Although cells contin-
ued to spread out and flatten over time (phase III), they did
not develop a morphology similar to that observed for 0 and
0.1% FBS. In 10% FBS, cell spreading was greatly hindered:
only few cells displayed an elongated shape, while the majority
remained spherical with limited adhesion points and
protrusions.

Increasing the serum concentration in the culture medium
from 0.1 to 10% led to a reduction in QCM-D signals. This
observation corresponded to a slower and less extensive cell
adhesion, with 10% FBS almost completely inhibiting the
adhesion process. The hindrance of cell attachment by serum
proteins has been previously reported and can be attributed to
several factors, including blocking of the surface with proteins
that do not contain cell adhesion motifs, e.g. albumin.’® It is
important to note that the reduction in QCM-D signals in the
presence of serum, may also be related to the thickness of the
deposited protein layer, which can potentially reduce the
detection depth.>' However, the profiles of the AD versus time
(Fig. S61) and AD/AF versus time curves (Fig. 2B) support the
conclusion of serum concentration-dependent hindrance of
cell adhesion: the slope of the curves decreased with an
increase in serum concentration.

Similar to TA78 coatings, supplementing the growth
medium with FBS induced a delay in the initial cell attach-
ment to uncoated Ti (Fig. 3, Videos S5-S7t). In 10% FBS, cells

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00184b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 15 May 2024. Downloaded on 12/5/2025 12:42:48 AM.

(cc)

Biomaterials Science

View Article Online

Paper

Time (min)

v

FBS concentration (%)

FBS concentration (%)

Fig. 3 Time-lapse sequential images showing cell behaviour on (A) TA78 coatings and (B) uncoated titanium in medium with 0—10% FBS. Cells were
stained with CellTracker™ Green CMFDA dye (green), dead cells were labelled with Pl (red). The results from one representative experiment. Scale

bar: 50 pm.

remained mostly spherical and started to change their mor-
phology after ~60 minutes, whereas in 1% FBS cell adhesion
was even more delayed, and cells began to elongate and flatten
after ~300 minutes. These differences were reflected in DF-
plots (Fig. 2C). The initial slopes of DF-curves were similar for
both conditions. However, a change in slope for 1% FBS
occurred after ~90 minutes. This indicated that while cell
adhesion process continued in 10% FBS, the initial cell attach-
ment was completed in 1% FBS. Fibroblasts spread out and

This journal is © The Royal Society of Chemistry 2024

acquired an elongated morphology after ~200 minutes in 10%
FBS and ~500 min in 1% FBS. Overall, in 1% FBS, cell
adhesion was slower, cells were more motile and tended to
cluster more than in 10% FBS. In contrast to TA78-coated sur-
faces, cell adhesion to uncoated Ti was not directly related to
the FBS concentration. Furthermore, several differences were
found between uncoated Ti and TA78 coatings, including less
steep DF-curves slopes, prolonged phase II, and a higher ten-
dency for cell clustering on uncoated Ti. Finally, a total dissi-
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pation shift in 1% FBS was lower on uncoated Ti than on TA78
coating, with the opposite trend found in 10% FBS. The
results for 10% FBS were consistent with a previous report for
hGFs cultured on uncoated Ti in medium with 10% FBS.?®

AD/AF, also known as acoustic ratio, describes the energy
loss per unit of the deposited mass. This parameter may be
valuable in understanding morphological and cytoskeletal
changes in cells, along with receptor-ligand interactions,
including the formation and maturation of focal adhesion
complexes.*'***! The AD/AF versus time curves displayed
three major stages: a lag, an increase, and a stationary stage
(Fig. 2B and D). In addition to these stages, an instant increase
in AD/AF immediately after cell injection was noted in serum-
free medium on both surfaces. The lag stage was observed in
the presence of serum as well as on uncoated Ti and might
indicate a delay in cell adhesion, a phenomenon previously
reported on various substrates and linked to the presence of a
protein adlayer.*">*>* The AD/AF values (Fig. 2B) and the
slopes (Table S1t) decreased with increasing serum concen-
tration from 0.1 to 10% on TA78 surface. Furthermore, in
serum-free medium AD/AF value and the slope were higher on
TA78 than on uncoated Ti probably indicating an enhanced
adhesion of fibroblasts on TA-coated surfaces. The opposite
was found in 10% FBS.

The timepoint at which the AD/AF curves reached a station-
ary stage did not necessarily correspond neither to the end of
phase II nor the end of cell adhesion process. At this stage we
observed an increase in AF, while AD still continued to
increase, though at slower rate. The increase in AF might be
due to deposition of ECM proteins by the cells, changes in
contact area between cells and a surface,”*® as well as
changes in cell mechanical properties as a result of cyto-
skeletal changes leading to changes in energy dissipation.>*”

Cell spreading area

Next, we investigated changes in cell coverage over time (Fig. 4)
as this is an important indicator of cell interaction with the
surface. Changes in cell area on the TA78 coatings over time
are presented in Fig. 4A. HGFs attached and started to spread
at early stages of the experiment, as can be also seen in Fig. 3.
The cell area reached its maximum at 2-4 hours, and then
began to gradually decline. This decrease in area could be
attributed to increased cell motility and clustering at later time
points for 1% FBS. For other conditions it could be a result of
underestimation of cell area due to cell flattening, as explained
below. The cells cultured in 0.1% FBS exhibited the largest
spreading area indicating the highest degree of cell adhesion.
On the contrary, cells cultivated in 10% FBS exhibited the
smallest spreading area, suggesting relatively weak cellular
adhesion and spreading.

For uncoated Ti (Fig. 4B), the process of cell adhesion and
spreading required a longer time compared to TA coatings,
and the extent of cell spreading was notably reduced, which
corresponds well to the QCM-D data. Cells cultured in 1% FBS
exhibited notably limited surface coverage. In 10% FBS, cells
initially spread slower than in serum-free conditions, yet they
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reached a similar maximum spread area after ~300 minutes.
This behaviour differed from that on TA-coated surfaces,
suggesting that cells cultured on uncoated Ti in the presence
of 10% FBS required time to adapt and remodel the protein
layer to establish stable adhesion sites.

While earlier studies have established a linear relationship
between cell-surface coverage and resonance frequency
change,’*”® our current findings revealed a different pattern.
Specifically, we found no correlation between cell area and AF-
response (Fig. 4G-]), but we observed a strong linear relation-
ship with AD-response (Fig. 4C-F). In the independent analysis
of each condition, the Pearson correlation coefficient (r) was
>0.98 (p < 0.0001) for 0, 0.1 and 1% FBS and 0.71 (p < 0.001)
in case of 10% FBS. A low correlation observed for 10% FBS
can be explained by an overestimation of cell-surface contact
area, which results from the limited interaction of cells with
TA surface. However, when we pooled all conditions for ana-
lysis, we found no significant correlation (r = 0.42) between AD
and cell area. Similarly, for the uncoated Ti, strong correlation
r > 0.95 (p < 0.0001) was found for 0-10% FBS when con-
ditions were examined individually. However, no such corre-
lation was obtained when analysing the pooled data (r = 0.28)
(Fig. S8t). These findings differ from previous reports showing
the linear relationship between dissipation change and
percent cell coverage for surfaces coated with various proteins
(serum, fibronectin, albumin).*’ Our results showed that the
absolute values of AD did not reflect differences in cell
adhesion rate and the extent of cell adhesion observed for
different conditions, although AD curves allowed to predict
dynamics of cell adhesion.

Although quantification of area from the time-lapse images
allowed us to determine the dynamics of cell spreading and
compare these results with the QCM-D data, the method has
several limitations. First, the initial cell-surface contact area is
most likely overestimated since it is impossible to observe
contact area formed underneath non-spread spherical cells.
Second, at later time points it is difficult to correctly estimate
cell area because the fluorescent signal from cell edges
becomes weak when cells spread and flatten. Third, the area
occupied by individual cells can also be underestimated due to
cell clustering and aggregation.

Cell adhesion is a complex dynamic process that involves
formation of focal adhesion complexes between the cells and
the underlying substrate. The quantity and dynamics of these
adhesions greatly depend on various surface parameters.
These include the density and availability of cell binding
ligands, the rheology and dynamics of the protein adlayer, and
the properties of the underlying material. Hence, cells occupy-
ing the same area but growing on different substrates may not
exhibit the same number and dynamics of focal adhesions.
Moreover, cytoskeletal structures and rheology of cells may be
different. These changes in cell adhesion behaviour may be
reflected in the QCM-D signal as it has been shown that
mechanical strength of cell adhesions correlates with a magni-
tude of the AD response.’® Therefore, a more detailed analysis
of changes in cell morphology, focal adhesion formation and
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Fig. 4 Adhesion of fibroblasts to TA78-coated (A) and uncoated (B) titanium surfaces in various cell culture media. Plots C—F show the correlation
of cell spreading area with averaged dissipation (harmonic 7), while panels G—J demonstrate the correlation with averaged frequency (harmonic 7)
on TA78 coating. Relative cell area was calculated as total area occupied by the cells divided by total number of cells on the surface. Each plot
shows results from one representative experiment. (C-J) Empty red rectangles represent projected cell area, while black rectangles represent AD

(C—F) or —AF (G-J). Values are presented as mean + SD.

cell motility, was conducted next to elucidate the differences
between the test conditions observed when using QCM-D.

Cell morphology

To examine cell morphology, we used F-actin staining for
cytoskeleton visualisation and vinculin staining to assess focal
adhesion formation, a key factor in adhesion strength.

On TA-coated surfaces, a progressive delay in cell attach-
ment, spreading, and focal adhesion formation over time was
observed with increasing serum concentrations (Fig. 5A,
Fig. S91). In the absence of serum, we observed an immediate
cell adhesion, suggesting that the underlying surface facili-
tated initial interactions between the cells and the TA nano-
coating. Within the first hour post-seeding, cells displayed
numerous, thin, and long protrusions extending radially from
the periphery. Focal adhesions started to form within 2 h, sig-
nifying the initiation of robust cellular anchoring. As the cell
culture progressed, fibroblasts manifested an extensive actin

This journal is © The Royal Society of Chemistry 2024

network enriched with thick stress fibres, indicating a well-
organised cytoskeleton. Elongated and well-defined focal
points were co-aligned with stress fibres and oriented along
the major cell axis. This robust cellular morphology remained
well-preserved throughout the 24-hour cultivation period.

The initial dynamics of cell attachment and spreading in the
presence of 0.1% FBS was slightly slower than in serum-free
medium. During early timepoints, fibroblasts displayed reduced
spreading, characterized by an irregular morphology and fewer
filopodia. However, an improved cell spreading was observed over
time. Ultimately, the cells acquired elongated shape and exhibited
the largest spreading area among all examined conditions. FA for-
mation was first observed as early as 2 h post-seeding, with the
complexes primarily localised at the periphery of the cells. By the
24 h timepoint, majority of the cells exhibited visible FAs, indicat-
ing robust cell attachment.

Increasing the serum concentration to 1% resulted in a
notable delay in both cell attachment and spreading, that was
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Fig. 5 Representative fluorescence microscopy images of hGF cells cultured on TA78-coated (A) and uncoated (B) titanium disks. The cells were
grown in culture medium supplemented with 0, 0.1, 1 or 10% FBS for 1, 2, 6 or 24 hours. Immunostaining of actin (red), vinculin (green) and nuclear

DNA (blue). Scale bar: 40 ym.

accompanied by cell aggregation. Initially, the fibroblasts
adopted a morphology similar to those cultured in 0.1% FBS.
At the 6 h timepoint, the cells had spread out and formed
robust focal adhesion points. After 24 h of culture, mainly cell
clusters with few focal adhesions were observed.

Supplementation of culture medium with 10% FBS resulted
in a significant reduction in the number of attached cells. The
cells adopted a rounded morphology with limited spreading,
and formed wide, actin-rich lamellipodia typical for migrating
cells exploring the underlying substrate. Furthermore, focal
adhesion formation was dramatically altered, with only few
adhesion points observed by the end of experiment.

3354 | Biomater. Sci,, 2024, 12, 3345-3359

On uncoated Ti, cell adhesion and spreading were slightly
delayed compared to TA (Fig. 5B). Within the first hour post-
seeding, mainly small fibroblasts with spherical or irregular
shapes were observed. In the absence of pre-adsorbed pro-
teins, cells started to spread as early as 1 h post-seeding and
formed focal adhesions after 2 h of adhering. By 6 h, majority
of the cells had acquired triangular or polygonal shape with
numerous focal adhesions. Eventually, cells became elongated
and firmly attached to the surface via focal adhesions.
Fibroblasts cultured in 1 and 10% FBS displayed wide lamelli-
podia with few focal adhesions during the early stages of cell
adhesion (up to 6 h). Cells cultivated in 1% FBS exhibited a
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consistently irregular morphology throughout the experiment.
In contrast, in 10% FBS cells eventually spread acquiring
elongated shape with numerous focal adhesions localised
mainly at cell peripheries. And after 24 h, noticeably more
focal adhesions were observed in fibroblasts cultured in 10%
FBS compared to those in 0% FBS.

Fibroblasts grown on uncoated Ti in 0 or 10% FBS, as well
as on TA coating in 0 or 1% FBS, achieved a comparable cell
area (Fig. 4A and B). However, different morphologies and
QCM-D responses were observed. This can be due to differ-
ences in the nature of the contact between fibroblasts and the
underlying substrate. When cells grow in a stationary state,
they tend to form a cytoskeleton with abundant actin-rich
fibres that terminate at focal contacts. As the area of these con-
tacts increases, cell adhesion strength becomes higher.>*"%*
Cells that exhibit strong adhesion to the surfaces can even
become immobilised. On the other hand, less developed
mesh-like cytoskeleton with reduced number of formed focal
contacts will be more characteristic for less adhesive and more
motile cell behaviour.®® Thus, these morphological differences
may be reflected in the observed QCM-D signals, as cyto-
skeletal polymerisation and formation of cell-substrate adhe-
sions influence cell rheology and cell adhesion force, which
can be measured by QCM-D.

Cell motility

Upon interaction with the TA surfaces, fibroblasts exhibited
adhesive and motile behaviours, which depended on the con-
centration of serum in culture medium (Fig. 6A-D and H). In
the absence of protein adlayer, most cells remained immobile
over the course of the experiment. In 0.1% and 1% FBS, fibro-
blasts exhibited a comparable motility and covered similar dis-
tances. The highest cell motility was observed for the cells cul-
tured in 10% FBS, which aligned well with the visualised cell
morphology (Fig. 5).

In contrast, on uncoated Ti, the motility of the hGFs did
not correlate with serum concentration (Fig. 6E-G and I). Cells
cultured in serum-free conditions exhibited minimal motility
but travelled longer distances than those cultured in the same
conditions on TA78. Cell motility in medium containing 10%
FBS was comparable to that on TA, though cell velocity (as
indicated by the slope of the distance-time graph, Fig. 6I)
increased over time on uncoated Ti and decreased on TA. The
highest cell motility was observed in 1% FBS, and cell velocity
increased over the cultivation period. The observed differences
in cell motility could be attributed to differences in the protein
adlayer composition, such as density and availability of cell
attachment ligands.*?

Comparison of the motility results with the data from
QCM-D analysis and microscopic observations revealed an
inverse relationship between cell motility and several factors:
the rate of cell adhesion, cell spreading, formation of focal
adhesions as well as the dissipation shift. This aligns with pre-
vious research indicating that increased cell motility is often
associated with reduced cell-substrate interactions and
reduction of focal adhesion establishment.®* Hence, our moti-
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lity results indirectly showed that the observed low dissipation
shifts in the presence of serum could be due to fewer (or
weaker) contacts formed between cells and the substrate. This
aligns with previous findings demonstrating a linear relation-
ship between dissipation shift and focal adhesions
formation.®

Relationship between QCM-D signal and cell-surface
interactions

Cell interaction with QCM-D sensor and the obtained F and D
responses are typically presented as DF-plots, which are finger-
prints of cell adhesion process. Interpretation of these plots,
however, remains challenging as cell adhesion is a complex
and dynamic process influenced by many factors, including
cell type, culture conditions, and underlying substrate. Cell
adhesion encompasses several stages, such the initial attach-
ment to the surface, cell activation and formation of contact
points with the surface leading to cell spreading, cytoskeleton
reorganisation, maturation of focal adhesion points, and
secretion of ECM proteins. Since these major stages of cell-
surface interaction have been shown to be reflected in the
QCM-D responses,”” we utilized time-lapse imaging to facili-
tate interpretation of the obtained QCM-D responses in our
study.

The initial phase I identified in our QCM-D analysis corre-
sponded to the settling and initial attachment of cells. This
phase was characterized by QCM-D responses that were
different among various test conditions. In serum-free
medium, cells immediately began to interact with the surface,
which caused rapid shifts in both dissipation and resonance
frequency. Increasing the serum concentration in the medium
led to a delay in cell attachment and, consequently, lower dis-
sipation and frequency shifts.

In the subsequent phase II, we observed cell spreading and
notable changes in dissipation with only minimal changes in
frequency for all test conditions. Cell area was increasing until
it reached a maximum at the end of phase II. According to the
analysis of cell morphology during this phase, cells underwent
marked structural rearrangement of F-actin cytoskeleton and
established multiple cell-surface contacts. These changes were
accompanied by an increase in acoustic ratio (AD/AF), indicat-
ing enhanced cell adhesion. In addition, the analysis of cell
motility at this phase showed that more motile cells, often
exhibiting lower degree of cell adhesion, caused overall lower
shifts in both frequency and dissipation.

The final phase III, distinguished primarily by large fre-
quency changes and minimal changes in dissipation, suggests
the maturation of cell-surface connections and ECM remodel-
ling, evidenced by the stability of cell area during this period.
In the presence of serum, cell clustering and dynamic changes
in protein layer additionally contributed to the QCM-D
responses at this phase.

Modification of cell seeding procedure

The results of the current study indicated that gingival fibro-
blasts are not able to attach and spread on TA-coated surfaces
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Fig. 6 Effect of FBS concentration in culture medium on HGFs motility on TA78 coated (A—D and H) and uncoated (E-G and |) titanium surfaces.
FBS concentration in medium was 0, 0.1, 1 and 10%. (A—G) Each line in the graphs shows the trajectory of an individual cell (n = 10) over 1000 min.
The interval between the data points is 15 min. The tracks correspond to one representative time-lapse experiment per tested condition. (H-I)
Accumulated distance travelled by the cells over time. Each plot shows results from one representative experiment. Mean + SD (N = 40).

under standard cell culture conditions, typically involving a
growth medium supplemented with 10% FBS. In contrast, it
was demonstrated that fibroblasts can immediately adhere and
spread out on the TA coatings in serum-free medium. Yet, a
long-term cell cultivation in the absence of serum is unsus-
tainable, as it can induce cell starvation and reduce cell
viability.

To cultivate cells effectively on TA coatings, a two-stage cell
culture method was suggested. First, cells were seeded in a
serum-free medium to minimise binding of unwanted proteins
and facilitate cell adhesion. Two hours later, as the cells

3356 | Biomater. Sci, 2024,12, 3345-3359

approached their maximum spread area, the medium was
switched to one with 10% FBS, providing the nutrients and
growth factors essential for long-term cultivation. This
approach markedly improved cell adhesion to TA surfaces
(Fig. 7). After 24 hours, the fibroblasts exhibited elongated
morphology, well-developed F-actin cytoskeleton, and robust
focal adhesions (Fig. 7B and C). In contrast, only a small frac-
tion of cells adhered to TA when cells were seeded and cul-
tured in 10% FBS (Fig. 7A). Note that cell behaviour did not
change whether the Ti disks were pre-incubated in the
medium with 10% FBS for 1 hour or not. Notably, this

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Effect of cell seeding procedure on fibroblasts morphology and distribution on TA-coated (A—C) and uncoated (D-F) titanium disks. (A and
D) Cells were seeded and cultivated in medium containing 10% FBS. (B, C, E and F) Cells were seeded in a medium containing 0% FBS, and after
2 hours, it was changed to a 10% FBS-containing medium. Representative confocal laser scanning microscopy images were acquired after 24 hours
of cultivation using (A, B, D and E) a 5x air objective and (C and F) a 63x water objective. The TA coating was deposited on titanium disks at pH 6.8
during 4 hours. F-actin (red), vinculin (green) and nuclear DNA (blue). F-actin colocalised with vinculin at focal adhesion sites, several focal adhe-
sions are indicated by white arrows. Scale bars: 1000 pm at 5x magnification, and 40 pm at 63X magnification.

approach also improved cell adhesion on unmodified Ti sur-
faces (Fig. 7D-F).

Conclusions

Our study offers an important insight into the initial stages of
cell adhesion on both uncoated and TA-coated titanium sur-
faces, as well as into the impact of serum proteins on cell-sub-
strate interactions. We showed that modification of titanium
surfaces with TA could enhance initial adhesion and spreading
of gingival fibroblasts and development of focal adhesions.
However, this effect was only observed at low concentrations of
FBS (0 and 0.1%). Higher FBS concentrations (1 and 10%)
resulted in increased fibroblast motility, delayed cell adhesion
and altered dynamics of focal adhesions. These findings
differed from those on uncoated Ti surfaces and could be
attributed to alterations in the serum protein adlayer on TA
coatings. The ability of TA-coated surfaces to reduce fibroblasts
adhesion in the presence of physiologically relevant serum
protein concentrations might be advantageous for applications
where limiting fibroblast attachment is crucial to prevent
excessive fibrous tissue formation and fibrosis. However,
further studies are needed for exploring interactions between
serum proteins and TA nanocoatings.
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