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Abstract

Biocompatibility of several implantable materials — silica wafers (used for implantable probes
for measurements of electrical activities of living tissue) and titanium implants was tested in vitro.

The testing strategy comprised 2 approaches, derived from the recommendations of the ISO
10993 standard. Thus, a first set of tests was carried with potential extractable components in Balb/c
3T3 cells in culture. A second set of tests was performed in human monocytes for the assessment of
cell activation and secretion of pro-inflammatory cytokines (IL1f and TNF «), measured by an
immuno-enzymatic method in culture supernatants. Parallel negative control and specific positive
controls were run. 24 hrs exposures of 70% confluent cultures were applied in the experiments.
Additional assays for 3T3 cells sensitivity tests to TNFa were performed.

All assays demonstrated the lack of cytotoxic and pro-inflammatory effects of silica wafers and
titanium implants. Only on uncoated titanium a statistically significant change in cell reactivity to
TNF « was recorded. The effect is presumably due to differences in cell attachment on uncoated,
hydroxyapatite coated titanium and tissue culture plasticware. The cytokines response assay may
provide more sensitivity and more information regarding product cytotoxicity and may prove useful
also in testing particles resulting from material wear.
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Abreviations: TNFa: Tumor Necrosis Factor Alpha, MTT: (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2- (4-sulfophenyl)-2H-tetrazolium, IL1f —interleukin 1 beta, LPS - E.coli
lipopolysaccharide, FBS: fetal bovine serum, SDS — sodium dodecylsulphate

Introduction

Cytotoxicity testing of implantable biomaterials is mandatory in safety assessment. In
the last years the intensity of research on implantable biomaterials and their application in
regenerative medicine is rapidly increasing. Important efforts are made in the design of new
materials, with “tissue tailored” biocompatibility, generating a large number of in house
multifactorial testing approaches. Yet, at regulatory level, the basic approach is defined in the
family of ISO 10993 standards (ISO 10993-5 1999 [1], ISO-10993-1 2004 [2]). Several
testing strategies based on cell cultures were developed, including Invittox protocols no. 31,
50, 104. Other in vitro testing systems based, for example, on other Invittox protocols, such as
Invittox Protocol No. 46 (on 3T3 cells) (LIEBISCH & SPIELMANN [3,4],) or the MTT
assay (Invittox Protocol No.17 — SUPINO - [5], MOSMANN 1983 [6], HANSEN et al [7])
may be developed as well. Fibroblast based models are considered to offer very sensitive
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answers to direct cytotoxicity estimations; however, these models may not provide accurate
information concerning “indirect” cytotoxic effects.

The implantation procedures are causing a multistage — complex response of the host
organisms; primary inflammatory response is ubiquitous in such procedures, since both
vascular and tissue damage occurs, while the cascade of tissue reconstruction starts with
hemostasis and inflammation (KIRKPATRICK et al. [8], RHODES, 2007 [16]). At least two
driving forces are combined in building the inflammatory reaction: pre-implantation tissue
damage (due to all interventions made in order to access the implant area, excise of damaged
tissue and to prepare the tissue for the implant), and implant effects. These processes may
operate on an “inflammatory background” — since the intervention is caused by an already
existing pathological condition. After the primary reaction (which may be considered a type
of acute inflammatory reaction), evolution towards tissue regeneration normally occurs, and
the process is marked by the production of anti-inflammatory cytokines and growth factors
(DIMITRIOU et al 2005 [10], NIKOLAOU et al. 2007 [11]). The process takes place at the
implant surface which may be better defined as “implant-tissue boundary”. Depending on the
type of material, this surface may be “dynamic” (as in the case of bioresorbable/biomimetic
matrixes) or quasi-permanent (as in the case of solid materials like metal alloys, silica).

In vitro models may provide answers regarding several aspects, including cell viability
(cytotoxicity of implant material or extractables), pro-inflammatory effects and alteration of
cell response to signaling molecules (LOMAS et al 2001 [12]). Cytokines release is most
often target of investigation in biocompatibility assessment, and is considered a key approach;
they are investigated in relationship with tissue repair, tissue integration and tissue
remodeling processes (SCHMIDT et al 2007 [13]), as well as in connection with the particles
released due to material wear (Li et al 2005 [14]). Effects involving cytokines, growth-factors
and other regulatory molecules, as well as various constituents are considered with respect to
various possible matrixes involved in tissue reconstruction — metals and alloys (KAPANEN et
al 2002 [15,16], extra cellular matrix components (BADYLAK 2004 [17]), polymers
(FOURNIER et al 2003 [4]).

Our investigations were oriented towards the evaluation of cytotoxicity, production of
pro-inflammatory cytokines and cell reactivity to one pro-inflammatory cytokine in the
presence of either implant material or extraction fluids of such material. Our approach was
limited to solid material and its extracts, although further investigation on particle debris
resulting from mechanical wear of the materials is highly advisable.

Materials and methods

Specimens to be tested were: uncoated silica wafers and wafers coated with diamond
like (DLC)/carbon zero stress (CS0) films (provided by National Institute of Plasma and
Radiation Physics, Bucharest, Romania) and titanium implants - uncoated and hydroxyapatite
coated (provided by National Institute for Micro-technologies, Bucharest, Romania). In each
set of samples, specimens of constant shape and size were used.

Materials: DMEM- F12 HAM mixture, RPMI 1640 medium, E.coli lipopolysaccharide
(LPS — 055:B5, lyophilized), Actinomycin D (>95%, cell culture tested) and sodium
dodecylsulphate (Sigma), fetal bovine serum (GIBCO), MTS reagent and human recombinant
TNF o (PROMEGA Corporation), cytokines ELISA kits (Euroclone)

Cell cultures: Balb C/3T3 mouse fibroblasts and human primary monocytes.

Cytotoxicity assays: Balb C/ 3T3 cytotoxicity assay was performed by modification of
Liebsch&Spielmann method (LIEBISCH and SPIELMANN 1995 [3]). The modification
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consisted of use of MTS reagent in viability estimation (Promega Technical Bulletin TB112
2007 [19]) as well as use of specific exposure approaches recommended in ISO 10993-5 [5]
for cell exposure. Briefly: Fibroblast cultures were maintained in DMEM-F12 Ham nutrient
mixture with 10% FBS in 25 cm” flask, in CO, incubator at 37°C, up to 70% confluence. Cell
harvesting was performed using Trypsin EDTA and subcultures started in petri dishes (direct
contact assays) or in 96 well plates (extraction assay), at densities of 10 cells/plate and 2x10"
cells/well, respectively. Assays were performed in triplicate; two techniques were applied in
parallel, extraction and contact. Triplicate cultures were used in every type of experiment. In
contact assays, specimens were applied and fixed in the culture dishes; sample positioning
was constant, sample edge located at 5 mm from the internal edge of the dish. In extract
assays sample material was incubated for 48 hrs in sterile complete culture medium; medium
was removed and applied on cell cultures. Positive control (0,1% SDS) and negative control
cultures (untreated cells) were used. After 24 hrs of exposure, cultures were examined, culture
medium was replaced with fresh serum-free medium and MTS assay was performed
(according to the instruction of the supplier — Promega Technical Bulletin — TB 112). MTS
reduction was expressed as optical density at 490 nm (OD 490 nm).

Cytotoxicity was estimated based on t-test calculations for each series, according to a
classification scale as follows: p < 0.01 highly cytotoxic, 0.01 < p < 0.05 cytotoxic, 0.05 <p
moderate cytotoxic, p >0.1 practically lacking cytotoxicity.

Cytokine release assay: primary cultures of human mononuclear cells were used both in
contact and extraction assays, in RPMI 1640 supplemented with 10% FBS. Monocytes were
tested unprimed or activated with 2pg/mL LPS. Cytokine secretion (IL1P and TNFa) was
used as end point using IL 1-f and TNFa kits (Euroclone).

Cytokine response assay: to evaluate changes in cell reactivity to TNFa, dose
dependence of TNFa cytotoxicity was measured in the presence of sample material, on 70%
confluent cultures of 3T3 cells, treated with 0.2 pg/mL actinomycin D, using MTS assay.
Triplicate cultures were used on each dose of TNFa at exposure time 20 hrs. In TNF a
cytotoxicity assays, double-reciprocal plotting of cytotoxicity (cell death, defined as the decay
in cell viability) vs. TNFa concentration was used.

All measurements of optical density were performed on LKB — Chameleon multilabel
microplate reader.

Results and discussions

Cytotoxicity test — Silica wafers — basic cytotoxic tests for contact and extraction assay are
presented in figures 1 and 2.

Cytotoxicity testing - Silica wafers
contact method

0D 490 nm
-
n

Control Pos. Ctrl

Figure 1. Cytotoxicity testing of silica wafers (contact test, cultivation 24 hrs) on 3T3 cells (Si-DLC — coated
wafers, Si- uncoated, control: negative control, pos. control: SDS 0,1%)
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Cytotoxicity testing - Silica wafers
extraction method
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Figure 2. Cytotoxicity testing of silica wafers (extraction test, cultivation 24 hrs) on 3T3 cells (Si-DLC — coated
wafers, Si- uncoated, CTRL — negative control, pos. control: SDS 0,1%)

The graphs (Fig. 1 and 2) are revealing very small changes in cell optical density at 490
nm (which correspond to equivalent changes in mitochondrial respiration in cell cultures, and
may be subsequently interpreted as makers for cell viability)

Further statistical interpretation of recorded data was performed on 2 hypotheses:
“hypothesis 0” (toxicity vs. reference group “Control”) was not confirmed (p>0.1), while
“hypothesis 1 (non-toxic vs. reference group “positive control”) was confirmed (p<0.01).

Based on cytotoxicity assays in 3T3 cells the silica wafers, both uncoated and coated are
classified as “practically non-cytotoxic”.

Results of 3T3 cytotoxicity test — Titanium implants are presented in figures 3 (contact
assay) and 4 (extraction assay).

The graphs (Fig. 3 and 4) are revealing very small changes in cell optical density at 490
nm. These changes suggest that there is no important impact on cell viability from the
exposure to the samples.

Further statistical interpretation of recorded data was performed with the same 2
hypotheses: hypothesis 0 (toxicity vs. reference group “Control”’) was not confirmed (p>0.1),
while hypothesis 1 (non-toxic vs. reference group “positive control”’) was confirmed (p<0.01).

Cytotoxicity testing - Titanium implants
contact method
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Figure 3. Cytotoxicity testing of titanium implants (contact test, cultivation 24 hrs) on 3T3 cells (Ti-HA —
hydroxyapatite coated, Ti- uncoated plates, control: negative control, pos. control: SDS 0,1%)
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Cytotoxicity testing - Titanium implants
extraction method
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Figure 4. Cytotoxicity testing of titanium implants (extraction test, cultivation 24 hrs) on 3T3 cells (Ti-HA —
hydroxyapatite coated, , Ti- uncoated plates, control: negative control, pos. control: SDS 0,1%)

Based on cytotoxicity assays in 3T3 cells, the titanium implants both uncoated and
hydroxyapatite coated are classified as “practically non-cytotoxic™.

Effects on cytokine secretion are presented in figures 5 (IL13) and 6 (TNFa). Exposure to test
materials does not stimulate cytokines (IL1p or TNFa) secretion in unstimulated cells, and does not
affect secretion levels in LPS stimulated cells. These data provide evidence that the specimens of
implant materials have no effects on the secretion of pro-inflammatory cytokines.

Effect of biomaterials on IL-1§ secretion
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Figure 5. Effects on implantable materials on IL 1B secretion (in vitro monocytes)

Effect of biomaterials on TNFa secretion
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Figure 6. Effects on implantable materials on TNF a secretion (in vitro monocytes)

The samples are not significantly affecting the secretion of IL1p, as proved both by
statistical analysis to negative control (p>0,1) and to positive control (P<0,01).

Cell sensitivity to TNF o~ Silica wafers: The cytotoxicity plots show an almost identical
behavior (figures 7 and 8), as compared to control.
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TNFo cytotoxicity on Silica wafers
contact assay
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Figure 7. Comparative cytotoxicity plots for 3T3 cells in contact assay with silica wafers (TNF alpha
cytotoxicity) - Control — no implants, Si-DLC — Diamond-like carbon coated silica wafers, Si —uncoated silica
wafers. Insert: detailed view of intercepts with axes)
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Figure 8 Comparative citotoxicity plots for 3T3 cells in extraction assay with silica implants (TNF alpha
cytotoxicity) - Control — no implants, Si-DLC — Diamond-like carbon coated silica wafers, Si —uncoated silica
wafers. Insert: detailed view of intercepts with axes)

The graphs are revealing the low influence of silica wafers (coated and uncoated) on cell
reactivity to TNFa. The calculated equations of regression lines and their R squares were:
Silica — contact assay:
Control:
y=0.0257x + 1.5962, R* = 0.9871
DLC coated silica
y=0.0253x + 1.4860, R* = 0.9776
Uncoated silica
y=0.0252x + 1.6604, R* = 0.9756
Silica — extraction assay:
Control:
y=0.0256x + 1.5960, R* = 0.9838
DLC coated silica
y=0.0257x + 1.7585, R* = 0.974
Uncoated silica
y=0.0257x + 1.7871, R* = 0.9957
Data analysis for calculation of ECsy of TNFa leads to the following:
Contact assay-
control: 0.059 +0.0106 ng/mL,
DLC-Si: 0.058 + 0.0139 ng/mL,
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Si: 0.0596 +.00131 ng/mL
Extraction assay-

control: 0.0609 +0.0134 ng/mL,
DLC-Si: 0.0627 +0.0144 ng/mL,
S10.0635 +0.0133 ng/mL

The statistical significance of the differences is low (p>0,05), therefore silica wafers, both
coated and uncoated show no significant effect on cell reactivity to TNFa. The behavior is
similar for contact and extraction assays.

Titanium implants — the cytotoxicity plots show an almost identical behavior (figure 9 and
10), as compared to control.
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Figure 9. Comparative citotoxicity plots for 3T3 cells in “contact assay” with titanium implants (TNF alpha
cytotoxicity) Control — no implants, Ti-HA-hydroxyapatite coated titanium, Ti — uncoated titanium. Insert:
detailed view of intercepts with axes)
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Figure 10. Comparative viability plots for 3T3 cells in “extraction assay” with titanium implants (TNF alpha
cytotoxicity) Control — no implants, Ti-HA-hydroxyapatite coated titanium, Ti — uncoated titanium. Insert:
detailed view of intercepts with axes)

The graphs are revealing the low influence of silica wafers (coated and uncoated) on cell
reactivity to TNFa. The calculated equations of regression lines and their R squares were:
Titanium — contact assay:

control
y=0.0255x + 1.6641, R* = 0.9835

HA coated Ti
y=0.0247x + 1.3992, R* = 0.9923

Uncoated Ti
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y=0.0171x + 1.4337, R* = 0.9876
Titanium — extraction assay:

control

y =0.0259x + 1.6380, R* = 0.9867
HA coated Ti

y=0.0254x + 1.7710, R* = 0.9726
Uncoated Ti

y =0.0258x + 1.6604, R* = 0.9577
Data analysis, leading to calculation of ECsy of TNFa lead to the following values:
contact assay:

control: 0.0593 + 0.011 ng/mL,
Ti-HA 0.0574 + 0.0109 ng/mL,
Ti: 0.0395 +0.0083 ng/mL;

(p<0,01 for both Ti/Control and Ti/Ti-HA hypotheses)
extraction assay:
control: 0.0602 £ 0.0139 ng/mL,
Ti-HA: 0.0591 £ 0.0131 ng/mL,
Ti: 0.0603 £ 0.0132 ng/mL
(p>0,05 for both Ti/Control and Ti/Ti-HA hypotheses)
For the contact assay, the calculated ECs value for uncoated samples differs significantly
from control or hydroxyapatite coated samples. The results are different from those in the
extraction assay, were no such effects could be observed.

Conclusions

The results permitted us to classify the sample materials as practically non — cytotoxic,
by both extraction and contact exposure methods using in vitro cytotoxicity assays on 3T3
cells.

None of the samples did exhibit stimulatory properties on pro-inflammatory cytokines
release (IL 1 B and TNFa) no did alter the secretory profile of LPS stimulated cells, as
demonstrated in monocyte culture experiments.

The effects on TNF a cytotoxicity are revealing a non-interfering behavior in all cases
when extractive model was used. Interestingly, using the direct contact model, a statistically
significant change in cell reactivity to TNFa was recorded in the case of uncoated Titanium.
Even if statistically significant, the modification is not alarming, since the EC value maintains
the same order of magnitude, so that it cannot cause major changes in cell behavior. It is
important that the dual assay (cytokine exposure + sample) provides good information on cell
reactivity to test materials and provides information that covers the conditions of standard
assay.

A very speculative explanation for the recorded changes points to the difference in
plating efficacy between uncoated titanium samples, plastic ware and hydroxyapatite coated
samples. While the “control specimens” — uncoated titanium — did not undergo any pre-
treatment to facilitate cell adhesion, culture dishes have a pre-treated surface to provide
increased attachment of cells, while hydroxyapatite coat is also offering an improved adhesion
surface. The resulting uneven cell densities on the cultivated areas are, consequently
generating differences in cell “resistance” to TNFo induced cytotoxicity (cells at high
densities are less sensitive than cells at low densities). Thus, the suggested mechanism may

3870 Roum. Biotechnol. Lett., Vol. 13, No. 4, 3863-3872 (2008)



In vitro biocompatibility testing of implantable biomaterials

also account for the absence of changes in the “extraction assay”, were cultivation surface is
uniform in terms of attachment properties. Further investigations should be required in order
to estimate the mechanisms that may lead to such changes.

Note that the primary values resulting from the double reciprocal plots are different in
definition than in the classical plot: the dependent variable represents “cell death” (CD) not
“cell survival” (CS), CD = 1 — CS, resulting in a modified maximal value, which was, during
this experiments around 0.7 (minimal values of relative cell viability is about 0.3 in all cases).

The use of cytokine exposure model may provide extended information on cell-material
interaction, since this system mimics more closely the in vivo - post-implantation conditions.
Both cytokine release and cytokine-response models may be applied also to the particles that
occur due to material wear. We consider that dual assay (based on cytokine release and on cell
reaction to cytokines) may provide a more reliable characterization.

The design of the experiments needs optimization: a balance between the number of
concentration points and the multiplicity of concentration points, to reduce the need to handle
large amounts of sample materials while preserving the relevance of the assay. This may
prove useful especially when assays are carried considering a broader panel of mediators.
Further improvement may be acquired by multiplexed techniques for cytokines quantitation.
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