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Abstract: In order to develop a synthetic strategy for the cell adhesion or to impart cell resistance to the plasma-
fine tuning of the interfacial properties of titanium-based coated Ti. Results indicate that a plasma-deposited thin
implants and implant parts, a thin polymeric film was polymeric film effectively can act as a viable substrate
deposited from ethylene plasma on the surfaces of Ti foils. for further surface chemical modifications and allow the
The intended aim was to further modify the adherent, application of a huge background of surface-modification
delamination-resistant organic coating using the techniques polymers to metallic devices.  1997 John Wiley & Sons,
of surface modification of polymers to direct interfacial Inc., J Biomed Mater Res, 37, 198–206, 1997.
interactions at the metal foil–biological phase interface. In
particular, air-plasma treatment and Ce(IV)-induced hydro- Key words: titanium; plasma deposition; plasma treat-
xyethylmethacrylate grafting, two typical reactions of bio- ment; surface modification; surface-free energy; cell ad-
medical polymers surface chemistry, were used to improve hesion

INTRODUCTION on protective metal caps sometimes occurs during the
healing period. The newly formed bone must be sur-
gically eliminated before removal of metal caps, a prac-Titanium has been widely used in prosthetic den-
tice that sometimes triggers a small but definite osteo-tistry since the discovery by Branemark and colleagues
clastic activity. Then bacterial adhesion and plaqueof the favorable interaction of titanium surfaces with
accumulation in the oral cavity may be a concern, espe-bone tissue.1 Since then many studies have been de-
cially if coupled with a poor sealing between Ti and thevoted to Ti surfaces and their interactions with bone
soft tissue in the transmucosal portion of the abutmenttissue and cells.2–5

cylinders. Penetration of bacteria along the transmuco-The construction of implant-based prosthethes actu-
ally results in the formation of several different kinds sal pathway results in the development of periimplan-
of interfaces between the material and the biological titis.
phases. In particular,6 when fixtures have been in- While the current high success rate of dental im-
stalled, protective metal caps are screw connected plants indicates that materials, surgery, and postsur-
to the exposed terminals of the fixtures, a precaution gery treatments are satisfactory, a small but significant
that prevents bone from forming in their internal percentage of failures, fixtures loosening, and develop-
threaded parts. Returned sutured soft tissue then is ment of peri-implant infections remains. The thesis of
positioned to completely cover the installed fixtures. this paper and of the ongoing work in our lab is that
After the healing period, transmucosal titanium abut- at least some of these failures and infections could
ment cylinders are connected to the bone-embedded be eliminated by the proper surface engineering of Ti
fixture. Abutment cylinders face partly the soft tissue implant parts. Long and accurate laboratory work and
and partly emerged in the oral cavity (Fig. 1). clinical practice have shown that the surface properties

It is clear that Ti fixtures and implant parts need of Ti are optimal for osteointegration. Surface modifi-
to withstand, in addition to osteointegration, several cation techniques could be used to tailor the surface
interface-related challenges. In particular, bone growth chemistry of Ti implant parts to optimize their interfa-

cial properties in critical, nonbone-contacting areas.
Modifications of both surface morphology7–11 andCorrespondence to: M. Morra; e-mail: mmorra@mbox.vol.it

surface composition have been shown to affect the
cell response on Ti surfaces. With regard to surface
chemistry, surface cleaning and sterilization, the na-

 1997 John Wiley & Sons, Inc. CCC 0021-9304/97/020198-09 ture of the surface oxide layer, and nitridation treat-



SURFACE CHEMISTRY VIA THIN-FILM DEPOSITION 199

The aim of the present work is to demonstrate that
the methods of surface modification of polymers can
be used to manipulate the interaction between cells
and Ti surfaces. For this to be done, a thin (,50 nm)
hydrocarbon-like polymeric organic layer is deposited
on the Ti surface from ethylene plasma. Confirming
previous in vitro findings of Baier and co-workers,20

we recently have shown that this kind of surface
modification greatly reduces plaque accumulation on
a prosthetic dental polymer in vivo.21 The thin, delami-
nation-resistant, pinhole-free polymeric coating is the
starting point for further surface modifications in re-
sponse to two classic reactions of surface chemistry
of medical plastics: air-plasma treatment is used to
promote cell adhesion on the hydrocarbon-like organic
coating, and Ce(IV)-induced hydroxyethylmethacry-
late (HEMA) polymerization and grafting are used to
prevent cell adhesion. A scheme of the surface modifi-
cation strategy adopted is shown in Figure 2.

The effect of the surface modification treatments on
Figure 1. Interfaces between biological phases and Ti in Ti surface chemistry and energetics is evaluated by
dental implants.

electron spectroscopy for chemical analysis (ESCA)
and contact angle measurement while adhesion and
growth of a continuous fibroblast cell line (L 929) is
used to assess the effect of surface modification on thements are the chemical variables most frequently dis-

cussed.2,12–14 material–cell interaction. This cell line is of no direct
clinical relevance for the intended applications of theSurface modification of organic materials to direct

interfacial interactions with cells and bacteria undoubt- surface modification processes discussed. Nonetheless
it can give reliable and reproducible information onedly presents many more possibilities for manipulation

of the details of the surface chemistry than does modi- the key point of this study, i.e., the evaluation of the
in vitro cell-adhesive or cell-repellent properties offication of inorganic surfaces.15 In principle, a polymer

coating on an inorganic substrate could provide an modified Ti surfaces.
organic surface on which further chemistry could be
performed. Actual application of this simple principle
to biomaterials is limited by poor coating/substrate

MATERIALS AND METHODSadhesion, coating delamination in wet physiologic en-
vironments, abrasive wear, uncertain surface chemis-
try of additive-containing polymeric coatings, and lack Experiments were performed on titanium foils 2.5
of suitable reactive groups on the surface. cm wide and 0.2 mm thick (99.7%). Samples were pol-

Deposition of polymeric films from plasma allows ished through 600-grit SiC metallographic papers.
one to bypass several of the just quoted shortcomings After being polished the specimens were solvent
of polymer coatings on inorganic surfaces.16,17 In par- cleaned in methylethylketone for 5 min, washed in
ticular, it allows the production of an adherent, pin- ultrapure water for 20 min, acid passivated in 30%
hole, and additive-free surface layer resistant to hy- nitric acid for 30 min, according to the ASTM proce-
drolysis and delamination in humid environments.17

dure,22 and rinsed again in ultrapure water for 20 min.
Several reports discuss the use of plasma deposition
for organic-chemistry based surface modification of

Surface modificationinorganic materials. Marchant et al. described the sur-
face modification of glass, silicon, and aluminum using

Deposition of ethylene plasmaa glow discharge surface-modification technique.18 A
thin film polymerized from hexane provided an adher-
ent protective coating for the substrate material and Plasma deposition was performed in a capacitively

coupled parallel-plate reactor with the samples locatedcovalent bonding sites for an outer hydrophilic layer
of plasma polymerized N-vinyl-2-pirrolidone. Seeger on the water-cooled grounded electrode. Both the reac-

tor and electrodes are made of stainless steel. The reac-and co-workers grafted, by g-irradiation, hydrophilic
polymers on an organic surface layer deposited from tor volume is about 3 dm3 and the distance between

the electrodes 10 cm.Argon/Hexane plasma on stainless steel.19
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Figure 2. Schematic of the surface modifications performed.

Surface characterizationThe flow rate was controlled by a MKS mass flow
controller. The monomer pressure inside the chamber
before the onset of the discharge was 15 Pa. Based on Contact angle measurement
previous experience, a discharge power of 40 W, a flow
rate of 40 sccm (standard cubic centimetres per min), Contact angle measurement was performed using
and a deposition time of 1.5 min were used. When the the following liquids: H2O (doubly distilled), CH2I2plasma was turned off, the ethylene flow was main- (99%, Aldrich), Dimethylsulfoxide (DMSO, .99.5%,
tained for 30 s to quench active radicals. Fluka).

These experimental conditions yield a polymeric The contact angle of test liquids on the samples’
film of about 40 nm thickness, as detected by a quartz surfaces was measured by the sessile drop technique15

crystal microbalance (Intellemterics). using a Kruss, G 23 contact angle goniometer (Kruss,
Hamburg, Germany). Keeping the capillary pipette of

Air plasma treatment the microsyringe immersed in the probe fluid during
the whole measurement, advancing and receding

Several samples coated by deposition of ethylene angles were measured by increasing or decreasing the
plasma were subjected to a further air-plasma treat- drop volume while moving the three phase boundary.
ment in the same reactor (described above) using a To avoid cross contamination of liquids, a dedicated
discharge power of 30 W, a flow rate of 20 sccm, and microsyringe was used for each liquid.
a treatment time of 15 s. After treatment, samples were
stored overnight in an oven at 608C to avoid artefacts

Surface compositiondue to aging.15

Surface composition was evaluated by electron spec-HEMA grafting
troscopy for chemical analysis (ESCA) using a Perkin
Elmer PHI 5500 ESCA system. The instrument isHEMA grafting on Ti samples coated by deposition

of ethylene plasma was performed by air-plasma treat- equipped with a monochromatic X-ray source (Al Ka
anode) operating at 14 kV and 250 W. The diametering the samples, as described before, and, immediately

after treatment, putting the samples in a 10% HEMA of the analyzed spot is 400 mm. The base pressure was
1028 Pa. Peak deconvolution and quantification of thesolution in water containing 0.2 weight % of Ammo-

nium Cerium Nitrate, 98.5% pure. Both reagents were elements was accomplished using the software and
sensitivity factors supplied by the manufacturer. Thepurchased from Aldrich. The reaction was carried on

for 2 h at room temperature. Samples were extracted angle between the electron analyzer and the sample
surface was 458C. In high-resolution spectra, all bind-overnight in ethanol.
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ing energies were referenced by setting the CHx peak a hemocitomer. Experiments were performed in tripli-
cate. The data were analyzed using an analysis of vari-maximum in the resolved C1s spectra to 285.0 eV.
ance and a post hoc LSD test.

Cell adhesion and growth

Cell adhesion and growth was evaluated using RESULTS
the continuous mouse fibroblasts cell line L-929. Ex-
perimental cell culture medium (BIOCHROM KG, Ber-

Surface compositionlin) consisted of minimum Eagle’s medium without
L-glutamine, 10% fetal bovine serum, streptomycin
(100 mg/L), penicillin (100 U/mL), and 2 mmoles/L The surface composition of the samples, as detected
L-glutamine in a 250 mL plastic culture flask (Corn- by ESCA analysis, and the results of the C1s peak curve
inge). Cells were cultured at 378C in a humidified fitting are shown in Table I. Surface analysis of Ti
incubator equilibrated with 5% CO2 . Fibroblasts were samples yields the typical results observed on Ti sur-
harvested prior to confluence by means of a sterile faces: beside Ti and oxygen, contamination from sur-
trypsin-EDTA solution (0.05 trypsin, 0.02 EDTA in nor- face adsorption of airborne carbon-containing com-
mal phosphate buffered saline, pH 7.4) from the culture pounds and from several other elements is detected.
flasks, resuspended in the experimental cell culture From a quantitative point of view, the overall surface
medium, and diluted to 1 3 105 cells/mL. Five mL of composition agrees with published findings.23 Peak
the cell suspension were seeded into polystyrene petri shape analysis of the Ti peak, not shown, is dominated
dishes (5 cm diameter; Corninge) containing the Ti by the Ti(IV) component of TiO2 (b.e. 459 eV), with a
and surface-modified Ti samples. The dishes pre- small but definite signal from metallic Ti (b.e. 454 eV).
viously had been coated with 10% poly(hydroxyethyl- This observation suggests that the surface oxide layer is
methacrylate) in order to ensure that the fibroblasts thinner than the XPS sampling depth, which published
would grow on only the Ti foils and not on the culture data indicate to be a thickness of about 4 nm for nitric
well. Experiments were performed in triplicate. acid-passivated Ti.24

Ethylene plasma-coated (EPC) Ti shows the typical
Cell observation composition of hydrocarbon surfaces, and, in addition

to carbon, only a very small amount of oxygen is de-
At the designated times, cell growth on the samples tected. The C1s peak is nearly perfectly symmetrical,

quickly was observed with a metallographic micro- with only a very small and difficult to accurately quan-
scope (Nikon Optiphot) without any fixation proce- titate contribution at higher binding energy. These re-
dure and submerged in their culture medium. In order sults confirm that a hydrocarbon film, whose thickness
to enhance the contrast, micrographs were taken after is greater than the XPS sampling depth, homoge-
staining with a 0.1% solution of toluidine blue in PBS. neously coats the metallic substrate. ESCA analysis

of air-plasma treated EPC samples (AEPC) shows the
Cell counts expected increase in oxygen concentration and a

marked broadening of the C1s peak due to the intro-
duction in the surface of single and multiple carbon–Cell proliferation on Ti and surface-modified Ti sam-

ples was determined after 48 h. At this time, cells on oxygen bonding. Finally, HEMA-grafted EPC samples
(HEPC) show a surface composition close to the theo-the samples were gently rinsed with PBS and removed

from the growth surface by incubation with 1 mL of retical value expected from the atomic ratio found in
poly(HEMA) (PHEMA). The C1s peak shape agreesa sterile trypsin-EDTA solution in PBS for 2 min. An

aliquot of the cell suspension then was counted with with the PHEMA molecular structure.

TABLE I
Surface Composition (% at.) and C1s Peak-Shape Analysis of Untreated and Surface-Treated Ti

% Occupied Area
Surface Composition

OUCUO,
Sample O C Ti CUC, CUH CUO CuO OUCuO

Ti 43.6 38.3 13.9a 82.0 10.0 7.1 1.9
EPC Ti 0.9 99.1 P100
AEPC Ti 16.1 83.9 63.0 25.9 7.4 3.7
HEPC Ti 30.2 69.8 54.5 34.1 11.4

a 5 also detected, less than 1% each: N, Na, Ca.
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TABLE II
Measured Contact Angles (deg) and Calculated Surface-Free Energy and Surface-Free Energy Componentsa (mJ/m2) of

Untreated- and Surface-Treated Ti

Contact Angleb

Surface-Free Energy Components
uH2O uDMSO uCH2I2

Sample adv-rec adv adv cT cLW c1 c2

Ti 52 6 5 2 0 23 6 6 26 6 7 — — — —
EPC Ti 92 6 4 2 80 6 5 46 6 5 47 6 6 36.12 35.93 0.01 1.54
AEPC Ti 56 6 4 2 10 6 5 22 6 5 38 6 6 41.62 40.60 0.01 25.94
HEPC Ti 52 6 4 2 0 32 6 5 45 6 6 37.01 37.01 0.00 34.33

acT 5 total surface energy; cLW 5 Lifshitz–van der Waals component of the surface-free energy; c1 5 Lewis acid component
of the surface-free energy; c2 5 Lewis base component of the surface-free energy.

bThe input values of the surface-free energy of the liquids were taken from ref. 26 and are as follows: H2O, cLW 5 21.8,
c1 5 25.5, c2 5 25.5. DMSO, cLW 5 36.0, c1 5 0.5, c2 5 32; CH2I2 , cLW 5 50.8, c1 5 0, c2 5 0.

Contact angle measurement while spreading on the pure Ti surface seems to lag
behind.

Results of contact angle measurement and of calcula- The indications of short-term cell adhesion experi-
tion of surface free energy components, according to ments are confirmed by the observation of cell growth
the Lewis acid-base approach,25,26,15 are shown in Table after 48 h of cell culturing [Fig. 4 (a–d)]. EPC [Fig. 4(b)]
II. Contact angles measured on high-energy surfaces and HEPC [Fig. 4(d)] Ti surfaces remain free from
(such as those of metals) reflect the details of the surface spreaded cells while cells form a confluent layer on
layer of adsorbed contaminants and are more indica- AEPC Ti [Fig. 4(c)]. The pure Ti surface obviously
tive of the cleaning routine used or of the level of supports cell adhesion and growth, but cells are not
environmental contamination than of the true nature confluent yet [Fig. 4(a)]. Note that in every case the
of the sample surface.27,15 Here they are reported more surface morphology of the substrate is unaffected by
to indicate the starting point of the following surface the modification processes, at least within the limits
modification steps rather than to speculate on the na- of optical microscopy.
ture of the Ti surface. Accordingly, no surface free The qualitative results shown in Figure 4 are con-
energy components were calculated in this case. Con- firmed by the quantitative cell counting results, shown
tact angle analysis on EPC surfaces shows that plasma in Table III. The number of cells found on the AEPC
deposition produces a marked increase of the water Ti surfaces is significantly higher than that of cells on
contact angle. Contact angle hysteresis is rather small, the pure Ti surface. Obviously, both are much higher
suggesting, in agreement with ESCA findings, that this than cells counted on EPC and HEPC surfaces.
treatment produces a homogeneous hydrocarbon coat-
ing on Ti surfaces. The hydrophobic nature of EPC is
clearly reflected in the calculated values of the surface-

DISCUSSIONfree energy components, which indicate on over-
whelmingly apolar surface with a very small Lewis
base component. Both AEPC and HEPC surfaces are Previous studies demonstrated classic surface chem-more hydrophilic than EPC, as shown by the decrease istry for polymeric biomaterials: cells do not attachof the water contact angle and, when it comes to surface and grow on apolar, hydrophobic, hydrocarbon-likefree energy, by the increase of the Lewis base compo- surfaces. Plasticware for cell culturing, the so-callednent of the surface free energy. Apparently, HEPC tissue culture plastic, is indeed plasma treated (or sub-surfaces are more basic than AEPC ones. jected to other kinds of surface oxidation) to promote

cell adhesion and growth.28 Then heavily hydrated,
hydrogel-like surfaces, such as those of PHEMA, doCell adhesion and growth
not support cell adhesion.29 Actually, coating from
PHEMA/ethanol solution is a practice widely used inTypical results of cell adhesion experiments are

shown in Figures 3 (a–d). These photographs indicate cell culturing to inhibit cell adhesion to tissue cul-
ture plasticware.the cell behavior on the test surfaces after 2 h of cell

culturing. Clearly, cells maintain a rounded morphol- In the present experiments, this classic scheme of
tuning cell adhesion, typical of polymeric biomaterials,ogy and do not spread on EPC [Fig. 3(b)] and HEPC

Ti [Fig. 3(d)], while cell spreading is evident on both was applied to a metallic ‘‘device,’’ i.e., a titanium foil
whose surface was rendered ‘‘organic’’ by depositionTi [Fig. 3(a)] and AEPC Ti [Fig. 3(c)]. In particular, in

the latter case several cells are already completely flat of a thin polymeric film from ethylene plasma. The
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(a) (b)

(c) (d)

Figure 3. Optical microscope image, after 2 h of culturing, of L 929 fibroblasts on: (a) Ti, (b) EPC Ti, (c) AEPC Ti, (d) HEPC
Ti. Original magnification 2003.

results, shown in Figures 3 and 4, convincingly indicate and 2% nitrogen were detected together with a much
lower water contact angle than that measured in ourthat the thin polymeric film effectively acts as a sub-

strate on which the methods of surface modification study. Oxygen usually is incorporated in hydrocarbon
films deposited from plasma because of a side reactionof polymers can be used to direct the cell behavior on

the metal surface. between active radicals and residual oxygen molecules
in the reactor atmosphere, or by the reaction of long-Concerning the different steps of surface modifica-

tion used, it must be noted that Marchant and co- lived radicals and atmospheric oxygen when the sam-
ples are exposed to the atmosphere after treatment.16workers reported cell adhesion and growth on a poly-

meric film deposited from hexane plasma onto glass.30 Reaction with leaking air or post-treatment reactions
with the atmosphere also are indicated by the incorpo-According to their results, fibroblasts on plasma-

polymerized hexane grow at a rate similar to that ob- ration of nitrogen. In the present experiments much
care was taken to avoid side reactions with oxygenserved on conventional tissue culture polystyrene

(TCPS). The disagreement between the present data, (see the Materials and Methods section), and both
ESCA and contact angle data indicate that a very homo-which show that films polymerized from hydrocarbon

plasma are very poor substrates for cell adhesion and geneous, hydrocarbon-like surface was obtained. Cells
behave accordingly. It must be noted that in order forgrowth, and the data of Marchant and co-workers eas-

ily can be understood by comparing the reported sur- the EPC surfaces to act as an effective plaque-resistant
substrate, as discussed in the Introduction, they shouldface compositions, as detected by ESCA analysis. In

the present case, the polymeric film contains less than contain as few as possible Lewis base (or, in the old
terminology, polar) surface sites.211% oxygen while in the quoted work, about 6% oxygen



204 MORRA AND CASSINELLI

(a) (b)

(c) (d)

Figure 4. Optical microscope image, after 48 h of culturing, of L 929 fibroblasts on: (a) Ti, (b) EPC Ti, (c) AEPC Ti, (d)
HEPC Ti. Original magnification 2003.

Oxygen-containing organic functionalities are intro- similar effect is produced by air-plasma treatment of
hydrocarbon-based, plasma-deposited polymers.duced on the EPC surface by the air-plasma treatment,

as shown by ESCA analysis and contact angle The AEPC surface is a better substrate for L-929
measurement/surface free energy calculations. Steele fibroblast adhesion and growth than is nitric acid-
and co-workers recently discussed the effect of plasma passivated Ti. Keller and co-workers found that there
oxidation of polystyrene on adsorption and molecular were no significant differences in the percent of
potency of cytoadhesive proteins such as fibronectin cell attachment between a TCPS control and acid-
and vitronectin.31 The present results indicate that a passivated Ti surfaces.12 These different results can be

accounted for both by the different cell line (L-929 vs.
human fibroblasts) and by the different nature, albeitTABLE III

Results of Cell Counting on Untreated and Surface- stemming in both cases from a plasma-treated hydro-
Treated Ti after 48 h of Cell Culturinga

carbon polymer, of TCPS and AEPC surfaces.
Air- or oxygen-plasma treatments are commonlySample Number of Attached Cells (cells/cm2 3 104)

used, in addition to surface oxidation, to clean surfaces
Ti 8.9 6 0.8 by etching away organic contaminants or films.16,32 InEPC Ti 1.8 6 0.8

general, ablation and etching always occur during oxi-AEPC Ti 14.0 6 0.7
dative plasma treatment of polymers. In the presentHEPC Ti 1.3 6 0.9
case the rate of etching of the plasma-deposited filmsaDifference between cell numbers on EPC and HEPC Ti is
was not measured. However, ESCA data show thatnot statistically significant. All other differences are statisti-

cally significant (p , 0.01). the thickness of the oxidized organic film is still higher
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than the XPS sampling depth. This is reasonable con- chemistry, which, besides being endowed with in-
creased resistance to plaque21 and cell [Figs. 3(b) andsidering the very short treatment time used for the air-

plasma treatment. 4(b)] adhesion, can be used as the starting point for
further surface modification treatments and reactions.The use of Ce(IV) to graft acrylate monomers to
This hydrocarbon-like film effectively acts as an ampli-surfaces containing hydroxyl groups, or to synthetic
fier of the possibility of chemical manipulations of theorganic surfaces plasma- or corona-treated to intro-
Ti surface and opens the way to the fine tuning, viaduce oxygen-containing functionalities, has been
the well-developed methods of surface chemistry ofwidely exploited.15,33 From a strict surface chemistry
organic materials, of the interactions between Ti, or,point of view, it must be noted that no direct evidence
more generally, between metal-based biomedical de-exists that the polymerized acrylate is, indeed, cova-
vices and biological phases.lently linked (grafted) to the substrate surface. A strong

physical interaction or an entanglement between the
plasma-treated EPC surface and the growing PHEMA
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