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Abstract

Surface modification of biocompatible materials with biologically-active molecules is a well-known
strategy to enhance the osteointegration of implantable devices. In order to evaluate the efficiency
of these treatments, an in vitro study of cell behavior on the modified surface is usually carried out.
A key point to evaluate the efficacy of this strategy is to avoid non specific protein adsorption by
creating a non-fouling background. This blocking step ensures that the observed response of cells
can be exclusively ascribed to the modification treatment applied. Several techniques are available
to create this neutral background. Thus, the aim of this study is to compare two different blocking
methods, namely adsorption of albumin from bovine serum (BSA) and grafting of small polyethylene
glycol (PEG) chains to titanium, which is the gold standard metal for orthopedics and dentistry. 1o this
end, titanium surfaces were coated with a recently synthesized cell adhesive peptide-based molecule
and subjected to a blocking procedure with either BSA or PEG. Non-functionalized titanium samples
were also blocked and used as controls. The biological response of human mesenchymal stem cells
was evaluated by measuring the number of attached cells and studying the degree of cell spreading
on the substrate. Both aspects of cell behavior are not affected significantly by the blocking method.:
cells adhere and spread significantly more on the functionalized samples, regardless of the blocking
method used. This confirms that the surface feature that defines cell response is the presence/absence
of the biomolecule, and not the anti-fouling layer. These results, together with the reduction of
variability of results observed in presence of a blocking layer, demonstrate the efficacy and necessity
of blocking the surface. PEG grafting is demonstrated as effective as BSA coating in reducing non-
specific interactions and not hindering the effect of the biomolecule. However, taken into account the
numerous advantages of a synthetic and customizable polymer chain over a complex natural protein,
PEG blocking stands out as a very good alternative to albumin adsorption.
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Introduction

In the last two decades, many chemical and/
or physical modifications of implantable devi-
ces surfaces have been proposed as viable and
straightforward strategies to stimulate the os-
teointegration of bioinert materials and, thus,
increase the implant lifetime [1]. By creating a
modified surface, capable of positively influen-
cing the process of wound healing, the bulk
properties of the material are not affected, while
the response of the surrounding tissue to the im-
plant is significantly enhanced, avoiding possible
causes of failure, such as fibrous encapsulation
and chronic inflammation. In the case of dental
and permanent orthopedic implants, the aim of
these modification treatments is to promote the
osteointegration of the device, i.e. direct forma-
tion of new bone on the implant, giving struc-
tural and functional connection between the
living tissue and the synthetic material, as defi-
ned originally by Branemark in 1983 [2]. To this
end, physical modifications of the surface, from
random roughness [3] to highly controlled na-
notopography modification [4], have been de-
monstrated to influence cell response and foster
attachment and differentiation of bone-forming
cells, namely osteoblasts, and other cell types
[5,6]. A parallel field of studies has focused on
chemical modification of the surface, whose aim
is to anchor to the surface biologically-relevant
molecules, such as proteins, recombinant pro-
tein fragments, or peptides [7]. Such molecules
are able to interact with cells through numerous
cell receptors and consequently guide cell fate. To
test the efficacy of these chemical modifications,
in vitro studies are generally carried out. Clearly,
the fact that cell response will be solely depen-
dent on the functionalization molecule is of pa-
ramount importance in these studies. However,
cells may also interact in a non-specific manner
with proteins from the culture medium adsor-
bed on the surface and with the surface itself. To
avoid these sorts of unspecific interactions, an
“inert” background is needed. Apart from pre-
venting these interactions, the background has
to be designed in such a way that the activity of
biomolecule is affected as little as possible. Tra-

ditionally, adsorption of albumin from bovine
serum (BSA) has been used for this purpose, as
BSA-coated surfaces have been demonstrated to
have strong anti-fouling character [8]. More re-
cently, polymer-based strategies, such as the use
of polyethylene glycol (PEG), have been inves-
tigated as viable and more customizable alter-
natives to the use of proteins [9]. In this study,
the BSA-blocking of Ti surfaces was compared
to the grafting of PEG short chains as an alter-
native blocking method. Titanium was chosen
as substrate since it is the most used material
for orthopedic and dental applications, given
its high biocompatibility and good mechanical
properties [10]. The first is guaranteed by the
stable oxide layer which spontaneously forms
on the surface of the metal (TiO, / TiO / Ti,03),
and prevents corrosion and metallic ions diffu-
sion into the tissues. As regards mechanical pro-
perties, Ti possesses lower elastic module than
many other metallic materials, such as stainless
steel or CoCr alloys, thus reducing stress shiel-
ding effects on surrounding bones [10]. Chemi-
cal functionalization of the metallic surface was
chosen as a strategy to induce the growth of new
bone at the implant/bone interface and thus im-
prove the osteointegration of the synthetic devi-
ce, as explained before. The treatment consisted
of the anchoring of a recently synthesized bio-
molecule, which selectively binds to one of the
integrin receptors of cells and thereby influen-
ces cell behavior, as recently demonstrated by
us [11]. This system offers a proper substrate to
study the efficacy of the functionalization strate-
gy, and how the two blocking procedures affect
the results of the in vitro study. Specifically, after
characterizing the surface, adhesion of mesen-
chymal stem cells on the biomolecule-coated Ti
was studied, in terms of the number and sprea-
ding of cells on the metallic surface. The surface
was either non blocked or blocked with BSA or
PEG coating. These three conditions were com-
pared with three negative controls, consisting
of uncoated Ti, either blocked with one of the
two methods or not. This experimental system
allowed to simultaneously evaluate the effect of
two variables: the presence of a bioactive mole-
cule and of the anti-fouling layer.



Materials and methods

Preparation of titanium surfaces

Cylindrical commercially pure (CP) Ti bars
(diameter: 10 mm) were provided by Techna-
lloy S.A. (Sant Cugat del Valles, Spain). Ti disks
(thickness: 2 mm) were prepared by turning,
smoothed with silicon carbide grinding papers
(Neuertek S.A., Eibar and Beortek S.A., Asua-
Erandio, Spain) and polished with suspension
of alumina particles (1 um and 0.05 um particle
size) on cotton clothes. After obtaining smooth
mirror-like surfaces, the disks were ultrasonica-
lly rinsed with cyclohexane, isopropanol, disti-
lled water, ethanol and acetone and stored dried.
The three bioinert surfaces (figure 2, upper line)
were obtained by using either directly the po-
lished Ti disks, coating with BSA, or grafting a
short chain of PEG. The coating with BSA was
done by soaking the disks in a 1% solution of
BSA in phosphate buffered saline (PBS) at room
temperature (RT) for 1 h. A similar procedure
was used to graft the PEG chains: Ti disks were
soaked in a 500 uM solution of H;C-(PEG),-SH
(MT-PEG, Thermo Scientific, Waltham, MA,
USA ) (Figure 1) for 1 h at room temperature.
The three bioactive surfaces (figure 2, lower
line) were prepared by anchoring a previously
synthesized [12] biomolecule via silanization

of titanium. Prior to silanization, samples were
passivated with 65% (v/v) HNO; for 1 h and
then ultrasonically cleaned with MilliQ water,
ethanol and acetone. Straight after the oxidizing
treatment, the surfaces were silanized by im-
mersing samples in 2% (v/v) APTES (Sigma-Al-
drich, St. Louis, MO, USA) in anhydrous toluene
(Sigma-Aldrich) at 70 °C for 1 h under nitrogen
atmosphere, and then ultrasonically rinsed with
toluene for 5 min. Next, samples were rinsed
with MilliQ water, ethanol and acetone. The ob-
tained surface was finally cured at 120 °C for 5
min. In order to couple the crosslinking agent
N-succinimidyl-3-maleimidopropionate (SMP)
(Alfa Aesar, Karlsruhe, Germany), disks were
soaked in 7.5 M solution in N,N-dimethylfor-
mamide (DMF) for 1 h at RT and rinsed with
DME distilled water, ethanol and acetone af-
terwards. Both silanization and SMP coupling
were performed under agitation and were fo-
llowed by rinsing with MilliQ water, ethanol and
acetone. The immobilization of the biomolecule
was performed by first dissolving it in PBS at
100 uM and pH 6.5, and then depositing 100
uL of these solutions overnight on samples at
RT. Two of the three bioactive conditions were
subsequently blocked with BSA or MT-PEG, as
explained before. Surfaces were named as repre-
sented in Figure 2.

HSC,O\/\O/\/O\/\O/\/SH

Figure 1. Chemical structure of the blocking molecule of PEG, which has a thiol group on one end,
serving as anchor to the surface, and a methyl group on the other end, which has no specific biolo-

gical effect.
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Figure 2. Schematic representation of the surfaces: three bioinert Ti surfaces (upper line) are com-
pared with three functionalized surfaces, where a bioactive molecule (green circle) has been grafted.



Characterization of surface physicochemical pro-
perties

The polishing treatment of Ti disks is inten-
ded to reduce surface roughness and generate
a smooth surface, serving as a substrate for all
conditions. To measure this reduction white
light interferometry in vertical scanning interfe-
rometry mode (Wyko NT9300 Optical Profiler,
Veeco Instruments, New York, NY, USA) was
used before and after the polishing procedure.
The average roughness (Ra) of each sample was
measured in three randomly chosen points of
the disk. Data were analyzed with Wyko Vision
4.10 software (Veeco Instruments). Moreover,
the sessile drop method was used to measure
static contact angle of ultrapure Milli-Q water
and diiodomethane (volume of wetting liquids:
1 uL) (Contact Angle System OCAL15 plus, Da-
taphysics, Filderstadt, Germany), allowing the
calculation of surface energy with Young-Lapla-
ce and Owen-Wendt equations.[13] Contact an-
gle values of 3 drops per sample were obtained
using Laplace-Young fitting with SCA 20 soft-
ware (Dataphysics).

Cell culture

Human mesenchymal stem cells (hMSCs)
were cultured in Advanced Dulbecco Modified
Eagle Medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS), 50 U/mL
penicillin, 50 pg/mL streptomycin and 1% (w/v)
L-glutamine. Cells were kept at 37 °C, in a hu-
midified atmosphere with 5% (v/v) CO, and
changing culture medium twice a week. Upon
reaching 70% confluence, cells were detached
by trypsin-EDTA and subcultured into a new
flask. Cells at passages between 2 and 5 were
used to carry out all the experiments. All rea-
gents were purchased from Sigma-Aldrich, un-
less otherwise stated.

Cell adhesion

Cell attachment on Ti surfaces was evaluated
after 6 h of incubation in serum-free medium by
quantification of cell number via enzymatic as-
say. Prior to seeding, samples were rinsed three
times with PBS and either left untreated, bloc-
ked in 1% (w/v) BSA or coated with MT-PEG
as explained above. Ti disks were moved to 48-
well plates, cells were seeded at 10 x 103 cells/

10

mL and incubated at 37 °C and 5% (v/v) CO,
containing atmosphere. 6 h post-seeding non-
adherent cells were washed off by gently rinsing
with PBS, and attached cells were lysed with 300
pL/disk mammalian protein extraction reagent
(M-PER). Enzymatic activity of lactate dehydro-
genase (LDH) was quantified by colorimetric
assay (Cytotoxicity Detection Kit (LDH), Ro-
che Diagnostics, Mannheim, Germany), using
a multimode microplate reader (Infinite M200
PRO, Tecan Group Ltd., Mannedorf, Switzer-
land).

Immunofluorescence analysis of cell morphology

hMSCs cells were plated on samples as pre-
viously explained. Cells were allowed to attach
for 6 h in serum-free medium, and subsequently
fixed with paraformaldehyde (PFA, 4% w/v in
PBS) for 20 min, permeabilized with 500 uL/
disk of 0.05% (w/v) Triton X-100 in PBS for 20
min and blocked with 1% BSA (w/v) in PBS for
30 min. Actin fibers and nuclei were stained by
incubating with rhodamine-conjugated phalloi-
din (1:300, in Triton 0.05% (w/v) in PBS) for 1 h
and with 4’6-diamidino-2-phenylindole (DAPI)
(1:1000, in PBS-Glycine 20 mM) for 2 min at RT
in the dark, respectively. Ti disks were exami-
ned under a fluorescence inverted microscope
(AF7000, Leica, Germany) and images proces-
sed using Fiji/Image-] package.

Results and discussion

Surface characterization

Cell behavior is deeply influenced by the mi-
croenvironment. Specifically, anchorage depen-
dent cells, like osteoblasts and MSCs, respond to
the set of chemical, topographical, mechanical,
and biological features of their substrate [3,14-
16]. In this study, we focused on the chemical
composition of the surface, i.e. on the effect of
the biomolecules anchored to the surface. To
analyze the effect of this specific feature of the
surface, and exclude the effect of other parame-
ters, it is important to provide that all surfaces
compared have the highest homogeneity as pos-
sible, in terms of topography, wettability and
stiffness, in this case. Stiffness of all samples will
be clearly the same, as cells sense the hard meta-
llic surface in all conditions. As regards topogra-



phy, smooth mirror-like Ti surfaces have been
chosen as surface of reference, as the biological
effect of the surface-bound biomolecules has
been proved to be more evident on smoother
substrates than on rougher ones [17]. White
light interferometry was used to monitor the re-
duction of roughness after the polishing process.
Passing from the turned surface to the polished
one, arithmetic roughness is highly reduced,
and roughness is not modified by the passiva-
tion protocol (Table 1), nor by any subsequent
step of the functionalization protocol.
Hydrophilicity of the surface is slightly in-
creased throughout the functionalization pro-
cess (Figure 3). Contact angle of diiodomethane
remains almost constant throughout the steps of
the coating (not shown). Overall, surface energy
spans a small range of values, which unlikely in-
fluences short-time cell response. On this regard,
Kennedy et al. demonstrated that cell adhesion
after 8 h of incubation on substrate with very di-
ferent superficial energy was not affected [14].

Effect of the blocking protocol on cell attachment
and spreading

In order to study the effect of the blocking
method on the inert and the bioactive surfaces
(Fig. 1), the number of attached cells and the
projected cell area after short incubation time
have been measured. After preparing surfaces
as described above, hMSCs were plated and
incubated on Ti for 6 hours. All three inert Ti
surfaces support poor cell adhesion. Neverthe-
less, blocked conditions (Ti/BSA and Ti/MT-
PEG) display a tendency toward lower adhesion
efficiency, compared to the inert untreated Ti.
This effect is probably due to the presence of
the anti-fouling layer of BSA or MT-PEG. As
a matter of fact, the small polymer chain has a
methyl group at the end of the chain, which is

known to have no specific biological effect on
cells. Apart from that, PEG polymers are known
to exert an anti-fouling effect mainly through
two mechanisms: steric repulsion and/or hydra-
tation/water structuring [18]. The origin of the
first one is related to the resistance of polymer
chains to compression: any protein approaching
the PEG-coated surface will cause an increase
in the local concentration of polymer chains,
which corresponds to a reduction of the entro-
py of the system and, consequently, yields to an
increase in free energy (AG). Hence, a repulsi-
ve energy of interaction is generated. Moreover,
compression of the chains also generates an elas-
tic term, which also contributes to the repulsive
energy. The sum of these terms has to be grea-
ter in magnitude than the attractive electrosta-
tic or van der Waals interaction. In the case of
polymers, repulsive energy is higher than these
attractive components, thus justifying their use
as anti-fouling coatings. However, it can be no-
ted that both repulsive components depend on
the molecular weight (MW) of the polymer and
on the grafting density achieved, with higher
concentration and higher MW usually corres-
ponding to higher repulsion. In this case these
two variables were not taken into account, since
only one type of PEG was used. The BSA coating
is also known to serve as an effective blocking
treatment, since it has been demonstrated that
protein absorption is highly reduced on albumin
[8], making it the routine blocking treatment in
numerous studies [11,19,20]. Differently from
blocked surfaces, the untreated inert Ti surface
presents very high variability: as no blocking of
the surface is done, cells adhere non-specifically
to the metallic material, giving a response that is
scarcely predictable.

Anchoring the biomolecule gives the sur-
face much better adhesive properties, since all

Sample R, (nm)
Not polished Ti 493.7 + 721
Polished Ti 146+1.5
HNO, passivated Ti 143 +2.1

Table 1. Arithmetic roughness of the Ti surface before and after the polishing treatment and after the
passivation procedure. Values are presented as mean =+ standard deviation.
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three bioactive surfaces (Ti/BIO, Ti/BSA/BIO
and Ti/MT-PEG/BIO) support a statistically
higher (p<0.05) adhesion, compared to all inert
conditions, as expected [11]. However, the bloc-
king treatments do have a small effect on ad-
hesion efficiency, lowering it, even though the
decrease is not statistically significant. This is of
paramount importance in the study of a novel

functionalization molecule: in order to evalua-
te the efficacy of the biomolecule, no significant
reduction in activity has to be caused by the
blocking treatment, as this would mislead in
drawing conclusions.

Furthermore, an immunofluorescence analysis
was carried out to study the quality of adhesion.
To this end, actin cytoskeleton was stained with
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Figure 3. Water contact angle on Ti surface throughout the functionalization process. * p<0.05 com-

pared to the unlabeled columns by ANOVA.
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of cells attached to the Ti surface. Results are mean values and bars represent standard deviation. *
p<0.05 compared to unlabeled columns by ANOVA.



rhodamine-conjugated phalloidin after 6 hours of
incubation on the metallic surfaces. The spreading
of hMSCs on the metallic surfaces is either low, on
uncoated Ti, or high, on functionalized surfaces,
as observed for cell attachment. Thus, cells do not
spread on inert Ti conditions, both unblocked and
BSA or PEG blocked samples, while they display
a high projected area on all bioactive conditions.
These results confirm that the blocking procedure
is not modifying significantly the surface features,
which are still governed by the absence/presence
of a bioactive molecule.

Taken together, results demonstrate the vali-
dity of both blocking methods. However, several
intrinsic features of the blocking molecules have
to be taken into account. Being a protein, BSA is
much more sensitive to temperature and pH va-
riations, which may lead to the denaturation of
the protein, while a polymer as PEG is not affec-

ted in the range of temperature and pH typically
encountered. Furthermore, a synthetic polymer
chain is completely customizable: both the an-
chor and the terminal group of the chain can be
substituted to suit the specific system studied.
For instance, even bioactivity can be attained by
simply grafting an active receptor-binding mo-
lecule to the end of the PEG chain, obtaining
anti-fouling and cell adhesive properties at the
same time [7]. Also the combination of several
PEG chains to form the so-called polymer brus-
hes is an alternative to increase the local density
of chains and, thereby, the anti-fouling charac-
ter of the coating [21]. Everything considered,
polymer blocking methods offer a much more
controlled and adjustable system, compared to
complex and scarcely controlled natural macro-
molecules, and thus constitute a better alternati-
ve to the traditional albumin blocking methods.

Figure 5. Spreading of hMSCs cell on the BSA-blocked Ti (a), MT-PEG-blocked Ti (b), and BSA-
blocked Ti coated with the biomolecule (¢). Cells do not spread on both blocked surfaces, regardless
of the blocking method, nor on the inert Ti (not shown). However, when the biomolecule is anchored
to the surface, cells are able to spread completely either without blocking (not shown), in presence

of BSA (c), or MT-PEG (not shown). Bar: 50 pm.
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Conclusions

A comparison between two different bloc-
king methods, a more traditional one with al-
bumin, and a polymer-based one, has been
presented in this study. The study has focused
on two aspects, namely the efficiency in having
more controlled response on inert surfaces, and
the ability of the anti-fouling layer not to hinder
the effect of an active biomolecule anchored on
the material. Both blocking methods have been
proved viable to study the efficacy of chemical
functionalization strategies on metal, providing
a more controlled response and not interfering
with the effect of the biomolecule. The study
only focused on two standard biological assays,
i.e. attachment and evaluation of cell projected
area, since these are the most common in vitro
studies, especially in preliminary studies eva-
luating the viability of a novel functionalization
approach. This kind of studies aims at obtaining
a clear and unequivocal biological result, hen-
ce, it is crucial that nothing interferes with the
experimental outcome, dampening the effect of
the studied molecule. Generally, our data defi-
nitely support the use of a blocking procedure,
either with albumin coating, or with the grafting
of small PEG chain, since:

- Lower variability and, thus, higher control
over adhesive processes is obtained, as evident
from the reduction of standard deviation of
both blocked inert Ti conditions, compared to
the unblocked inert Ti;

- The positive effect on attachment resul-
ting from the anchoring of the biomolecule is
not affected significantly by the blocking step,
meaning that the functionalization treatment is
not invalidated by the presence of the anti-fou-
ling layer;

- Cells are not able to spread on none of the
inert surfaces, while they spread on all bioactive
surfaces, again demonstrating the non-invasive-
ness of the blocking step over this other aspect
of cell response;

- Although not demonstrated in this study,
it is known that the polymer molecules do not
degrade in the physiological environment, while
proteins, such as BSA, are prone to denaturation
due to enzymes, sharp changes in temperature
or pH. Moreover, PEG is known to have anti-

bacterial effect [22], which would add another
advantage to this type of blocking procedure;

On the whole, results confirm the viability of
both techniques to block non-specific interac-
tion with the substrate. Nonetheless, conside-
ring the non degradability, antibacterial proper-
ties, and the spectrum of chemical modification
that can be easily applied to synthetic polymers,
PEG-blocking seems a better blocking strategy
for surface functionalization studies.
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