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Abstract:

Functional polymeric coatings have rapidly become one of the most efficient strategies to
endow biomaterials with enhanced bioactive properties. Among the bio-inspired
polymers used for biomedical applications, mussel-derived poly(dopamine) (PDA) has
increasingly attracted considerable interest because of its unique characteristics. In this
work, we carried out detailed physicochemical characterization of a PDA film deposited
on nanoporous titanium. In particular, we employed spectroscopic techniques (Raman
and ATR-FTIR) and Digital Pulsed Force Mode Atomic Force microscopy (DPFM-

AFM) to probe the chemical makeup and the nanomechanical properties of PDA-coated
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surfaces. In addition, we investigated protein adsorption by ATR-FTIR and quantified it
with ten different serum proteins by Liquid Chromatography Mass (LC-MS)
spectroscopy, aiming at elucidating their potential contribution to the subsequent cell
colonization. Successively, we assessed the response of MG-63 human osteoblastic cells
to PDA-coated titanium both the multiple- and single-cell levels. Results for this study
demonstrate that, compared to bare and nanoporous titanium, the PDA coating positively
influences the adhesion and proliferation of MG-63 cells. In addition, we focus on how
the three different substrates influence cell morphology (i.e. aspect ratio and form factor),
the establishment of focal adhesions and the expression of RhoA, a protein involved in
cell contractility. In conclusion, our work provides a deeper insight on the in vitro
response of human osteoblastic cells to poly(dopamine) by closing in on specific aspects
of cell-PDA interactions, ultimately reaffirming the potential of this bio-inspired polymer

as a functional coating for bone tissue engineering applications.

Keywords: poly(dopamine), titanium, functional coating, surface characterization,

bioactivity, MG-63 osteoblastic cells
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Introduction

The modern history of biomedical research and regenerative medicine has been
characterized by a concerted effort aimed at developing strategies to precisely control the
interactions between biomaterials and the surrounding biological milieu to ultimately
guide cellular events along predetermined pathways.'™ The motivation that has been
propelling such collective endeavour is the evidence that the physicochemical
environment of surfaces at the micro- and nanoscale not only controls cell behaviour in
vitro," but also influences the in vivo outcome of implanted devices.” ® The knowledge of
how cells sense and respond to surfaces has rapidly progressed in the last two decades,
thanks also to the concomitant development of nanotechnology-based approaches which
provided researchers with novel strategies to nanoengineer functional biomaterials,” and
increasingly more sophisticated toolboxes to evaluate the biological response at the
molecular and cellular level (e.g. Atomic Force Microscopy).” Methods currently used to
nanostructure biomaterials are numerous, but they can all be classified into two main
categories, used either independently or in combination: “top-down” techniques
incorporate smaller details in a bulk material (e.g. nanotubular structures, organized

nanopatterns),”

and “bottom-up” fabrication rearranges smaller components into a
larger or more complex assembly with unique biomolecular functionalities (e.g. layer-by-
layer assemblies).’

Among the methods that permit to engineer the surface of synthetic biomaterials,” the
use of biopolymer coatings has yielded a remarkable enhancement of the bioactivity of
9, 10

biomaterials by providing advantageous physicochemical cueing to adhering cells.

While these techniques will keep evolving to further enhance their in vivo and in vitro
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impact, the search is still on for valuable alternatives to provide increasingly more
effective biological functionalities.

In the quest for the next generation of functional biomaterials, researchers have sought
inspiration from nature by focusing on biological materials (e.g. collagen, keratin, chitin)
and on approaches that mimic naturally occurring phenomena.'' In this context,
biologically inspired adhesive interfaces have attracted much attention because of their
potentially beneficial applications in medicine, technology and industry as intermediate
cross-linkers to immobilize bioactive agents onto surfaces.'” In particular, the
investigation of the composition of adhesive proteins in mussels permitted to identify
dopamine, a small molecule that contains functional groups (catechol and amine)
believed to be crucial for achieving adhesive properties onto inorganic and organic

materials.'> '

Multifunctional films resulting from the self-polymerization of dopamine
have been successfully used to covalently graft proteins and peptides, as well as other
bioactive agents onto a wide variety of surfaces.'> °'® Poly(dopamine) (PDA) has also
been exploited in tissue engineering applications as a bioactive coating for direct cueing

19, 20

to cells. Results from these studies showed that adherent PDA films facilitate the

crystallization of hydroxyapatite and mineralization,*" %

and promote specific cellular
functions, such as endothelial cell adhesion and growth.'” 2 In addition, a
poly(dopamine) coating showed to improve osteoblastic (MC3T3-E1 murine) cell
adhesion and viability on non-wetting polymers (i.e. PE, PTFE, silicone and PDMS).*"
This study showed that the enhancement of cell viability on PDA-coated samples was

significant when using as controls surfaces which are highly resistant to cell adhesion.

Conversely, when compared to substrates that support cell adhesion such as glass or
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titanium, poly(dopamine) coating impacted MC3T3-E1 cell viability to a lesser extent.'”
26T

Despite such previous fundamental work, the precise mechanisms that govern how
cells respond to poly(dopamine) still need to be fully elucidated. In addition, the
comparison with surfaces that not only support but also enhance cell functions (i.e.
bioactive surfaces) will put the evaluation of cellular response on PDA coating to a more
stringent test, ultimately assessing its potential to become a valid alternative for bone
tissue engineering applications. To address these challenges, we closed in on the
physicochemical characteristics of a PDA coating of titanium and carried out a
comprehensive investigation of its in vitro bioactive effects on human MG-63 osteolastic
cells at both the multiple- (i.e. viability, expression of RhoA) and single-cell (i.e.
spreading, morphology and focal adhesions) levels. Distinctively from previous studies,
we employed Digital Pulse Force Mode Atomic Force microscopy (DPFM-AFM) to
visualize the nanoscale surface morphology of the PDA film, one of the main parameters
known to affect cell response,”’ as well as its surface mechanical properties (i.e.
stiffness), a factor that influences cell contractility, motility, and spreading.28
Successively, we employed Raman and Attenuated Total Reflectance Fourier-Transform
Infrared (ATR-FTIR) spectroscopy to probe the chemical characteristics of the PDA
coating. Infrared analysis was also used in combination with Liquid Chromatography
Mass (LC-MS) spectroscopy to single out the potential contribution of preferential
adsorption of serum proteins onto surfaces, a factor which may affect the subsequent

26, 29

cellular colonization. We successively evaluated the in vitro bioactivity of PDA-

coated surfaces by investigating various aspects of the response of MG-63 osteosarcoma
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human osteogenic cells. In particular, we quantified cellular adhesion, proliferation and
morphology, and quantitatively investigated the establishment of focal adhesions (FAs)
and the expression of the RhoA, a protein which has been shown to have its activity
modulated through mechanotransduction of cell adhesion molecules.*® Cellular results on

PDA-coated samples were compared with both bare and nanoporous titanium®'>>

(i.e.
surfaces that, respectively, support and enhance osteoblastic cell adhesion and
proliferation), thereby generating a more stringent context to investigate cellular
behaviour on poly(dopamine).

Our results provide new evidences of the direct effects of poly(dopamine) on
osteoblastic cell activity, ultimately casting new light on cell-PDA interactions and

reaffirming the potential of such bio-inspired polymer as a functional bioactive coating

for bone engineering applications.

Experimental
Sample preparation

Grade 2 titanium disks (12 mm in diameter and 1 mm in thickness) were mechanically
polished with a 2-step process by the supplier (Firmetal Co., Ltd., Shanghai, China).
Before treatment, disks were first cleaned in toluene in an ultrasonic bath for 20 min and
successively rinsed in deionized water and ethanol. Nanoporous surfaces were generated
by immersing titanium disks in a freshly prepared 50:50 mixture of H,SO4 (37N, Fisher
Scientific)/H,0, (30%, Fisher Scientific) at room temperature for 2 hours, according to a
previously established protocol.** Prior to the deposition of the poly(dopamine) coating,

disks were thoroughly rinsed in distilled water to remove any acid remnants.”® This
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oxidative nanopatterning treatment was shown to increase surface area as well as the
availability of surface binding sites,”* and therefore was chosen not only to provide a
bioactive reference for the cellular assays but also to enhance the adhesion of the
poly(dopamine) film onto the titanium substrate. Disks were successively coated with a
poly(dopamine) film by immersion in a solution of 2 mg of 3-hydroxytyramine-HCI
(Sigma Aldrich) dissolved in 10 mM Tris buffer (Sigma Aldrich) at pH 8.5 for 24
hours,” ultimately creating three different experimental groups: mechanically polished

(Ti), nanoporous (NPT1) and PDA-coated nanoporous (NPTi+PDA) titanium (Figure 1).

Scanning Electron (SEM) and Atomic Force (AFM) Microscopy

A JSM-7500F Field Emission Scanning Electron Microscope (FESEM, JEOL, Japan)
was used to image treated samples in order to ensure the presence of the nanoporous
structure on NPTi samples before the deposition of the poly(dopamine) coating and to
visualize the nanoscale morphology of the PDA films.

A WITec Alpha 300 integrated microscope (WITec, Germany) was used to collect
AFM images by Digital Pulsed Force (DPFM) mode. This technique not only permitted
to characterize the nanoscale surface morphology of the PDA films, but also to probe
their nanomechanical properties, such as stiffness and Young’s modulus. Images were
obtained with a cantilever characterized by a tetrahedral tip (tip radius less than 10 nm)
and a nominal spring constant of 0.2 N/m (Arrow™ FM Nanoworld, Switzerland). Each
DPFM image contains 2.5x10° force— distance curves, which were converted into force
[N] VS indentation depth [nm] according to a previously published procedure.’*From

these data, stiffness values were calculated by measuring the slope of 40 randomly
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selected curves after indentation on different samples.’” In order to extract the Young's

38, 39

modulus and compare it to previous literature, these curves were successively fitted

with the Hertz model.*

Raman and Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopy

The WITec Alpha 300 was also used to map out the chemical composition of samples
and ensure the homogeneity of the PDA film across the nanoporous surface. High
resolution (150 points x 150 lines) 20 x 20 um Raman maps were collected in randomly
selected areas of three samples/condition by using a 100X objective and a 524 nm
frequency doubled Nd:YAG laser (power of 9.5 mW at the focal plane, acquisition time
of 0.1 seconds) as excitation source. Raman data were processed by OriginPro
(OriginLab corporation, United States) and WITec Project 4 PLUS. The assignment of
Raman bands in the 250-3000 cm™ interval was carried according to previous
literature.*"* *2

Infrared analysis was carried out by exploiting a Bruker Tensor 37 FTIR spectrometer
equipped with (RT) DLaTGS detector (Bruker, USA) and a platinum ATR accessory
with a 2 mm diameter single reflection diamond crystal. Three samples per conditions
were analyzed, and three spectra were collected in randomly selected areas of each
sample to ensure statistical significance. Spectroscopic information was collected in the
1100-1800 cm™ range, with a 4 cm™ resolution and 256 acquisitions per spectrum, using

a Ti sample for reference. The choice of the spectral range was based on the data

interpretation and infrared peak assignment found in previous literature.**® Infrared data
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were processed by using the OriginPro software. Spectra were smoothed with a
Savitzky—Golay filter after linear baseline subtraction and fitted with Gaussian functions
to resolve secondary vibrational components. Infrared analysis was also used to

investigate the adsorption of serum proteins onto the three surfaces.

Serum proteins adsorption

Ti, NPTi and NPTi+PDA disks (three samples per condition) were immersed in the
complete medium used for cell cultures, a solution of a-MEM (GIBCO, USA) and 10%
Fetal Bovine Serum (FBS) (GIBCO, USA). After 6 hours and 3 days, samples were
removed from the solution, rinsed thoroughly in deionized water, air-dried and analyzed
by ATR-FTIR, using dry Ti, NPTi and NPTi+PDA disks, respectively, as reference in
order to highlight the contribution of adsorbed species. Three spectra were collected in

randomly selected areas of each sample submersed in the a-MEM+10% FBS solution.

In-solution digestion

In parallel, four samples per condition were immersed in the complete medium for
LC-MS spectroscopy. After 6 hours, samples were removed from the solution, rinsed
thoroughly in deionized water and placed in a sterile 24-well plate. 200 []]1 of 8 M urea
(UltraPure™, Invitrogen, USA) were added in each well and incubated for 15 min with
moderate shaking. Successively, 200 [11 of DTT (Dithiothreitol, electrophoresis grade,
Fisher Scientific, USA) in 100 mM ABC (Ammonium Bicarbonate, BioUltra, from
Fluka, USA) were added into each well to bring the final concentration of DTT at 10

mM, and incubated at room temperature for 1 hour. 200 []1 of IA (Iodoacetamide, GE
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Healthcare, UK) in 100 mM ABC were then added into each well to make the final
concentration of IA at 55 mM, and incubated at room temperature in the dark for 1 hour.
The alkylation reaction was quenched with 5 mM dithiothreitol in 100 mM ABC
solution.

200 1 of MS grade trypsin (Pierce, USA)/100 mM ABC solution with concentration
of Ing/[]] were added into each well and incubated at 37 °C overnight. Digestion was
stopped by adding 5 [11 of 5% formic acid (Optima LC/MS, Fisher Scientific, USA) into
each well. The content of each well wan transferred into a 1.5 ml Eppendorf tube, and the
volume of liquid in each vile was reduced to 20 ml by using the SpeedVac. Five samples
per condition were combined into 1 tube. Experiments were carried out in quadruplicates
to ensure statistical significance. Samples were finally cleaned by 10 pl C18 tips
according to manufacturer’s protocol (Pierce, USA), lyophilized with SpeedVac and re-

suspended in 10 [11 0.1% formic acid for LCMS/MS analysis

Liquid Chromatography Mass (LC-MS) spectroscopy

LC-MS measurements were carried out by using an Orbitrap Fusion mass
spectrometer (Thermo Scientific, USA) equipped with an Ultimate 3000 UHPLC
(Thermo Scientific, USA), a PepSwift monolithic pre-concentration column (Thermo
Scientific, USA) and an Acclaim PepMap C18 analytical column (Thermo Scientific,
USA).

The mobile phase for HPLC separation was composed of 2 components: buffer A and
B. Buffer A was 0.1% formic acid in water and buffer B was composed of 0.1% formic

acid, 90% acetonitrile and 9.9% water. 5 [l of sample was loaded onto the pre-

10
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concentration column with the loading pump flow rate set at 3 [Jl/min. The nano pump
flow rate was set at 0.3 [/L/min. Mobile phase B started at 2% at the beginning of the run
and increased to 4% at 7 min. Then it increased to 13.5% at 32 min, 24.5% at 60 min,
33.5% at 70 min, followed by 5 min wash at 80% B. The column was re-equilibrated for
20 min at 2% B.

The peptides eluted from the analytical column were ionized by electrospray by a
Thermo Scientific Nanospray Flex ion source and analyzed by the Thermo Orbitrap
Fusion mass spectrometer. The full MS scan was performed by the Orbitrap and the
resolution was set at 60K and AGC target set at 2e5 with maximum injection time 50 ms.
The MS/MS were done in the ion trap with the following filters in effect: 1)
Monoisotopic precursor selection was turned on; 2) Intensity threshold was set at 5e3; 3)
Charge states 2-6; 4) Dynamic exclusion 35 s. The MS/MS was performed at data
dependent mode under “Top Speed” setting, meaning the instrument will maximize the
MS/MS scans based on the cycle time and the frequency of the full scans. Peptide
fragmentation activation mode was CID and the collision energy was set at 35%. The

AGC target was set at 1e4 and maximum injection time was 35 ms.

Cell cultures

MG-63 human osteosarcoma (ATCC, USA) cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM, GIBCO) containing 10% fetal bovine serum (FBS), 20 U/mL
penicillin and 20 U/mL streptomycin (ThermoFisher Scientific, USA) in a 5% CO;
incubator at 37°C. Following trypsinization with 0.25% trypsin—-EDTA (ThermoFisher

Scientific, USA), cells were washed by centrifugation at 190 g for 8 min to give a pellet

11
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that was resuspended in 10 mL of fresh supplemented medium to a concentration of 20*
cells/mL. Disks were left in ethanol prior to use in cell culture experiments. They were
placed in 24-well plates and 500 uL of the cell suspension was added to each well. The
plated cells were cultured for 1, 4 and 8 h for cell spreading and adhesion, and 1, 2, and 3
days for viability experiments. Each experiment was performed in triplicate with at least

three samples/condition.

Immunofluorescence microscopy

The medium was removed and the samples were washed three times in phosphate-
buffered saline (PBS, GIBCO). Cells were fixed by adding 600 pL/well of
paraformaldehyde (pH 7.2) for 10 min at room temperature. They were subsequently
permeabilized in 0.5% Triton X-100 and blocked in 5% normal goat serum. Nuclei were
visualized with NucBlue® Fixed Cell ReadyProbes® Reagent (ThermoFisher Scientific,
USA) while Actin was labelled by Alexa Fluor® 555 conjugated with Phalloidin
(ThermoFisher Scientific, USA). Samples were then mounted on #1.5 coverslides using
ProLong Diamond Antifade Hardset Mountant (ThermoFisher Scientific, USA).

For wviability and morphological assessment, cells were imaged using an
AxioObserver.D1 inverted microscope (Carl Zeiss, Germany) and driven by AxioVision
4.8 (Carl Zeiss, Germany). For viability assessment, a total of 16 images per disc were
captured in a 4x4 grid pattern across the disc using a 10X A-Plan 0.24 Phl objective
(Carl Zeiss, Germany). For cell spreading, aspect ratio and form factor assessment,
images were taken with a 20X Plan-Apochromat 0.8 and 40x Plan-NeoFluar 1.3 Oil Ph3

objectives (Carl Zeiss, Germany) as 12 images per disc in a 4x3 grid.

12
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For visualization of focal adhesions, samples were further immunolabeled with 1:400
primary mouse monoclonal anti-Vinculin, clone hVIN-1 (Sigma Aldrich, USA) and
1:400 secondary goat anti-mouse IgG (H+L) Alexa Fluor® 488 conjugate (ThermoFisher
Scientific, USA) for one hour each in blocking buffer. Images were captured on a Leica
BMI16000B inverted microscope (Leica Microsystems, Germany), configured with a
Quorum Spinning-disk Confocal (Quorum Technologies, Canada), using a 40X PL APO

1.3 Oil objective, driven by MetaMorph Software (Molecular Devices, USA).

Image analysis

Images for nuclei count, cell-substrate contact, aspect ratio and form factor were
processed by using custom pipelines in CellProfiler (Broad Institute).”’ Digital area and
aspect ratio (i.e. minimum diameter/maximum diameter) are indicators of cellular
spreading and elongation along a preferential direction, respectively. Form factor

(calculated as 4*area/perimeter’)*® *

is associated to the regularity of cell shape: a form
factor of 1 describes a perfectly round cell, while lower values represent a polygonal and
more elongated cell.*® In this context, form factor has been indicated to be representative
of jagged cellular edge, such as during membrane ruffling.”

Images processed for focal adhesion assessment were captured in a z-series on a
motorized stage at 0.2 um steps. They were then focus stacked using an algorithm
included in the MetaMorph Software (Molecular Devices, USA). Quantification was

achieved using a custom macro in ImageJ that performed background subtraction,

thresholding and particle analysis.

13
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Reverse Transcription and Polymerase Chain Reaction (PCR) assay

After MG-63 cells were incubated on 4x4 in. of Ti, NPTi and NPTi+PDA for 24
hours, 1 mL of Trizol Reagent (Gibco, USA) was added and the solution was transferred
to microcentrifuge tubes. After the addition of chloroform, samples were centrifuged
(12,000 g, 10 min, 4 °C). The aqueous phase was then mixed with isopropyl alcohol,
incubated at room temperature for 10 minutes and centrifuged again. The pellet was
dissolved in DNAse/RNAse free water and the protein concentration was measured. Total
RNA (2ug) was subjected to RT for 60 min at 42 °C using SuperScriptTM II (200 units)
and First Strand Buffer (Invitrogen, USA), in the presence of 0.5 pg/ul oligo dT, 10 mM
DTT and 1 mM dNTP mix. Amplifications of cDNA (1 pl) obtained from RT were then
performed in ThermoPol Buffer (NEB, USA), containing 1 mM dNTP mix, in the
presence of 10 uM of each specific primer and 2.5 units of Taq DNA polymerase (NEB,
USA). Amplifications were performed in an Eppendorf thermocycler (Brinkmann, USA).
Each sample was run in triplicate. cDNA was also amplified with RhoA primers (sense
5’- CCA GTT CCC AGA GGT GTA TGT-3’; antisense 5> CCT GTT TGC CAT ATC
TCT GCC-3’) and GAPDH primers (sense 5'-CAT GGC CTT CCG TGT TCC TAC CC-
3’; antisense 5'-CCT CGG CCG CCT GCT TAC-3') as a positive control. Ten microliter
aliquots of the PCR products were size-separated by electrophoresis on a 1-2% agarose

gel. Experiments were repeated in triplicates.

Results and Discussion

In agreement with previous work, while polished controls did not exhibit any

reproducible features at the nanoscale, nanoporous surfaces showed the characteristic 3-

14
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dimensional network of nanometric pits (image not shown, the reader can refer to
references ** > ** for details). In the case of PDA-coated nanoporous titanium, SEM and
AFM analysis revealed the distinctive granular appearance that typifies deposited films of
PDA (Figure 2 A-B).% High resolution (5 x 5 umz) AFM imaging and line scans (Figure
2C) permitted to close in on the 3-dimensional structure of the granular features, which
resulted to be 9511 nm in width and 22+6 nm in height. The average dimension of these
elements is significantly larger than that previously reported for PDA films deposited via
dip coating process on gold (in the 25-30 nm range in diameter).*® However, the granular
features we report are similar in size to those resulting from a multiple dip cycles
deposition (> 100 nm).>® This may be ascribed to the longer deposition used for this study
(24 hours), a factor that could have permitted the growth of the granular features with
time.*

By exploiting the DPFM capabilities of the AFM, we generated stiffness maps by
assigning a color code to the cantilever's deflection when indenting the sample's surface
(Figure 2D). The average stiffness of the poly(dopamine) coating resulted to be
0.24+0.06 N/m. This value is similar to the stiffness of rubbery polymeric films, such as
styrene-butadiene copolymers (0.23 N/m).”* DPFM data also permitted to quantify the
Young's modulus. Every point of a DPFM map can in fact be converted into a force—
distance curve from which the value of the elastic modulus can be extracted. In particular,
the PDA coating exhibited an average Young’s modulus of 92+17 MPa. The comparison
of our results with the existing literature was not unequivocal because of the variability in
the published results. For example, a previous study which employed the AFM to

determine the elastic modulus of poly(dopamine) films deposited on a gold substrate

15
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reported a value of 12.1+1.6 MPa.”® Conversely, a PDA coating of mica was shown to
exhibit an elastic modulus of 870 MPa.*” The inconsistencies between our results and
previous literature may originate from different assumptions used in the contact
mechanics models, the adhesion strength between the substrate and the polymeric layer,’
as well as from the different parameters used to deposit the PDA coating (which, in turn,
may affect its physical properties), all factors which may have influenced the AFM-based
nanoindentation measurements.

In order to probe the physicochemical characteristics of the PDA coating and its
ability to retain serum proteins, we exploited Raman (Figure 3) and Infrared (Figure 4)
spectroscopy.

In the case of Raman analysis, while the Ti and NPTi disks did not show any
significant band in the 250-3000 cm’ range (indicative of a mainly amorphous outer
TiO, layer),** > spectra collected on NPTi+PDA samples were characterized by two
peaks at 1350 and 1580 cm™, attributed to C=0 cathecol stretching vibrations (Figure
3A).*"* The Raman signature of the dopamine molecule was successively used to map
out the chemical composition of NPTi+PDA samples to ensure that the deposited films
were homogeneously distributed on the surface of the disks. Figure 3B displays a
representative Raman map (superimposed to the corresponding AFM topographical
image) which demonstrates the presence of a continuous PDA surface film. However,
localized variations in the band intensity were detected, and although minimal (Figure
3B, intensity scale), they may nonetheless suggest the presence of distinct domains in the
PDA film in the 600 — 2000 nm range in diameter, therefore larger than the individual

granular features detected by AFM. Because of the different spatial resolution of AFM (~

16
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1 nm)’ and Raman imaging (diffraction-limited spatial resolution of about 300 nm for a
524 nm laser with a 100X objective),’® we were not able to unequivocally correlate these
domains to the surface distribution of the granular features resolved by the AFM.
However, we can infer that such contrast in Raman images may derive from localized
variations in the film’s thickness, most likely resulting from microtopographical
alterations (e.g. polishing marks) of the underlying titanium surface and/or from the
deposition of PDA aggregates from solution.”’

A previous study determined that FTIR spectroscopy of native (Ti) and modified
(NPT1i) titanium permits to probe the characteristics (i.e. thickness and crystallinity) of
the surface oxide layer by considering the characteristics IR bands in the 600-1000 ¢cm™
interval which result from the Ti-O stretching vibrations.”® At larger wavenumbers, Ti
(data not shown, the reader can refer to reference’!) and NPTi samples did not display
distinctive absorption bands (Figure 4A). Conversely, NPTi+PDA disks revealed the
characteristic infrared signature of poly(dopamine), featuring absorption bands at 1210
cm™ (O-H bending in the cathecol group), 1260 cm™ (C-O stretching in the cathecol
group), 1510 em™ (N-H scissoring) and 1600 cm™ (C=C stretching in the aromatic ring)
(Figure 4B).**® Together with the Raman analysis, these results confirm that the PDA
film was successfully deposited across the surface of nanoporous titanium samples.

ATR-FTIR was successively employed to investigate protein adsorption on surfaces.
Cellular processes on surfaces are believed to be affected by an adlayer of proteins

962 Therefore, investigating the

adsorbed from bodily fluids prior to cell colonization.
distinctive capacity of surfaces to retain proteins may contribute to understand the

differential cellular response observed on the three conditions tested. In order to

17
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reproduce the in vitro conditions of cell cultures, we immersed Ti, NPTi and NPTi+PDA
samples in a solution of 10% FBS in a-MEM for 6 hours and 3 days, thereby considering
a large number of proteins at once without any biological bias. Noteworthy, although the
selected intervals considerably exceed the time required for proteins to adsorb (in a

timeframe of seconds to minutes),*"

such a choice permitted us to obtain a snapshot of
the surface adlayer presented to cells between the adhesion and the growth phase.

The infrared spectrum of a-MEM (Figure 4C, dotted line) and FBS (Figure 4C, solid
line) as well as that of Ti (Figure 4D), NPTi (Figure 4E) and NPTi+PDA (Figure 4F)
samples after 6 hours of immersion in a-MEM+10% FBS are shown in Figure 4. Infrared
analysis of a-MEM revealed a main absorption band at 1640 cm™ (H-O-H bending in
water)** and minor peaks in the “mixed region” (1450-1220 cm™) (Figure 4D inset,
dotted line) which includes contributions from proteins, amino acids and glucose in the
medium.®® Conversely, FBS displayed two main absorption bands at 1650 cm™ (Amide I)
and at 1550 cm™ (Amide II),** associated to the secondary structure of proteins,66 as well
as other minor peaks in the mixed region, most likely associated to additional vibrational
modes of serum proteins (Figure 4D inset, solid line).®

After immersion for 6 hours and thorough rinse in deionized water, all samples
displayed the Amide I and II bands (Figure 4 D-F, orange and green shadowing) as well
as bands in the mixed region (Figure 4 D-F, blue shadowing). In this case, the precise
assignment of the bands in the mixed region was not possible since they can derive from
constituents of both the medium and the FBS. In the case of NPTi+PDA samples, the

Amide I and II bands overlaid with those of poly(dopamine), represented with dotted

18
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vertical lines in Figure 4F. As one could expect, the same result was also observed after
immersion for a longer interval (i.e. 3 days).

Taken together, our infrared data allow us to infer that proteins are retained by the
three surfaces, regardless of their physicochemical characteristics. The Amide I and II
bands, evidence of the presence of adsorbed proteins, were in fact detected on Ti, NPTi
and NPTi+PDA samples after exposure to complete medium for 6 hours. Therefore, we
can conclude that during the growth phase, cells adhered and proliferated on surfaces all
capable of retaining a protein adlayer. However, because of the multi-component nature
of the system under investigation, we cannot draw definite conclusions about the precise
identity, amount, conformational characteristics and/or surface-specific affinity of the
adsorbed proteins. We can nonetheless hypothesize that the retention mechanisms most
likely vary from one surface to the other, encompassing a combination of specific and
non-specific interactions as well as physical entrapment effects exerted by the nanometric
pores in the case of NPTi samples.”’

To provide a better insight on whether protein adsorption was affected by a differential
affinity with surfaces, we carried out liquid chromatography mass spectroscopic (LC-
MS) analysis. Figure 5 shows the unique spectral count for the 10 most abundant proteins
retrieved from NPTi and NPTi+PDA samples after immersion in complete medium,
normalized against the counts obtained on bare titanium. It can be readily observed that
Ti, NPTi and NPTi+PDA samples are characterized by similar counts for 8 different
proteins, suggesting that their adsorption occurs irrespective of the surface treatment.
Only two proteins among the ones we tested (i.e. #5 and #10) showed a statistically

significant difference when compared to bare titanium. Noteworthy, despite these
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differences, NPTi and NPTi+PDA samples exhibited similar values. In this context, it
should be noted that the same trend was obtained by considering the total ion current
(TIC) values (data not shown).

Taken together, the FT-IR and LC-MS results indicate that the PDA coating does not
affect the amount of adsorbed serum proteins when compared to nanoporous surfaces as
well as bare titanium. Noteworthy, a potential substrate-induced protein denaturation
could still occur on surfaces and affect cell adhesion and proliferation, an aspect that,
however, we could not address by these techniques.

In order to assess the biological response to PDA-coated titanium, we carried out cell
culture studies with MG-63 human osteosarcoma cells. The choice of this cell line was
motivated by the fact that among osteoblastic cell models used for in vitro studies (e.g.
MC3T3-El, Saos-2), MG-63 may provide a better alternative for studies interested in
initial attachment to various materials.®” This cell line also manifests a behavior closer to
that of human osteoblasts while still providing the beneficial aspects of a cell line, such as
the ease of maintenance, unlimited number of cells without the need for isolation.”” In
addition, MG-63 cells permit to avoid the interspecies and genomic differences that may
occur with MC3T3-El cells, a factor which can make extrapolation to human clinical
disease and treatment outcomes challenging.®’

In this study, we first evaluated MG-63 cell viability at short (at 1, 4 and 8 hours) and
longer (1, 2 and 3 days) intervals to validate the beneficial effects of PDA on cell
adhesion and proliferation previously reported with different cell lines. Figure 6 displays
the relative variations in cell number determined by employing the CellProfiler

software® to count DAPI-stained nuclei on the three surfaces. Our results demonstrate
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that in the shorter interval (1-4 hours), cell number did not significantly vary in relation to
the substrate. While significant cell growth is not expected to occur in such relatively
short interval, we can however consider this finding an indicator of a consistent seeding
efficiency across different samples. Therefore, any difference in cell number that may
result at longer intervals will be most likely associated to a substrate-dependent
differential behavior during the late adhesion/proliferation phase. Noteworthy, from 8
hours onwards, proliferation of cells grown on NPTi+PDA samples experienced a
statistical significant increase (p<0.05) of 15-25% in respect to Ti samples, an evidence
of the bioactive effects exerted by poly(dopamine). This result demonstrates that cells
grown on the coating still maintain a higher viability at 72 hours when compared to
uncoated controls, unlike what was previously reported for PDA-coated silicon oxide
chips.”’

However, when compared to nanoporous titanium, a marked increase in cell number
was only detected at 3 days. It should be noted that nanoporous surfaces generated by
oxidative nanopatterning inherently posses bioactive capacities, in particular the ability to
enhance the proliferation of UMR-106 and primary calvaria-derived osteoblastic cells.”'"
33 Therefore, while the PDA coating offers a distinctive advantage over bare titanium in
terms of cell proliferation from early intervals onwards, its bioactive effects are similar to
that of the bioactive nanoporous surface, and only become more evident in the longer
term. Interestingly, our ATR-FTIR and LC-MS results demonstrate that despite the
differential cellular behavior, serum proteins were equally adsorbed onto the three
surfaces, a factor which was expected to yield similar biological outcome. The

differential behavior in cellular colonization reported herein could be attributed to a
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denaturation of proteins adsorbed onto Ti and NPTi samples *° and/or their nanoscale
distribution.”

In order to close in on the effects exerted by poly(dopamine) at the single-cell level,
we quantified substrate-dependent variations in the cellular morphology in terms of area

(spreading), aspect ratio and form factor.”® !

From the representative fluorescence
images of cells shown in Figure 7A, it readily transpires that the morphology of cells
adhering onto the poly(dopamine) after 1 hour of culture is distinctive, exhibiting a larger
and more elongated structure with membrane projections. At 4 hours, cells on bare and
nanoporous surfaces begin to assume a similar morphology, until it is no longer possible
to qualitatively discern evident morphological differences at 8 hours. To further our
investigation of cell morphology, we carried out image analysis to quantify parameters
such as area, aspect ratio and form factor. Figure 7B shows that the surface area of cells
in contact with the PDA layer is significantly larger (20-25%) when compared to that of
cells adhering on both Ti and NPTi samples, demonstrating an enhanced cellular
spreading at early intervals. The aspect ratio and the form factor were also affected by the
substrate. In fact, the boxplots in Figure 7C confirm the qualitative observations: a more
elongated shape characterizes cells on the PDA coating at 1 hour, but after 4-8 hours such
morphology becomes predominant also in cells adhering on Ti and NPTi samples. Figure
7D provides information about the complexity of cellular shape by comparing the form
factor, an indicator of a jagged edge. Cells on the PDA coating increasingly assume a
more complex geometry as a function of time, which could be related to a membrane

ruffling and/or the emission of membrane protrusions. The same trend was exhibited by

cells adhering on the other two substrates, but their morphological complexity
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consistently resulted less pronounced than that of cells on poly(dopamine). A different
trend was observed at later intervals. Cell area was greater on PDA-coated samples until
3 days of culture, when compared to that of cells proliferating on Ti and NP-Ti samples
(Figure 8 A-B). However, both the aspect ratio (Figure 8C) and the form factor (Figure
8D) were similar on the three surfaces, indicating that an elongated and well-spread
morphology was achieved regardless of the substrate. Noteworthy, the form factor at 3
days for cells adhering onto NPTi and NPTi+PDA samples decreased, suggesting the
onset of cellular events (e.g. differentiation) that modified their membrane edge.

To better investigate potential molecular mechanisms for the variations in cell
morphology on PDA-coated substrates, we investigated the development of focal
adhesions (FAs) at earlier time points, where differences were most pronounced in both
cell-substrate contact (Figure 7B) and aspect ratio (Figure 7D). FAs are dynamic
membrane-associated protein complexes act as the interface between the extracellular
matrix (ECM) and actin cytoskeleton through sensing of biochemical and/or physical
cues. These cues, such as ECM proteins, interact with integrin transmembrane proteins
leading to clustering and formation of early focal complexes, dot-like structures of ~0.5
um in length, that can mature into focal adhesions, ~1-5 um in length, in response to
force transduction through Myosin-II mediated contractile force.”” Proper cell-ECM
tethering and FA development has shown to be important for proper cell function
including proliferation, motility and osteospecific differentiation of stem cells.”
Qualitative assessment to investigate detectable differences in FA maturity indicated that
presence and maturation of these complexes varied across all three substrates (Figure

9A). In particular, we observed that cells adhered on NPTi+PDA showed abundant and
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mature, dash-like, FAs as early as 1 hour after seeding whereas Ti and NPTi tended to
show smaller round-like aggregations of vinculin that resembled early focal complexes.
Wide spread mature focal adhesions were then seen on the NPTi and Ti conditions at 4
hours and 8 hours, respectively. Although accurate analysis of FA size was excluded
because of the difficulty to measure it by confocal microscopy, assessing the quantity of
FAs (focal adhesion and complexes together) during initial adhesion was achieved as
displayed in Figure 9B. At 1 hour, there is a noticeable difference in detected FAs
between all three substrates. When normalized to Ti, NPTi showed a substantial ~25%
increase whereas NPTi+PDA had the most dramatic increase of nearly 50%. After 4
hours, the effect of the substrate seemed to widen between Ti and the other two
conditions. Although NPTi and NPTi+PDA conditions were approximately the same,
they presented an almost 70% increase over Ti. Following 8 hours, all three conditioned
presented cells with similar numbers of detected FAs. Later time point results were
similar to that of 8 hours (data not shown). Quantitative confirmation of increased FA
assembly and qualitative maturation help to explain the accelerated cell spreading on
PDA-coated substrate seen in Figure 7B, although the mechanisms, whether physical or
biochemical cued, to which this is achieved is still undetermined. Noteworthy, while the
FAs presence normalizes across all substrate after 8 hours, cells continue to present a
more spread morphology and viability extending up to 3 days later. This indicates that
there is a prolonged mechanotransductional effect between the substrate and intracellular
signaling.

Of interest in mechanotransductional signaling pathways is the Rho family of

GTPases, including Racl, Cdc42 and RhoA, which act as molecular switches that
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influence cell processes such as cell cycle regulation, adhesion and actin cytoskeleton
reorganization. These proteins switch between their active GTP-bound and inactive GDP-
bound conformations. Integrin mediated Racl and Cdc42 activation has been shown to
promote cell spreading through associated extension of lamellipodia and filopodia,
respectively.74 RhoA which plays an important role in actomyosin contractility and cell
cycle maintenance, has been shown to have its activity modulated through
mechanotransduction of cell adhesion molecules®. PCR assay revealed a trend towards
lower expression of RhoA after 24 hours in NPTi and NPTi+PDA conditions when
compared to bare titanium (67+23% and 77+22%, respectively), suggesting lowered
relative RhoA activity. In turn, lowered activity in NPTi and NPTi+PDA conditions
could help to explain cell-substrate morphology as integrin-mediated lowering of RhoA
though p190RhoGAP activity has been shown to promote cell spreading in addition to
motility through regulation of cell protrusion and polarity.” Conversely, enhanced RhoA
activity through use of constitutively active RhoA-V14 promotes commitment of hMSCs
towards osteogenic lineages, as seen previously on PDA coated substrate, whereas
dominant-negative RhoA-N19 led to commitment to an adipogenic fate.”® This implies
that there is an intricate mechanotransductional relationship between PDA and MG-63
cells that is not fully understood. Future work should have an emphasis on understanding
the dynamics of Rho GTPase expression and activity, at both early and late time points,
to elucidate how the accelerated cell adhesion, prolonged spreading, enhanced viability

and amplified osteogenic differentiation is regulated and achieved.
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Conclusion

In conclusion, our results reaffirm the potential of poly(dopamine) for biomedical
applications, not only as cross-linker agent, but also as a functional coating capable of
beneficially affecting adhering cells. In this study, we have carried out detailed
physicochemical characterization of a poly(dopamine) film deposited on nanoporous
titanium and demonstrated its effects on MG-63 cell activity at short and longer intervals
in terms of adhesion, viability and morphological changes. These may be associated to
the granular nanotopography of deposited PDA, its nanomechanical characteristics and
chemistry, a differential influence on proteins adsorption (in terms of conformational
arrangement) or, most likely, a synergistic combination of these factors. In addition, our
results open the door new fundamental studies aimed at understanding additional aspects

of the mechanisms that control cell spreading mechanics and motility on poly(dopamine).
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Figures

Etching in
H,SO,/H,0,
—_—>

t=2 hours

Figure 1. Sample preparation. Grade 2 titanium disks (Ti) were etched in a 50:50 mixture
of H,SO4 and H,0, (oxidative nanopatterning) to create nanoporous surfaces (NPTi).**
Treated disks were successively immersed in a solution of 2 mg of 3-hydroxytyramine-
HCI dissolved in 10 mM Tris buffer at pH 8.5 for 24 hours to create the poly(dopamine)

coating (NPTi+PDA).
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Figure 2. (A) SEM image and (B) AFM images of the PDA coating (scale bar = 100

nm); (C) AFM line scan; (D) DPFM-AFM images showing the stiffness+topography

overlay for the PDA coating.
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Figure 3. (A) Representative Raman spectrum of Ti, NPTi and NPTi+PDA; (B)
Representative Raman+AFM overlay showing the intensity distribution of the C=0O

cathecol stretching vibrations band for NPTi+PDA samples.
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Figure 4. Representative ATR-FTIR spectrum of (A) NPTi, (B) NPTi+PDA, (C) 10%
FBS (solid line) and a-MEM (dashed line). Enhancement of the mixed region in 10%
FBS (solid line) and a-MEM (dashed line) (Inset). Representative ATR-FTIR spectrum
of (D) Ti, (E) NPTi and (F) NPTi+PDA (dashed lines show the center maxima of PDA

bands) after immersion in o-MEM+10% FBS for 6 hours.
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Figure 5. Liquid chromatography mass spectroscopic (LC-MS) analysis of serum
proteins adsorbed on NPTi and NPTi+PDA surfaces. Results show the unique spectral

count normalized against the values determined on bare titanium controls.
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Figure 6. Nuclei counting at different intervals (ANOVA test: *= p<0.05, ** = p<0.01).

Results are expressed as percentage increase/decrease in respect to bare titanium (T1).
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Figure 7. (A) Fluorescence images (scale bar
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200 um), (B) area (expressed as

percentage increase/decrease in respect to bare titanium), (C) aspect ratio and (D) form

factor of MG-63 osteblastic cells adhering on Ti, NPTi and NPTi+PDA surfaces at 1, 4

and 8 hours. ANOVA test: *= p<0.05, ** = p<0.01
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Figure 8. (A) Fluorescence images (scale bar = 200 um), (B) area (expressed as
percentage increase/decrease in respect to bare titanium), (C) aspect ratio and (D) form

factor of MG-63 osteblastic cells adhering on Ti, NPTi and NPTi+PDA surfaces at 1, 2

and 3 days. ANOVA test: *= p<0.05, ** =p<0.01
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Figure 9. (A) Confocal fluorescence images of focal adhesion complexes at short
intervals (scale bar = 50 um). Insets were magnified 2X. (B) Number of focal adhesion

complexes at short intervals. ANOVA test: ** = p<(.01
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