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This contribution reports on grafting of bioactive polymers such as poly(sodium styrene sulfonate)
(polyNaSS) onto titanium (Ti) surfaces. This grafting process uses a modified dopamine as an
anchor molecule to link polyNaSS to the Ti surface. The grafting process combines reversible
addition-fragmentation chain transfer polymerization, postpolymerization modification, and thiol-
ene chemistry. The first step in the process is to synthetize architecture controlled polyNaSS with a
thiol end group. The second step is the adhesion of the dopamine acrylamide (DA) anchor onto the
Ti surfaces. The last step is grafting polyNaSS to the DA-modified Ti surfaces. The modified dopa-
mine anchor group with its bioadhesive properties is essential to link bioactive polymers to the Ti
surface. The polymers are characterized by conventional methods (nuclear magnetic resonance,
size exclusion chromatography, and attenuated total reflection-Fourier-transformed infrared), and
the grafting is characterized by x-ray photoelectron spectroscopy, time-of-flight secondary ion
mass spectrometry, and quartz crystal microbalance with dissipation monitoring. To illustrate the
biocompatibility of the grafted Ti-DA-polyNaSS surfaces, their interactions with proteins (albumin
and fibronectin) and cells are investigated. Both albumin and fibronectin are readily adsorbed onto
Ti-DA-polyNaSS surfaces. The biocompatibility of modified Ti-DA-polyNaSS and control
ungrafted Ti surfaces is tested using human bone cells (Saos-2) in cell culture for cell adhesion,
proliferation, differentiation, and mineralization. This study presents a new, simple way to graft
bioactive polymers onto Ti surfaces using a catechol intermediary with the aim of demonstrating
the biocompatibility of these size controlled polyNaSS grafted surfaces. © 2017 American Vacuum
Society. [http://dx.doi.org/10.1116/1.4985608]

I. INTRODUCTION

During the second half of the 20th century, titanium (T1)
and its alloys began to be widely used in the biomedical
industry, particularly as hard tissue replacements. For deca-
des, these materials have successfully been employed in the
orthopedic and dental fields. They have excellent physical
and chemical properties such as good corrosion resistance
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and “acceptable” biocompatibility and mechanical properties
close to human bone.'? However, unmodified Ti based
materials can slowly induce the formation of a fibrous layer,
even after several years of implantation, compromising the
interface with the living tissue and leading to progressive
loss of osseointegration and aseptic loosening of implants.3’4
The inability of Ti to establish strong chemical bonding with
the biological surrounding tissues is at the origin of this
problem.” To overcome this challenge, different strategies
have been proposed to modify the Ti surface, including
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mechanical, thermal, and electrochemical methods.> More
recently, Ti surface modification by grafting biomolecules
and/or bioactive polymers has become a popular alternative
approach.'”

Previous studies have shown that anionic polymers such
as poly(sodium styrene sulfonate) (polyNaSS), poly(metha-
crylic acid), and poly(methacryloyl phosphate) can favor
osteoblast cell adhesion and differentiation.'""'* The distri-
bution of the ionic groups along the molecular chains creates
active sites which can interact with the extracellular proteins
such as fibronectin that have been implicated in cell
responses.'>'* Recently, the grafting of polyNaSS was suc-
cessfully achieved using radicals (under heating'>™'® or UV
irradiation'®?%) or atom transfer radical polymerization
[ATRP (Refs. 21-23)]. Radicals from Ti peroxides are able
to initiate the radical polymerization of the sodium styrene
sulfonate (NaSS) monomer.">° This method is known to
give a large size distribution of synthesized polymers. ATRP
produces grafted polymers with a narrower polydispersity
but requires the surface to be functionalized with a surface
initiator. In this paper, we demonstrate a new method to graft
polymers onto Ti surfaces with a predetermined molecular
weight and a narrow polydispersity.

The success of controlled radical polymerization (CRP)
relies on the robustness of radical chemistry and the capacity
to control the polymer structure (predetermined molecular
weight, narrow molecular weight distribution, and well-
defined end groups and architecture) under mild conditions.
There are numerous CRP methods, with three of the most
commonly used being nitroxide mediated polymerization
(NMP), ATRP, and reversible addition fragmentation trans-
fer (RAFT) polymerization. RAFT polymerization presents
some advantages over ATRP polymerization. Both techni-
ques allow the polymerization of a large array of monomers;
however, the RAFT process does not require the use of a
potentially toxic metal catalyst (copper). NMP does not use
metal complexes, but it does use expensive nitroxide or
alkoxyamines and requires high temperatures. Few research
studies have reported using RAFT polymerization for pre-
paring brush polymers for grafting onto Ti surfaces. Also,
despite the importance and wide use of RAFT polymeriza-
tion,>*2° few RAFT studies have used ionic monomers. We
present in this report the synthesis of anionic polymers
(polyNaSS) by RAFT polymerization for grafting onto Ti
surfaces.

Several techniques for covalently tethering well-defined
polymers onto surfaces have been developed, including the
covalent attachment of end-functionalized polymers incorpo-
rating an appropriate anchor (“grafting to”) and the in situ
polymerization initiated from the surface (“grafting
from™).” To date, the most common methodologies for the
covalent attachment of target molecules onto Ti surfaces
have involved the formation of monolayers with organofunc-
tional silanes,”®?° phosphonic acids,>*~* and phospho-
nates.” Then, a target molecule was covalently attached to
the surface. However, these strategies usually require multi-
ple steps to generate appropriate organofunctional anchors.
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Recently, the catechol unit, because of its strong adhesive
properties, has become an important biomimetic ligand for
surface immobilization.** Inspired by the unique properties
of the adhesive proteins secreted by marine organisms, the
incorporation of the catecholic functionality into macromo-
lecules has aroused much interest.**® Messersmith ez al.’’
have reported the first example of anchoring a catecholic ini-
tiator onto stainless steel surfaces, for subsequent surface-
initiated ATRP. To date, the catecholic units have been con-
jugated with various polymerization initiators or “clickable”
moieties.***° For example, Woisel er al.***° report a simple
and versatile approach for Ti surface modification based on
catechol surface modification that enables target molecules
to be attached using the copper-catalyzed, azide-alkyne
cycloaddition reaction.

In this context, we propose a new and efficient chemical
strategy to functionalize Ti surfaces. It is a simple and versa-
tile strategy based on catechol surface modification that was
developed to enable bioactive ionic polymers bearing thiol
end groups to be attached using a thiol-ene click reaction.
First, a bioactive polymer was synthetized by RAFT poly-
merization to give a thiol end group. Then, the bioactive
polymer was covalently attached via the “thiol-ene click”
reaction onto Ti surfaces modified with the dopamine deriva-
tive bearing an alkene group. This technique is an efficient
way to produce dense polymer brushes of narrow dispersity,
controlled architecture, and well-defined thicknesses and
compositions.

In this article, the control Ti, catechol-modified Ti, and
poly(NaSS)-grafted Ti surfaces were characterized using
x-ray photoelectron spectroscopy (XPS), time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS), and quartz crys-
tal microbalance with dissipation monitoring (QCM-D).
Preliminary studies were carried out to test the biological
responses to the new anchoring chemistry to ensure that it
was at least equivalent to the untreated Ti control and dem-
onstrate that the new chemistry was biologically acceptable
to living cells (biocompatible).

Il. EXPERIMENTAL METHODS
A. Materials

All chemical products were obtained from commercial
suppliers and were used as received unless stated otherwise.
Distilled water with a resistivity of 18.2 MQcm (at 25°C)
was obtained from a Millipore Milli-Q Plus water purifica-
tion system fitted with a 0.22 um filter. NaSS was purified by
recrystallization in a mixture of ethanol/water (90/10 v/v).
The purified NaSS was then dried under atmospheric pres-
sure at 50°C overnight and then stored at 4°C. Bovine
serum albumin (BSA, Sigma) and human fibronectin (Fn,
Sigma) were used at concentrations mimicking their propor-
tion (Fn/BSA) in human plasmas (10% of the physiologic
concentration). BSA was used at 4000 pg/ml in a phosphate-
buffered saline solution (PBS, Sigma), while Fn was used at
20 pug/ml in PBS.
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One-centimeter diameter titanium (Grade 2) disks were
obtained from GoodFellow. The two faces of the disks were
polished consecutively with 500 and 1200 grit SiC papers.
After polishing, the surfaces were cleaned with acetone over-
night under stirring. On the following day, the surfaces were
successively cleaned once in an acetone bath and three times
in a water (H,O) bath with sonication for 15 min. Then, the
disks were put in Kroll’s reagent (2% hydrofluoric acid,
Sigma; 10% HNO;, Acros and 88% H,O) for 1 min with
stirring followed by 15 min of sonication treatments in five
consecutive water baths.

Detailed descriptions of synthesis procedures used to pre-
pare the dopamine acrylamide (DA) anchor group, the
polyNaSS via RAFT polymerization, and thiolation of
polyNaSS are provided in the supplementary material.>
Experimental details for the nuclear magnetic resonance
(NMR) and size exclusion chromatography (SEC) methods
used to characterize the synthesized polyNaSS samples are
also provided in the supplementary material.

B. Analytical methods
1. ATR-FTIR

The Fourier-transformed infrared (FTIR) spectra,
recorded in the attenuated total reflection (ATR) mode, were
obtained using a Perkin Elmer Spectrum Two Spectrometer.
A diamond crystal (4000-500 cm ') was applied to the sam-
ple surfaces, and at least 512 scans with a resolution of
4cm™" were summed for each sample.

2. XPS

XPS data were acquired on a Surface Science Instruments
S-probe spectrometer. This instrument has a monochromat-
ized Al Ko x-ray source and a low energy electron flood gun
for charge neutralization of nonconducting samples. The
samples were mechanically fastened to the sample holder
and run as conductors. The x-ray spot size for these acquisi-
tions was approximately 800 um. The pressure in the analyti-
cal chamber during spectral acquisition was less than 5 x
10~° Torr. The analyzer pass energy for the survey and detail
scans was 150eV. The photoelectron take-off angle (the
angle between the sample normal and the input axis of the
energy analyzer) was 0°, which corresponds to a sampling
depth of ~10 nm. SERVICE PHYSICS HAWK DATA ANALYSIS 7 soft-
ware was used to calculate surface atomic concentrations
using peak areas above a linear background from the survey
and detail scans and elemental sensitivity factors.

Three spots were analyzed from each replicate. Either
two (Ti and Ti-DA-polyNaSS) or four (Ti-DA) replicates
were analyzed. Each analysis spot included a survey spec-
trum and detailed spectra of Nals and S2p.

3. ToF-SIMS

ToF-SIMS data were acquired on an IONTOF ToF-SIMS 5
spectrometer using a 25keV Bis " primary cluster ion source
in the pulsed mode. Spectra were acquired for both positive
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and negative secondary ions over a mass range of m/z
=0-800. The ion source was operated at a current of 0.12 pA.
Secondary ions of a given polarity were extracted and detected
using a reflectron time-of-flight mass analyzer. Spectra were
acquired using an analysis area of 100 x 100 um. The total pri-
mary ion dose for each spectrum was 9.2 x 10" jons/cm?.
Positive ion spectra were mass calibrated using the CHs",
C,H5", and C3Hs " peaks. The negative ion spectra were mass
calibrated using the CH™, C,H™, and C,H™ peaks. Calibration
errors were below 20 ppm. The mass resolution (m/Am) for a
typical spectrum was ~5000 for m/z=27 (pos) and ~4000
for m/z=25 (neg). For each replicate, five positive and five
negative spectra were acquired from random locations across
the surface. Two replicates of each sample type (Ti, Ti-DA,
and Ti-DA-polyNaSS) were analyzed.

4. QCM-D

QCM-D experiments were performed on Ti-coated sen-
sors (QSX-310) using an E1 QCM-D system from Q-sense
(Sweden) equipped with a temperature controlled measuring
chamber and a peristaltic pump. All experiments were car-
ried out under flow conditions using the peristaltic pump
(0.2 ml/min) at a controlled temperature (37 °C). The con-
centration of the polymer solutions was fixed at S mg/ml in
all the QCM-D experiments, and the polymers were dis-
solved in distilled water. The variations in frequency (Af)
and dissipation (AD) were recorded at five overtone frequen-
cies (third, fifth, seventh, ninth, and 11th) as well as the fun-
damental frequency (5 MHz) of the Ti-coated sensor. For
clarity, only the data from the fifth overtone (25 MHz) are
displayed in Sec. III. Data were recorded until a plateau is
reached for each step of the adsorption, adhesion or grafting,
and rinsing process (i.e., when stable, equilibrium frequency
and dissipation signals were reached). Physisorbed mole-
cules or polymers were removed by intermediate rinsing
steps with Milli-Q water or PBS (for proteins).

C. Biological assays

All control and polyNaSS grafted Ti wafers used for bio-
logical assays were sterilized by exposure to a UV germicidal
lamp for 15 min, and then, wafers were flipped over and steril-
ized for another 15 min. The wafers were then placed individu-
ally into wells of tissue culture polystyrene (TCPS) 12-well
plates and treated for 16 h with a sterile solution of serum-free
culture medium Dulbecco’s Modified Eagle’s medium
(DMEM)/Hams F12 containing penicillin (100 U ml™h, strep-
tomycin (100 ugml™"), and amphotericin B (2.50 uygml ") at
4°C. The TCPS control plates were treated identically.

All cell-based assays were conducted using a human
bone-derived cell line Saos-2 recognized to have the capac-
ity to differentiate into mature bonelike cells producing alka-
line phosphatase (ALP) and a bonelike mineralized matrix
when cultured under the appropriate mineralizing/differenti-
ating conditions.*""** In this study, Saos-2 cells were used
for all assays, were routinely cultured in a standard medium
comprised of DMEM/Hams-F12 medium supplemented with
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10% (v/v) fetal bovine serum (FBS), L-glutamine, penicillin, and
streptomycin, and incubated at 37 °C in humidified air containing
5% CO,. Cell culture reagents were all sourced from Gibco
(purchased from Life Technologies, Australia) unless other-
wise mentioned. The control and polyNaSS grafted wafers
were assayed for initial Saos-2 cell adhesion at 24 and 48 h,
Saos-2 cell proliferation after 7 days, and Saos-2 cell differ-
entiation after 25 days. Further details about the biological
assay procedures are provided in the supplementary material.

lll. RESULTS AND DISCUSSION

A. Preparation of a Tthiolated polyNaSS
macromonomer

The thiolated polyNaSS (polyNaSS-SH) macromonomers
used in this study were produced following a two-step strategy
(Scheme 1). The first step involved the RAFT polymerization
of NaSS in solution at 70 °C using 4,4'-azobis (4-cyanovaleric
acid) as an initiator, 4-cyano-4-(phenylcarbonothioylthio)pen-
tanoic acid as a chain transfer agent and water as the reagent
(see supplementary materials for synthesis details).

Using this chain agent transfer allowed the synthesis of
polyNaSS macromolecules with well-defined molar masses
and narrow dispersity values (Table I). The polymers resulting

02C418-4

from the first synthesis step were characterized using |lH NMR
and SEC. The thiol group was generated at the w-chain end of
the polymers in a second step, by reducing the dithiobenzoate
moieties with an excess (>20 equiv relative to the number of
polymer chains) of sodium borohydride (NaBH,) in water for
two days.**™* Comparison of the infrared spectra before and
after the reduction showed the disappearance of the dithioester
group (842-930 and ~1230cm™ ') and the reduction to the
thiol group (Fig. 1). To minimize the formation of disulfide
bonds between the polymer chains, a reducing agent (PBus)
was included in the reaction mixture. The thiol macromono-
mers thus produced had molar masses and dispersity values
nearly identical to their precursor polyNaSS (Table I). In addi-
tion, the comparison of the size-exclusion chromatograms
before and after cleavage of the chain transfer agent did not
exhibit any detectable disulfide bond formation (see supple-
mentary material). For this study, four different polyNaSS-SH
macromolecules spanning three molecular weights were pre-
pared [~5 (2%), ~10, and ~35 kDa].

B. Grafting of polyNaSS-SH onto the DA
functionalized Ti surfaces

The polyNaSS-SH macromolecules were grafted onto the
Ti surfaces using DA as an anchor molecule. Thus, the

o
/ S CN
OH S
s oH
o n
s CN
ACVA
70°C, 5 hrs
505 Na*

SO Na*

NaBH,4 1 M, excess H,0
PBU;, excess rt, 24 hrs

OH
CN

SO5 Na*

ScHEME 1. Preparation of thiolated poly(sodium styrene sulfonate).
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TaBLE I. Conversion, number average molecular weights, and dispersity val-
ues before and after postpolymerization modification.

Conv.* (%) M, pefore” (gmol ")

Mn,aflerb
'HNMR SEC Prefore’ (gmol ™) Dypier”
PolyNaSS,7o° 0.92 35200 1.17 35600 1.25
PolyNaSSs° 0.88 10000 1.15 10500 1.21
PolyNaSS,s* 0.88 5050 1.10 5100 1.18
PolyNaSS,5° 0.85 5200 1.25 5220 1.25

*After 5 h of polymerization at 70 °C as determined by "H NMR.

PNumber average molecular weight and dispersity obtained from conven-
tional calibration with polystyrene sodium sulfonate standards.

“Number average degree of polymerization approximated based on the
respective number average molecular weight.

grafting process has two steps: (1) adhesion of DA onto the
Ti surface and (2) attachment of poly(NaSS)-SH to the DA
layer (Scheme 2). In the first step, the cleaned Ti surfaces
were oxidized with a Piranha solution to create surface tita-
nium hydroxide (Ti-OH) and peroxides (Ti-OOH) within the
titanium oxide layer for reaction with the two hydroxide
groups of DA (Scheme 3).

Since the auto-oxidation of the DA to dopaquinone
greatly reduces its adhesion onto Ti surfaces, the solution pH
must be controlled so that the Ti surface can be effectively
coated with DA (Ti-DA). XPS, a method for measuring the
elements and chemical species present in the surface region
of a sample,46 was used to characterize the attachment of the
DA anchor. The XPS results in Table II show that after DA
attachment, the Ti and O surface concentrations decreased,
while C and N surface concentrations increased, consistent

100

\\ \
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with the successful adhesion of the DA anchor to the tita-
nium surface. The Ti signal decreases due to attenuation of
the substrate signals by the adhered DA onto the surface.
The carbon and nitrogen signals increase due to their pres-
ence on the adhered DA surface (note that carbon is detected
on the control Ti surface due to the adsorption of adventi-
tious hydrocarbons from air exposure during shipping of the
sample to the University of Washington for XPS analysis).
Although oxygen is present in both the oxide layer on the
titanium surface and in the DA molecules, it has a higher
concentration in the titanium oxide layer, and therefore, the
O signal decreases upon the DA adhesion. Small amounts of
F (~2 at. %) and S (~1 at. %) were detected on some spots
of the Ti and Ti-DA samples, respectively.

To provide additional insight into the molecular structure
of the adhered DA, ToF-SIMS analysis was done. ToF-
SIMS when operated in the static mode provides a mass
spectrum of outer ~2nm of a surface.*’ This method analy-
ses positive and negative secondary ions sputtered from the
sample surface region by a high-energy primary ion beam.
The intensity of nitrogen and oxygen containing positive
secondary ions with compositions consistent with the DA
molecular structure [e.g., m/z=30.03 (CH4N), m/z=42.03
(CoHyN), m/z=44.05 (C,HgN), m/z=56.05 (C3HgN), m/z
=70.04 (C4HcO), and m/z=95.05 (C¢H;0)] was detected
with higher intensity on the Ti-DA samples compared to the
control Ti samples (see Fig. 2, middle). Likewise, the inten-
sity of nitrogen and oxygen negative secondary ions with
compositions consistent with the DA molecular structure
[e.g., m/z=26.00 (CN) and m/z=42 (CNO)] was detected
with higher intensity on the Ti-DA samples compared to the
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FiG. 1. Infrared spectra of the polyNaSS (black line) before and the polyNaSS-SH (gray line) after the reduction step.

Biointerphases, Vol. 12, No. 2, June 2017



02C418-6 Chouirfa et al.: Grafting of architecture controlled poly(styrene sodium sulfonate)

.

(0]
Adhesion
:
fo) OH

02C418-6

- aNa Click
000.2000
0 !
HS -
R :
R OH ;
CN '
Q Q :
SO Na* SO5 Na*

ScHEME 2. Grafting of polyNaSS-SH onto the Ti surface via the DA anchor molecule.

control Ti samples. Positive secondary ions characteristic of
the titanium oxide substrate [e.g., m/z=47.94 (Ti), m/z
=63.94 (TiO), and m/z=64.95 (TiOH)] were detected at
higher intensity on the control Ti samples compared to the
Ti-DA samples (see Fig. 2, top). These changes in character-
istic ToF-SIMS peak intensities are consistent with the XPS
results, supporting the adhesion of DA onto the titanium sur-
face. In addition, ToF-SIMS detected low to trace levels of
peaks due to poly(dimethylsiloxane) (PDMS) on the sam-
ples. PDMS is a common surface contaminant and ToF-
SIMS can detect its presence at significantly lower concen-
trations than XPS (XPS detection limit ~0.1 at. % Si), and
S0, it is not surprising for ToF-SIMS to detect low to trace
levels of PDMS when XPS did not detect its presence.
QCM-D also showed that DA was attached to the Ti sur-
face. The QCM technique is well suited for in situ real time
studies. The base is a quartz crystal that oscillates at a con-
stant frequency when power is applied. As the mass of the
crystal changes, so does the resonance frequency of the
oscillation. Tracking the mass changes at a nanogram sensi-
tivity allows the complete grafting reaction at surfaces to be
followed. In combination with a switching system for

changing the solutions, the use of a flow-cell QCM permits
us to investigate the reversibility of the adsorption process
by switching back and forth between an adsorbate-free and
adsorbate-containing solution. Figure 3(a) shows the fre-
quency and dissipation shifts observed when the Ti sensor is
first exposed to the DA solution and then rinsed. Upon expo-
sure to the DA solution, a rapid decrease in the frequency
and an increase in the dissipation were observed. Upon rins-
ing, the frequency increased and the dissipation returned
back to its value prior to adsorption. These results are consis-
tent with a fraction of the DA molecules tightly adhered to
the Ti surface (a frequency decrease of —4.5 Hz from before
adsorption to after rinsing coupled with similar dissipation
before adsorption and after rinsing). During the adsorption
process, some weakly bound DA molecules are also likely to
be present given the larger decrease in frequency and an
increase in dissipation. The total amount of DA bound to the
Ti surface calculated from the frequency change was 80 ng/
cm?. Thus, the QCM-D, XPS, and ToF-SIMS results all
show that DA was successfully attached to the Ti surface.
PolyNaSS-SH was coupled to the Ti-DA surface (Ti-DA-
polyNaSS) via the thiol-ene reaction following the general

-

HN

o ©
_ Oxidation OOH OOH Adhesion step é é)
Piranha solution DA 1 1
-
RT, 24 h,

under argon, DMSO

ScHeME 3. Adhesion of DA onto the Ti surface.
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TasLE II. XPS determined surface atomic composition of the cleaned Ti, Ti-DA, and ~5 kDa Ti-DA-polyNaSS samples. The number of spots analyzed (n) is

also indicated. nd = not detected.

XPS (at. %)

Samples C (0] Ti N S Na Others
Ti (n=06) 304*+1.6 48.7 £ 1.8 192+04 0.6+0.1 nd nd F
Ti-DA (n=12) 435*3.6 40424 13613 20*0.8 0.54+0.5 nd -
Ti-DA-polyNaSS-SH (~5 kDa, n=6) 573*+4.6 293+33 73*x25 05*+03 28*+14 22*+04 F
procedure shown in Scheme 4. The thiol-ene reaction pro-
ceeds with the radical mediated addition of a thiol to the ene vons

. Ti

moiety via the alternation between thiol radical propagation
across the ene functional group and the chain-transfer reac-
tion. This mechanism involves abstraction of a hydrogen
from the thiol by the carbon-centered radical.

The Ti-DA-polyNaSS samples were generated at room
temperature via 365 nm UV irradiation of a aqueous solution
containing polyNaSS-SH, Ti-DA, and a photoinitiator
(2,2'azobis(2-methylpropionamidine) dihydrochloride).

The thiol-ene polymerization between Ti-DA and
polyNaSS-SH was monitored by XPS, ToF-SIMS, and
QCM-D. The XPS results for the ~5kDa polyNaSS-SH in
Table II show that after the thiol-ene reaction, the Ti, O, and
N surface concentrations decreased while C, S and Na
surface concentrations increased, consistent with the suc-
cessful attachment of the polyNaSS-SH to the Ti-DA sur-
face. Further evidence for the attachment of intact polyNaSS
is that the XPS Na/S atomic ratio is within the experimental
error of the expected value of 1. The Ti and N signals
decrease due to the attenuation of the substrate signals by the
polyNaSS-SH surface overlayer. The C, S, and Na signals
increase due to their presence in the polyNaSS-SH surface
overlayer. Although oxygen is present in both the Ti-DA
surface and polyNaSS-SH, it has a higher concentration in Ti-
DA, and therefore, the O signal decreases upon attachment of
the polyNaSS-SH macromolecules. The standard deviations in
Table II for the three major elements detected by XPS (C, O,
and Ti) all increase in the order of Ti< Ti-DA < Ti-DA-
polyNaSS-SH, indicating that the Ti surfaces functionalized
with DA and polyNaSS-SH have greater spot-to-spot varia-
tions in composition compared to the starting titanium surface.
This could be due the presence of some patchiness in the func-
tionalized samples. Small amounts of F (~1 at. %) on some
spots of the Ti-DA-polyNaSS samples were detected.

After the coupling of polyNaSS-SH onto the Ti-DA
surface, ToF-SIMS detected the increase in fragments
characteristic of polyNaSS-SH (see Fig. 2, bottom). These
included sodium containing positive secondary ions such as
m/z=22.99 (Na), m/z=45.98 (Na,), m/z=46.99 (Na,H),
m/z=77.97 (Na;0,), m/z=89.96 (CO,Na,), m/z=94.96
(Na,SOH), and m/z = 103.98 (C,H,0,Na,). The characteris-
tic negative secondary ion peaks included sulfur containing
fragments such as m/z=31.97 (S), m/z=55.97 (C,S), m/z
=86.96 (NaS0O,), m/z=102.95 (NaSOj3), m/z=155.99
(CgH4SO5), and m/z = 183.02 (CgH;SO;). In particular, the
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FiG. 3. QCM-D analysis (the black line is the frequency change, Af, and the gray line is the dissipation change, AD) of DA adhesion and polymer grafting onto
Ti surfaces: (a) Dopamine acrylamide, (b) ~35kDa polyNaSS, (c) ~5kDa polyNaSS-SH, (d) ~10kDa polyNaSS-SH, and (e) ~35 kDa polyNaSS-SH.

peak at m/z = 183.02 represents the mass of the NaSS mono-
mer unit minus sodium (M-Na). Secondary ions characteris-
tic of the titanium oxide surface (Ti, TiO, TiOH, etc.) were
still detected from the Ti-DA-polyNaSS sample but at lower

) -
.
HN />\
d % Os os’
(0]
HSH oH
CN HSO
Q" sH
o

ScHemE 4. Simplified mechanism for the preparation of the Ti-DA-
polyNaSS sample by thiol-ene photopolymerization.
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intensities compared to the Ti and Ti-DA samples. Given the
~2nm sampling depth of ToF-SIMS, this suggests that the
polyNaSS layer does not completely cover the surface in
the Ti-DA-polyNaSS samples. This is consistent with the
XPS results that show an increased spot-to-spot variation in
the composition of the Ti-DA-polyNaSS samples. Like the Ti
and Ti-DA surfaces, trace levels of PDMS peaks were also
detected by ToF-SIMS on the Ti-DA-polyNaSS surfaces.

The QCM-D results in Fig. 3 show the importance of the
thiol group for grafting polyNaSS-SH onto the Ti-DA sur-
face. Only small changes in the frequency and dissipation
were observed when the Ti-DA surface was exposed to
~35kDa polyNaSS without a thiol end group [Fig. 3(b)],
with most of these changes reversed during the rinsing step.
In contrast, when the three polyNaSS-SH polymers were
exposed to the Ti-DA surface [Figs. 3(c)-3(e)], QCM-D
showed larger variations in frequency and dissipation, con-
sistent with higher grafting efficiencies of the polyNaSS-SH
polymers. In particular, after rinsing about 2x, more
~35kDa polyNaSS-SH was grafted to the Ti-DA surface
than the ~35 kDa polyNaSS (Table III).

Comparing the three polyNaSS-SH macromolecules, it
was found that ~35kDa polyNaSS-SH had the largest
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TasLE III. QCM-D results for attaching DA to the Ti surface and grafting polyNaSS and polyNaSS-SH macromolecules onto the Ti-DA surface.

2

Samples Af (Hz) after grafting Af (Hz) after rinsing Am (ngcm?) nmol cm™ Molecules cm >
PolyNaSS-SH ~5 kDa -9.2 -7.2 127 0.025 1.5x 10"
PolyNaSS-SH ~10kDa -9.0 -5.7 101 0.010 6.1 x 10"
PolyNaSS-SH ~35kDa —~13.8 —4.4 78 0.0022 1.3x 10"
PolyNaSS ~35kDa —~1.9 -23 41 0.0011 7.0 x 10"
DA —10.2 —4.5 80 0.527 32x 10"

changes in frequency and dissipation during the grafting
step, but most of the frequency change was reversed during
the rinsing step. The ~5 and ~10kDa polyNaSS-SH macro-
molecules had smaller changes in frequency and dissipation
during the grafting step. The ~5kDa polyNaSS-SH had the
smallest change in frequency during the rinsing step. For all
the poly(NaSS) macromolecules, any changes in dissipation
that were observed during the grafting step were reversed
during the rinsing step. The dissipation returning to its low
value prior to grafting is consistent with the polymer remain-
ing strongly attached to the surface after rinsing. The fact
that the slight dissipation increases during the grafting step
indicates that the film becomes more viscoelastic during this
step, which suggests that some of the polyNaSS-SH macro-
molecules are only weakly interacting with the surface (most
probably multilayer adsorption). These weakly interacting
polyNaSS-SH macromolecules are then removed during the
rinsing step. The ratio of Af after rinsing to Af after grafting,
which is an estimate of the fraction of polyNaSS-SH that is
tightly bound and grafted, decreases with the increasing
molecular weight (~5kDa polyNaSS-SH=0.78, ~10kDa
polyNaSS-SH=0.63, and ~35kDa polyNaSS-SH=0.32).
This shows the challenges encountered when grafting large
molecular weight macromolecules onto surfaces. The
Sauerbrey equation has been used to convert the frequency
variation into a mass variation, given that the dissipation is rel-
atively low (low AD/Af ratio), and so, the model of laterally
homogeneous films can be taken here: Am = —C(Afn/n),
where C = 17.7ngcm 2 Hz and Afn is the frequency variation
for the nth overtone.

As expected, the smallest molecule (DA) has the highest
molecular surface coverage; as measured by QCM-D, the
dissipation is relatively low [see Fig. 2(a)] and the surface

concentration relatively high in nmol/cm® or molecules/cm?
(see Table III). The QCM-D results show that a significantly
higher number of ~5kDa polyNaSS-SH macromolecules
are grafted onto the Ti-DA surface compared to the other
polymers, likely because of fewer steric effects from sulfo-
nate groups along the macromolecular chain when grafting
the smaller ~5kDa polyNaSS-SH. For example, dividing
the molecular coverage of DA by the molecular coverage of
all polymers shows that the number of DA molecules rela-
tive to the number of grafted macromolecules increases as
21 (~5kDa polyNaSS-SH) <53 (~10kDa polyNaSS-SH)
<246 (~35kDa polyNaSS-SH) <457 (~35kDa polyNaSS).
Although there are coverage variations that depend on the
molecular weight, the results show that it is possible to graft
architecture-controlled polymers of different molecular
weights onto the Ti-DA surface.

C. Invitro biological response
1. Protein adsorption

QCM-D was used to investigate the adsorption of BSA
onto grafted ~10kDa polyNaSS-SH as well as the interactions
of Fn with the BSA adsorbed, grafted film (Fig. 4). BSA is a
blood protein that is used to block nonspecific protein adsorp-
tion on a wide range of surfaces and is typically one of the first
proteins to adsorb onto a material when that material is placed
in the biological environment. In the biological environment,
large molecular weight blood proteins such as Fn, vitronectin,
and fibrinogen, also called binding proteins, are described to
arrive later and displace proteins that were initially adsorbed
via the Vroman effect.*® In situ real-time BSA and Fn adsorp-
tion measurements such as the QCM-D allows are well
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FiG. 4. QCM-D frequency (Af) and dissipation (AD) changes (fifth harmonic) with the time during the exposure to and rinsing of BSA (4000 ug/ml in PBS)
and Fn (20 ug/ml in PBS) solutions with the ~10kDa polyNaSS-SH grafted Ti sensor at 37 °C and 0.2 ml/min.
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24 hrs 48 hrs

Ungrafted

Grafted

FiG. 5. Representative confocal images of Saos-2 cells cultured for 24 and 48 h on ungrafted and DA-polyNaSS grafted titanium surfaces (tubulin stained cells
with DAPI).

TCPS Ungrafted Grafted

FiG. 6. Representative phase contrast images taken at days 1, 4, and 7 showed that cells were attached and spread onto the TCPS surface around each wafer
and that the morphology of those cells was similar to the TCPS control surface (no wafer present) at each time point in the proliferation assay, which demon-
strated that neither the grafted (Ti-DA-polyNaSS) nor ungrafted (Ti) wafers were cytotoxic to cells over the 7 day period of exposure (phase contrast images).
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Fic. 7. Proliferation of cells on grafted (Ti-DA-polyNaSS) and ungrafted
(Ti) surfaces measured by MTT assay conducted at time points of 1, 4, and
7 days [data are based on triplicate samples of each wafer included at each
of the three time points * standard deviation mean (SDM)].

adapted to follow protein adsorption on biocompatible metal
surfaces such as Ti oxide surfaces.**~*

The large change in frequency (~30Hz) observed upon
exposure of the ~10kDa polyNaSS-SH grafted surface to the
BSA solution corresponds to the adsorption of 531 ng/cm? of
BSA. The frequency does not change further upon rinsing, and
the dissipation returned to its value prior to BSA adsorption.
This shows that the adsorbed BSA layer forms a densely
packed layer and it is not desorbed or altered by the buffer
rinsing step. Upon exposure of the BSA adsorbed surface to
the Fn solution, an additional decrease in the frequency
(~22Hz) was observed, resulting in a further increase in the
mass of the adsorbed protein film. There is also a significant
increase in the dissipation upon exposure to the Fn solution,
indicating an increase in the viscoelastic properties of the
adsorbed protein film. Upon rinsing, some of the frequency
and dissipation changes were reversed, indicating that some
weakly bound proteins were removed during the rinsing step.
However, the total amount of remaining adsorbed proteins was
higher (708 ng/cm?) and the dissipation remained significantly
higher than its value after BSA adsorption and rinsing. The
increase in the adsorbed protein mass upon exposure to the Fn
solution could be due to either adsorption of Fn onto BSA
films or displacement of some fraction of the adsorbed BSA
molecules with Fn molecules. Since QCM-D detects changes
in mass, either process could be consistent with the observed
frequency changes. However, from the Vroman effect, Fn is
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known to displace BSA, and it has been observed that Ti surfa-
ces modified with a bioactive polymer have a higher affinity
for Fn (Ka=10%) compared to BSA (Ka= 10°).* Thus, it is
likely that the dominant process occurring is the displacement
of adsorbed BSA by Fn. The higher dissipation values
observed after Fn adsorption and rinsing would be consistent
with a more upright orientation of the long Fn molecules,
resulting in a more viscoelastic protein layer.

2. Initial cell adhesion (spreading and morphology)

The initial adhesion of cells on ungrafted Ti and Ti-
DA-polyNaSS surfaces was examined after 24 and 48h of
culturing by staining the cell cytoskeleton with tubulin anti-
body and the nuclei with 4’,6-diamidino-2-phenylindole
(DAPI) to visualize the cells (Fig. 5). On both the grafted
and ungrafted surfaces, the cells had attached and were well
spread by 24 h. At this time point, they were polygonal in
shape with cytoplasmic protrusions extending in all direc-
tions. By 48 h, the adherent cells became elongated on both
surfaces.

3. Cell proliferation

Cell proliferation on the Ti-DA-polyNaSS and ungrafted
Ti surfaces was measured using MTT [(3-(4,5-dimethylthia-
z0l-2-yl)-2,5-diphenyltetrazolium bromide)tetrazolium)] assay
conducted over 7 days with time points at days 1, 4, and 7.
Images were taken at each time point to check if the cells
that had attached to the surface of wells around each wafer
were affected by the presence of wafers (ie cytotoxicity
check). An additional wafer for each surface was set up and
stained with cell tracker green (CTG) on day 7 to check the
cell morphology and distribution/coverage of cells on surfa-
ces. The first outcome in this assay showed that cells
attached to the TCPS wells around the wafers looked similar
to the control TCPS wells, which indicated that there was no
evidence of cytotoxicity in response to the presence of the
wafers (Fig. 6).

Cell proliferation data over 7 days (Fig. 7) showed that
the cells on both the grafted and ungrafted Ti surfaces

TCPS

Ungrafted

Grafted

Fic. 8. Representative fluorescence images of adherent cells on control TCPS, ungrafted (Ti), and grafted (Ti-DA-polyNaSS) Ti surfaces on day 7 of the prolif-

eration assay (CTG stained cells at 20 x magnification).
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Fic. 9. ALP produced by cells adherent to the control TCPS, grafted (Ti-
DA-polyNaSS), and ungrafted Ti surfaces (data represent the mean of tripli-
cate samples of each surface corrected for the cell number as measured
using MTT assay run in parallel over 25 days and normalized to production
by cells on control TCPS under osteogenic conditions = SDM).

supported steady proliferation over the 7 day period of the
assay to equivalent levels on both surfaces. Both were less
than the TCPS control, which is not unexpected since TCPS
is purposefully designed to enhance cell adhesion and prolif-
eration. This outcome was consistent with expectations
based on data from the initial cell adhesion assay (as shown
in Fig. 5) and served to further confirm that neither surface
was cytotoxic (as shown in Fig. 6).

On day 7 of the proliferation assay, an extra sample of
each surface with adherent cells was stained with CTG, a
fluorescent tag for living cells, to enable visualization of the
cell cover on the opaque surfaces. Images of CTG stained
cells attached to wafers on day 7 confirmed substantial levels
of cell attachment and growth on all the grafted and
ungrafted surfaces, which was similar to the appearance of
cells in TCPS control wells (Fig. 8).

4. Cell differentiation and mineralization at day 25

Differentiation of cells was evaluated using assays*'*** to

measure calcium and ALP in cells adherent to each surface
that had been maintained in two different culture regimes
(standard and osteogenic) for 25 days. In parallel, an MTT

400
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TCPS Ungrafted Grafted

Standard ®Osteogenic

FiG. 10. Calcium produced by cells adherent to the grafted (Ti-DA-
polyNaSS) and ungrafted Ti surfaces (data represent the mean of trip-
licate samples of each surface corrected for the cell number as mea-
sured using MTT assay run in parallel over 25 days and normalized
to production by cells on control TCPS under osteogenic conditions
+ SDM).
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assay was conducted on day 25 to evaluate cell numbers on
each of the surfaces that enabled ALP and calcium data to be
adjusted for the number of cells that were attached to each
surface. Outcomes of ALP and calcium assays (Figs. 8 and
9) showed that culturing cells under osteogenic conditions
promoted the production of both ALP and calcium by the
cells compared to that produced by cells maintained on stan-
dard culture conditions over the 25 day period of the assay.
Cells on the ungrafted surfaces produced more ALP than
those on the grafted surfaces in osteogenic conditions, show-
ing that they were in an earlier stage of differentiation than
the cells on the grafted surfaces (Fig. 9). Cells on the grafted
surfaces produced more calcium than those on ungrafted sur-
faces under osteogenic conditions (Fig. 10), revealing that
they were in the more highly differentiated state and were in
the process of mineralizing their matrix.

IV. CONCLUSIONS

We have described a new approach to graft bioactive pol-
ymers with a well-defined molecular weight onto Ti surfa-
ces. This approach uses a catechol molecule, which plays the
role of an anchor molecule and acts as a linker between the
polymer and the Ti surface. This strategy can be divided into
two main steps: (1) adhesion of the anchor molecule (DA)
onto Ti surfaces and (2) grafting of architecture controlled
polymers (polyNaSS-SH) onto the DA coated Ti surfaces
via click chemistry. Each step was characterized to confirm
the presence of DA and polyNaSS on the Ti surfaces before
the preliminary assessment of the biological response. The
polyNaSS grafted surfaces adsorbed a densely packed layer
of BSA, a fraction of which was then displaced by Fn. In
vitro biological assays conducted with a human bone cell
line showed that the grafted Ti surfaces are not cytotoxic and
exhibit biocompatibility at least as equivalent to the
untreated Ti control.
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