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IN VITRO STUDIES ON PMMA-BIOGLASS COMPOSITE FILMS
Laura FLOROIAN! and Attila BOER?

Abstract

We report on the transfer of novel PMMA-bioglass composites by matrix assisted
pulsed laser evaporation to uniform thin layers onto chemically etched Ti. The targets
were prepared by freezing in liquid nitrogen after dissolution in chloroform mixtures
containing PMMA reinforced with bioglass powders. The cryogenic targets were sub-
mitted to multipulse ablation with an UV KrF* (A = 248 nm, 7 ~ 25 ns) excimer laser
source. The fluence was set after optimization at 0.55J - cm™2.

We evaluated the films’ bioactivity by immersion into simulated body fluid. The
composition was monitored by Fourier transform infrared spectrometry and the mor-
phology was monitored by confocal scanning laser microscopy.

PACS: 79.20.Ds, 87.85.jj.
Key words: bioactive materials, matrix assisted pulsed laser evaporation, confocal
scanning laser microscopy.

1 Indroduction

Due to the fact that many diseases/malfunctions of tissues and organs and other medi-
cal conditions cannot be healed or even treated successfully by conventional medical proce-
dures, the field of biomaterials has developed tremendously over the last years. Healthcare
consumers nowadays need increasingly advanced devices for diagnosis and treatment. New
materials and innovative procedures and protocols to speed up osseointegration and sub-
sequent bone repair and healing need to be developed.

Among the biomaterials with great potential we emphasize the newly formulated bio-
glasses and their composite which are capable of interacting with living materials and can
be used in implantology and bone repair applications. In bulk the bioglasses brittle so
that they are used as coatings for metallic implants. Metals are mechanically suitable for
load-bearing orthopedic and dental implants, but, nevertheless, various problems related
to corrosion, wear, and negative tissue interactions have been reported [1]. The coating of
metallic implants with thin layers of bioactive material combines mechanical advantages
with excellent biocompatibility. Furthermore, the coatings can protect the implants from
corrosion, limiting the release of metallic ions into the body [2, 3, 4, 5].
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In this study we investigate the possibility of using bioresorbable and bioactive com-
posite made from polymethyl methacrylate (PMMA) and bioactive glass BG for implants
or prosthesis for bone restoration and dental surgery. This new material is tested from
the point of view of bioactivity and that of mechanical properties.

2 Materials and methods

Polymethyl methacrylate — (C502Hg),, — is the synthetic polymer of methyl methacry-
late and it is a transparent plastic often used as an alternative to glass because of its
moderate properties, easy handling and processing and low cost. PMMA has a density of
1.150-1.190 kg/m3. This is less than half the density of glass, and similar to that of other
plastics and of human bone. PMMA has a good impact strength higher than that of glass
or polystyrene. It has excellent environmental stability compared to other plastics such
as polycarbonate.

Unfortunately PMMA is softer and more easily to be scratched than glass. We want
to obtain scratch-resistant coatings by the addition of the bioglass particles which besides
have the ability to chemically bond to both bone and soft tissue (are bioactive).

In experiments we used bioglasses further denoted BG that contained 56.5% SiO2, 11%
NacO, 3% K0, 15% CaO, 8.5% MgO, 6% P205. PMMA was dissolved in chloroform
(percent of 3% PMMA) and into this solution the bioglass (0.5 %) in suspension was
introduced. This mixture was frozen and maintained to a constant temperature and it
served as targets in thin layer deposition which was made using the matrix assisted pulsed
laser evaporation technique (MAPLE).

An excimer laser is used (KrF* at 248 nm) with 25 ns pulse width, at 10 Hz repetition
rates, focused to a 16 mm? spot size on the target. The best regime of deposition was
identified for the following conditions: 0.55 J/cm? laser fluence, 2-10~2 torr pressure, 30 °C
substrate temperature, 3 cm target-substrate distance and for the deposition of each film,
we applied 12500 subsequent laser pulses. Once frozen, the MAPLE target is mounted on
a cryogenically cooled rotating target holder with the open die end facing the laser. Once
the chamber is evacuated, the target is cooled to 100 K temperature. We used medical
grade Ti chemically etched as substrate because titanium is the most popular choice for
the fabrication of orthopedic implants where high strength is required thanks to its good
biocompatibility and very good mechanical characteristics.

3 Film characterization

We characterized the obtained films by confocal scanning laser microscopy (CSLM) and
Fourier transform infrared spectrometry (FTIR). The morphological investigation process
by using CSLM is based on a sequential exploration of a sample by a laser beam and
on the monitoring of interaction effects between light and material for surface or spatial
imaging. We used a Leica TCS SP system equipped with a He-Ne laser source (632.8
nm) and a PL Fluotar (40X magnification, numerical aperture NA = 0.7) objective. The
images were recorded in reflection mode. Data processing and displaying were performed
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by Leica software. FTIR analyses were conducted using a Nicolet 380 apparatus equipped
with an orbit ATR (diamond crystal), wavenumber range 7800 — 350 cm™!, spectral res-
olution 0.4 cm™!, S/N ratio 20000:1. The spectra were taken in the absorbance mode.
The bioactivity of the films was assessed in vitro by soaking the composite material films
into simulated body fluid (SBF) followed by FTIR spectroscopic analysis to determine
the extent of hydroxyapatite formation on the bioactive surface. The SBF was prepared
by the mixing sodium chloride, sodium bicarbonate, potassium chloride, potassium phos-
phate, calcium chloride, dibasic potassium phosphate, hydrogen chloride, sodium sulfate
and tris(hydroxymethyl)aminomethane into de-ionized water, according to Kokubo pre-
scription [6]. The obtained solution had ionic concentration equal to human plasma. Table
I compares the ionic concentrations of SBF with that of blood plasma.

Composition | Nat | KT | Mg?* | Ca?t | CI- | HPOF | SO7~ | HCO;
SBF 142 5 1.5 2.5 | 147.8 1 0.5 4.2
concentration
(mM)
Blood plasma | 142 5 1.5 2.5 | 147.8 1 0.5 4.2
composition

(mM)

Table 1: Comparison of ionic concentrations of SBF and blood plasma.

The disks coated with sintered bioactive films were tested by immersion into 25.0 mL
SBF preheated and maintained at 37 °C. Tests are conducted after immersion from about
1 day to 2 weeks’ immersion.

4 Results and discussions

4.1 Evaluation of bioactivity

We investigated bioactivity for two types of BG+PMMA films obtained from MAPLE
targets which had a diferent PMMA /BG ratio: PMMA /BG=7.5 (named PMMA+BG 1)
and PMMA /BG =5 (named PMMA-+BG 2). The target for PMMA+BG 1 is made of 0.6
g PMMA reinforced with 0.08 g of 6P57 bioglass particles dissolved in 19.3 ml chloroform.
For PMMA+BG 2 we used more bioglass.

Figure 1 makes a comparison between the FTIR spectra in absorbance mode for these
PMMA+BG structures deposited by the MAPLE technique. The FTIR spectra perform
diferent aspects. In the PMMA+BG 1 spectrum the peaks of PMMA prevail, such as a
sharp intense peak at 1721 cm™! due to the presence of ester carbonyl group stretching
vibration, the broad peak ranging form 1260-1000 cm™' owing to the C-O (ester bond)
stretching vibration, the broad band from 950-650 cm™! due to the bending of C-H. In
the PMMA+BG 2 spectrum the peaks of BG prevail, such as the peaks at 753 cm ™!, 982
cm~! and 1008 cm~! belonging to Si-O bending vibration modes.
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Figure 1: FTIR spectra of PMMA+BG 1 (bottom) and PMMA+BG 2 (top)

A lot of both PMMA+BG 1 and 2 samples were immersed into SBF and extracted
one day, one week and two weeks later then analised by FTIR. The sample presented a
different behavior.

After one day’s immersion into SBF solution, in the case of both PMMA+BG 1 and
2 samples, we can notice the growth of amplitude for all peaks (fig. 2) that indicates
the forming of a rich superficial layer, where all elements have a greater concentration.
This is consistent with other experimental observations made for bioglasses [7, 8] and
it is accompanied by the loss of soluble silica into the solution, fact emphasized by the
depreciation of the surface’s quality observed by surface morphology analysis (see 4.2.).

After one week’s immersion into SBF, the spectrum of PMMA+BG 1 samples does
not change (fig 3(a)), while major transformations can be clearly noticed on the surface of
the coatings PMMA+BG 2 (fig 3(b)): the bioglass peaks from 982 cm™! and 1008 cm™!
decrease and a new peak appears, at 1034 cm~! that belongs to asymmetric stretching of
P-O bond of (PO4)?~. This indicates diminishing silica concentration and appeareance
of the hydroxyapatite on surface coating.

Referring to fig. 5 in a typical FTIR scan of PMMA+BG 1 immersed for two weeks we
could notice very little changes in the peaks’ amplitude: peaks of PMMA+BG decreased
— 1144 em™', 1722 cm~! — and other peaks increased: at 633, 960, 1076, 1470; these
little peaks are assigned of hydroxyapatite and indicate that the process of hydroxyapatite
appearance is beginning.

On the other hand in the case of the PMMA+BG 2 coatings, the corresponding peaks



In vitro studies on PMMA-bioglass composite films

0,16 =

0,14 o

0,12

0,10

o °
S g
& &
! 1

PMMA+BG 1 after one day's immersion

PMMA+BG 1 initially

273

BG+PMMA 2 after one day's immersion

0,12 o

0,10 o

BG+PMMA 2 initially

o

o

&
!

o

o

>
!

Absorbance (a.u.)
Absorbance (a.u.)

0,04

o

°

g
1

o
9
5]
i

o
=Y
3

T T T T T T 1 T T T
800 1000 1200 1400 1600 1800 2000 800 1000 1200

Wavenumber (cm %) Wavenumber (cm *)

(a) (b)

Figure 2: FTIR spectra of PMMA+4BG1 (a) andPMMA+BG 2 (b) film before and after
one day’s immersion into SBF
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Figure 3: FTIR spectra of PMMA+BGI1 (a) andPMMA+BG 2 (b) film before and after

one week’s immersion into SBF

for hydroxyapatite are well emphasized at 630, 865, 961, 1031 and 1090 cm~!. They
correspond to the asymmetric (peaks at 1031 and 1090 cm™!) and the symmetric (peak
at 961 cm™!) stretching of P-O bond in (PO4)3~, to (HPO4)?~ replacing the (PO4)%~ —
peak at 865 cm™! and also to the librational mode of OH (peak at 630 cm™!). At the
same time the peaks’ proper bioglass disappear.

These certify two things: the disolution of the bioglass and the existence on the surface
of a freshly growing carbonated hydroxyapatite Cag 3(PO4)4.3(HPO4, CO3)1.7(OH, CO3)o 3
which is the predominant mineral component of vertebrate bones. The growth of this
layer demonstrates the ability of the material to achieve firmly bind to tissues a bioactive
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Figure 4: FTIR spectra of PMMA+BG 1 (a) and PMMA+BG 2 (b) film before and after
two weeks’ immersion into SBF

fixation through a chemical bond at the bone/implant interface. This behavior is similar to
that reported for bulk glasses in the SiOy — NagoO — KoO — CaO — MgO — P50Oj5 system,
immersed into SBF [7, 9, 10, 11], and it is in accordance with the mechanism of apatite
formation described by Hench for bioglasses [8]. The proposed subsequent steps were: i)
the exchange of Na™ and K+ from glass with HY or H3O% from SBF, accompanied by
the loss of soluble silica into the solution and the formation of silanols (Si — OH) on the
glass surface; ii) condensation and repolymerization on surface of the SiO; —rich layer; iii)
migration of Ca?* and POi_ though the silica-rich layer forming a CaO — —P5Os-rich
film that incorporates calcium and phosphates from solution, and iv) the crystallization
of the amorphous calcium phosphate film to form an apatite layer.

However the bioactivity of material is lower than that of pure bioglass BG films [12, 13]
where the growing carbonated hydroxyapatite begins earlier, after a few days of immersion.
PMMA additions reduce the bone bonding ability of bioactive glasses; this is in agreement
with the studies of the effect of other materials introduction in bioactive glasses published
by Ohura et al. [14] and Anderson et al. [15]. PMMA+BG 2 films have more bioglass
than PMMA+BG 1 and are more bioactive; for BG+PMMA 2 films a hydroxyapatite
layer is partially formed after one week’s immersion into SBF, while for PMMA-+BG 1 it
is not visible until after the two weeks of immersion.

4.2 Surface morphology of PMMA+4BG films

Afterwards, we have examined carefully the surface morfology of PMMA+BG 2 bioac-
tive films before and after one week and two weeks’ immersion into simulated body fluid.

3D image of titanium substrate (fig. 5(a)) revealed the structure with a characteristic
configuration, consisting of a great number of irregularities and having 3.101 pm root
mean square.

The coating deposited from cryogenic targets of PMMA+BG 2 on the titanium sub-
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strate preserved its morphology (fig. 5(b)) but the film surface had greater irregularities
and its root mean square became RMS=3.813 pum, a value suitable for orthopedic appli-
cations, knowning the fact that for these the perfect roughness is less than 1 millimeter.
Such feature favors biocompatibility which significantly increases with the specific area of
the deposited biofilms. Indeed, the rougher the area due to surface protuberances, the
higher the proliferation of viable cell cultures is [16, 17].

() (d)

Figure 5: 3D images (40X magnification, 0.7 aperture, zoom 3.12) for: a) titanium sub-
strate , b) PMMA+BG 2 initial film ¢c) PMMA+BG 2 film after 1 week’s immersion into
SBF, d) PMMA+BG 2 film after 2 weeks’ immersion into SBF

After one week’s immersion the bioglass from bioactive film was dissolved in SBF and
the roughness surface decreased down to RMS=2.726 pm. Thus 3D image (fig. 5(c)) and
topographical image (fig. 6(c)) support observations by FTIR (fig. 3(b)).

FTIR analyzes certify the continuation of the bioglass dissolution and the appearance
on the surface of a freshly growing carbonated hydroxyapatite after two weeks’ immersion
into SBF and CLSM confirms these affirmations: in figures 5(d) and 6(d) we can see new
particles of variable size in the micrometric range that are randomly distributed over the
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Figure 6: Topography (40X magnification, 0.7 aperture, zoom 1) for: a) titanium sub-
strate, b) PMMA+BG 2 initial film ¢) PMMA+BG 2 film after 1 week’s immersion into
SBF, d) PMMA+BG 2 film after 2 weeks’ immersion into SBF.

whole investigated area. Surface roughness still diminishes and becomes RMS=2.308 pm.

One advantage of PMMA+BG structure over bioglass films which makes it so great for
implantology is that PMMA does not dissolve in SBF but it remains on the substrate and
in this way implant corrosion and the release of metallic ions into the body are prevented.
At the same time the structure preserves the bioglass bioactivity.

5 Conclusions

We have reported the performance of PMMA+BG thin films by the matrix assisted
pulsed laser evaporation technique, deposition made with the preservation of the basic
materials stoichiometry.

We have tested the obtained films in simulated body fluid solution and we have vali-
dated their bioactivity. When they are in contact with body fluids, the films present the
ability to stimulate the growth of hydroxylapatite on their surface.

We can conclude that PMMA+BG compositions are suitable for being used as coatings
on biological implants and they allow stable fixation to bone.
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