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When studying the biocompatibility of orthopaedic biomaterials it is often necessary to

discriminate between responses which show mild cytotoxicity. It is therefore essential to use

a very sensitive index of toxicity. We have compared the sensitivity of four well-established

indices of toxicity: total cell protein content, leakage of lactate dehydrogenase (LDH),

reduced glutathione content and the MTT assay, with that of a novel index, alkaline

phosphatase (ALP) activity. Comparisons were made by detecting nickel chloride toxicity in

osteoblasts. ALP activity, the novel method, proved the most sensitive index of toxicity and it

provides a convenient automated assay for assessing the interactions of materials with

osteoblasts. The responses to nickel chloride and to aqueous extracts prepared from carbon

fibre reinforced epoxy and polyetheretherketone (peek), two candidate materials for

orthopaedic implants, were compared in primary and immortalized rat osteoblasts, and in

primary human osteoblasts. Although the immortalized rat osteoblast cell line, FFC, was

consistently the most sensitive cell type, the responses of the human cells and the FFC cell

line were similar in terms of ALP activity throughout the range of nickel concentrations

studied. Neither peek nor epoxy material extracts showed a significant decrease in the MTT

or ALP responses in any of the three cell types. Our data suggest that immortalized rat

osteoblasts may provide an in vitro model system for screening the biocompatibility of

orthopaedic polymers.
1. Introduction
In vitro cell culture systems are increasingly being used
to assess the biocompatibility of biomaterials using
quantitative, objective protocols. For biocompati-
bility testing, it is essential to establish a very sensitive
index of cytotoxicity. The materials being tested often
provoke only slight toxicity, and hence it is frequently
necessary to differentiate between these mild cellular
responses to select the most compatible materials. We
have compared the sensitivity of four well-established
indices of cytotoxicity: total cell protein content, in-
tracellular reduced glutathione (GSH) content, leak-
age of cytosolic lactate dehydrogenase (LDH) and the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay. These standard indices were
used to judge the sensitivity of alkaline phosphatase
(ALP) activity as a relatively novel index of ortho-
paedic material interactions with osteoblast derived

cells.
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Both the MTT and the ALP assays can be read
directly in cells growing in microtitre wells using an
automatic microplate reader. This offers considerable
advantage in terms of speed, simplicity and conveni-
ence. The MTT assay is used extensively to test chem-
icals that elicit considerable toxicity, and is one of the
favoured methods used by the National Cancer Insti-
tute for its drug screening programme [1, 2]. How-
ever, there are many problems associated with the
method which can give rise to irreproducibility and
inaccuracy both intra- and inter-laboratory. The best
known of these is the difficulty in dissolving the for-
mazan reaction product [3, 4]. However, the assay is
also prone to misinterpretation of results because cell
density, pH and MTT concentration affect the absorp-
tion spectrum [4, 5]. ALP activity is being investigated
as an alternative, convenient microplate assay which
may improve upon the MTT method for detecting the

interaction of biomaterials with osteoblast-derived cells.
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Measurement of intracellular GSH content can re-
veal useful mechanistic information on the toxicity
of materials. Depletion of GSH, prior to loss of cell
viability, can be caused by several mechanisms [6].
Electrophilic species released by materials may be
conjugated with GSH either spontaneously, or more
commonly, enzymatically by glutathione-S-transfer-
ase. Redox reactions initiated by a material may oxi-
dize GSH to the dimer, GSSG, which is secreted from
cells. These represent the most common interactions
of foreign chemicals with GSH although there are
many potential sites of interaction with this ubiqui-
tous thiol.

To compare the indices of toxicity we have used the
responses of the immortalized rat osteoblast cell line,
FFC, to nickel chloride. This metal is known to be
released from orthopaedic implants [7, 8] and has
been shown previously to inhibit the growth of fibro-
blasts [9, 10] and to decrease proteoglycan synthesis
in chondrocytes [11]. The sensitivities of the MTT
and ALP assays were further compared in the three
cell types using extracts prepared from carbon fibre
reinforced polyetheretherketone (peek) and epoxy two
candidate biomaterials for development of an isoelas-
tic hip joint [12].

In addition to the choice of index to be used for
detecting cytotoxicity, a major consideration in bio-
compatibility testing is the selection of the cell type.
This should be representative of the cell population
within the tissue exposed to the biomaterial in clinical
use. Many cell lines are available for screening bio-
compatibility, but most have de-differentiated and lost
the majority of their tissue-specific characteristics. On
the other hand, primary cells are not always readily
available for such tests. We believe that the answer to
this problem may lie in the development of immortal-
ized differentiated cell lines obtained by transfecting
primary cells with viral DNA. In our laboratory we
have developed this approach using primary cultures
of rat hepatocytes transfected with SV40 viral DNA.
The resulting immortalized rat hepatocytes retain
several aspects of differentiated liver function and
respond to hepatotoxins to the same extent as the
primary cultures [13, 14]. We have now applied these
methods to primary cultures of osteoblasts and ob-
tained an immortalized osteoblast cell line which may
provide a readily available in vitro model system for
assessing biomaterial compatibility. This paper re-
ports results of the comparison of the responses of
neonatal rat primary calvarial osteoblasts, immortal-
ized rat osteoblasts and primary human adult osteo-
blasts to orthopaedic materials.

2. Materials and methods
2.1. Preparation and culture of cells
Primary cultures of rat osteoblasts were isolated from
the frontal, parietal and occipital regions of 24-hour-
old neonatal rat calvariae using a modification of
a published method [15]. The tissues were washed
with tris buffered saline (TBS), finely minced and incu-
bated for 90 min with a 1 : 1 mixture of 0.25% (w/v)

trypsin and 0.02% (w/v) versene. After incubation, the
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cells were harvested by centrifuging at 700 g for 8 min,
suspended in Dulbecco’s modification of Eagle’s me-
dium (DMEM) supplemented with 10% (v/v) foetal
calf serum (FCS) and seeded in 35 mm Petri dishes
at a density of 2]104 cells/cm2. Primary cultures of
human osteoblasts were obtained from Dr David
Jones, Department of Experimental Orthopaedics,
Westfalische Wilhelms University, Munster, Ger-
many. The osteoblasts used in this study were ob-
tained from adult jaw bone and are spongiosal cells
derived from the neural crest.

Rat osteoblasts at passage 4 were transfected with
pUK42, a plasmid (10.9 kb) containing the complete
viral SV40 genome (except for a 6 bp deletion at the
origin of replication) and the complete sequence of
pRSV neo which contains the gene coding for
neomycin resistance. On the day prior to transfection
a confluent 75 cm2 flask of osteoblasts was split 1 : 3.
Transfection was carried out by calcium phosphate
precipitation using 100 lg/106 cells of pUK42 DNA
[16]. Cells were incubated with DNA for 16 h, then
the monolayer was washed with serum-free medium
to remove the precipitate, before the medium was
replaced with DMEM containing 10% FCS. To es-
tablish that the transfection procedure had resulted
in expression of the SV40 sequences, the presence of
large T antigen was detected using immunofluores-
cence as previously described [16]. This procedure
was carried out 7 weeks after transfection.

Both primary and immortalized rat osteoblasts
were routinely grown in DMEM, supplemented with
10% FCS, and for passaging, the split ratios were 1 : 3
and 1 : 10, respectively. Primary human osteoblasts
were cultured in Ham’s F-10 medium supplemented
with 10% FCS and 50 mg/1 L-ascorbic acid, and were
split 1 : 3. The primary cells were used for cytotoxicity
experiments at passage 3, and the immortalized cells
at the 14th passage after immortalization.

2.2. Preparation of the materials and
extracts

The cytotoxicity of the orthopaedic polymers, peek
and epoxy, was assessed by preparing aqueous ex-
tracts as detailed by the British Standard method, BS
5736, part 10. Silescol, silicone rubber (Bibby Sterilin
Ltd., Stone, Staffs), was used as the non-toxic negative
control material and tin-stabilized poly vinyl chloride
(Portex Ltd., Kent) as the toxic control material. Discs
of peek and epoxy, with carbon fibre reinforcement,
were prepared by the Department of Aeronautical
Structures and Materials, The Royal Institute of Tech-
nology, Stockholm. The control materials were tested
as standard discs of 12 mm diameter and 1.5 mm
thickness. The peek and epoxy discs were of 15 mm
diameter and 3.0 mm thickness. Materials were sup-
plied as non-sterile discs, and were extracted in an
unsterilized state.

Discs of all materials were soaked in 70% (v/v)
ethanol for 30 min, followed by treatment with
phosphate buffered saline (PBS), pH 7.4, containing
100 units/ml penicillin and 100 lg/ml streptomycin

for 2 h. The discs were then washed with sterile media,



and extracts prepared according to the recommenda-
tions of the British Standard, BS 5736, part 10. The
discs were extracted at a surface area to extractant
volume of 1 cm2/ml in sealed 100 ml conical flasks in
a shaking water bath at 37 °C for 48 h. The extractant
used was DMEM (for rat cells) or Ham’s F-10 me-
dium (for human cells) supplemented with 10% FCS
and the antibiotics as detailed above. At the end of the
extraction period, the extracts were passed through
a 0.22 lm filter to remove any debris and stored at
!70 °C until required.

Undiluted extracts of the materials were added to
the cells at the time of seeding. Exposure time was
48 h. At the end of this period toxicity was assessed by
the different parameters detailed below.

Stock solutions of 50 mM nickel chloride in water
were sterile filtered through 0.22 lm filters. Nickel was
added (at the same time as the cells were seeded) at
concentrations ranging from 5 to 500 lM in media
containing 10% FCS. Cells were exposed to the nickel
for 48 h before toxicity was assessed.

2.3. Measurement of cytotoxicity
Measurements of protein, GSH content and LDH
leakage were carried out on cells grown on 24-well
plates at a density of 105 cells/cm2 after exposure to
either the material extracts or to nickel chloride for
48 h. LDH activity was measured in 100 ll aliquots
of the medium as described previously [17]. Cell
monolayers were washed once with TBS, and the
intracellular GSH extracted with 200 ll of 10% (w/v)
trichloroacetic acid. These acidic extracts were stored
at !70 °C until analysis of GSH fluorimetrically by
the method of Hissin and Hilf [18]. The cell mono-
layer was subsequently digested at 37 °C for 18 h using
80 ll of 1 M NaOH and these samples were stored at
!20 °C for measurement of total cell protein by the
method of Lowry and co-workers [19].

The MTT and ALP assays were carried out on
cells grown on 96-well plates at a seeding density of
105 cells/cm2 after 48 h exposure to either the extracts
of materials or to nickel chloride. For the MTT assay,
the medium was aspirated and 50 ll of 10 mM MTT
in PBS, pH 6.75, added to each well. After an incuba-
tion period of 4 h at 37 °C, the liquid was aspirated
and the formazan reaction product dissolved in 200 ll
dimethylsulphoxide. The optical densities were meas-
ured in a Biorad Model 450 Microplate reader at
540 nm. ALP activity was measured using kit no.
245—20 purchased from Sigma Chemical Company,
Poole, Dorset, England. For the ALP assay, the me-
dium was aspirated and 60 ll of the ALP reagent
added. The optical density, at 405 nm, was read im-
mediately (time 0), and again after incubating the
plates for 20 min at room temperature. The readings
at time 0 were subtracted from those after 20 min, to de-
termine the ALP activity. All statistical comparisons
were made by ANOVA, followed by Dunnett’s test.

3. Results
Fig. 1 shows the morphology of rat and human pri-

mary cultures, and immortalized rat osteoblasts. The
Figure 1 Morphology of (a) primary rat; (b) human osteoblasts, and
(c) immortalized rat osteoblasts.

primary cells from the two species are similar in size
(15—20 lm diameter), whereas the immortalized cells
are smaller in size (10—12 lm diameter). Fig. 2 shows
the expression of the T antigen in the immortalized rat
osteoblasts detected by immunofluorescent staining.

Immortalized rat osteoblasts were used to compare
the sensitivities of the five toxicity tests; measurement
of total cell protein, GSH content, leakage of LDH,
the MTT assay and ALP activity. This comparison
was carried out using concentrations of nickel chlor-
ide between 5 and 500 lM, and the results are shown
in Fig. 3. The least sensitive indices of toxicity were
LDH and GSH, which only detected significant re-
sponses to nickel at concentrations of 250 lM and
above. The Lowry assay for total protein content

detected significant toxicity at 100 lM nickel and

107



Figure 2 Immunofluorescent localization of large T antigen in im-
mortalized rat osteoblasts.

above. The data show that both the MTT assay and
ALP activity were sensitive methods, detecting signifi-
cant responses to 5 lM nickel. In fact, ALP was more
sensitive than MTT and could detect significant toxic
responses to 1 lM nickel (data not shown). It is impor-
tant to note that nickel does not directly inhibit ALP
activity. In the presence of 500 lM nickel chloride,
homogenized FFC osteoblasts retained over 85% of
their ALP activity (results not shown).

Using the MTT and ALP methods as those demon-
strated to be most sensitive, the responses of primary
and immortalized rat osteoblasts and primary human
cells to nickel were compared. These results are shown
in Fig. 4. Once again the superior sensitivity of the
ALP activity compared with the MTT assay is appar-
ent from these data. The sensitivity of the cell types to
nickel chloride varied, with the FFC immortalized rat
osteoblasts being most sensitive and the primary os-
teoblasts least sensitive. The responses of the two
rat-derived cell types were compared with those of
the human cells. With the MTT test, only at the
two highest concentrations of nickel, 250 and 500 lM,
was there a significantly different response in the rat
cells. Although the FFC immortalized rat cell line was
more sensitive to nickel toxicity than the human cells,
the responses of the human cells and FFC cells were
similar in terms of ALP activity throughout the range
of nickel concentrations studied. However, primary
rat cells were significantly less sensitive to nickel at 25
and 250 lM.

The effects of undiluted carbon fibre reinforced peek
and epoxy extracts were measured in each cell type in
terms of both ALP activity and the MTT assay. These
results are illustrated in Fig. 5. The peek and epoxy
material extracts caused no significant decrease in
either ALP or MTT responses in any of the three cell
types. The only significant difference observed was an
increase in ALP activity in response to exposure to the

epoxy extracts in the human primary osteoblasts.
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Figure 3 Comparative sensitivity of the different indices of toxicity
in nickel chloride-treated FFC immortalized rat osteoblast cells. To
facilitate inter-assay comparisons on Fig. 3a, all results are ex-
pressed as a percentage of the values obtained in control cultures
treated with medium only. Control values were assigned 100% for
each individual assay. Results are means$SEM, of a least nine
experiments. The LDH values are shown separately on Fig. 3b
because LDH increases in response to toxic insult, whereas all the
other indices decrease in value. The results of each assay were
significantly different (p(0.05) from controls as follows: LDH and
GSH assays at and above 250 lM; Lowry (protein content) at and
above 100 lM; MTT and ALP at and above 5 lM. j Lowry;

» GSH; ´ MTT; › ALP.



Figure 4 The response of primary and immortalized rat osteoblasts
and primary human osteoblasts to nickel chloride measured by (a)
the MTT assay and (b) ALP activity. To facilitate comparison
between the MTT and ALP assay sensitivities within each cell type,
the results are expressed as a percentage of the values obtained in
control cultures treated with medium only. Control values were
assigned 100% for each individual assay. Results are
means$SEM, of at least 12 experiments. j Rat; Z Human;

Figure 5 The response of primary and immortalized rat osteoblasts
and primary human osteoblasts to material extracts detected by (a)
the MTT assay and (b) by ALP activity. Results are expressed as
a percentage of the response to the negative control material ex-
tracts (assigned 100%) for each cell type, and are the means$SEM,
of at least 16 experiments. j neg; Z epoxy; » peak; h pos.
*p(0.05, compared with negative control extracts.
» FFC. *p(0.05, compared with the responses of human cells.

. .
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4. Discussion
The responses of the FFC cell line to nickel illustrate
the marked variation in sensitivity between different
parameters commonly used to detect the toxicity of
chemicals. Measurement of LDH activity is one of the
most widely used indices of toxicity, partly because,
since the activity can be measured in the culture
medium, the viability of a monolayer culture can be
measured non-invasively and conveniently over a
prolonged period. This enables chronic testing of
chemicals to be undertaken using minimal cell num-
bers. However, we have demonstrated here that this
method is inferior in terms of sensitivity.

Detection of nickel toxicity by GSH depletion was
also rather insensitive, but this may reflect the mech-
anism of toxicity. Previous studies have shown that
GSH does not protect against nickel toxicity in fibro-
blasts [9], and the interaction of osteoblasts with this
metal may not involve a significant change in the
redox balance of the cell under the conditions used in
our experiments. Where the toxicity of a chemical
involves oxidative stress and/or disruption of GSH
levels by conjugation, then GSH depletion is a more
useful parameter.

Measurement of total cell protein content was
a more sensitive index of toxicity than LDH leakage,
and detects loss of dead cells due to detachment from
the culture flasks. The MTT assay relies on the ability
of the viable cells to reduce a water-soluble yellow dye,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, to a water-insoluble purple formazan prod-
uct. From our results disruption of reduction enzyme
activities occurs before loss of adhesion in response to
nickel.

Finally, the most sensitive parameter, among those
we measured, was ALP activity. 1 lM nickel chloride
caused a significant decrease in osteoblast ALP activ-
ity. This was not due to a direct inhibition of ALP
enzyme activity by nickel. Measurement of ALP activ-
ity may therefore provide a convenient, automated
in vitro assay with improved sensitivity for detecting
the interaction of chemicals with osteoblasts. This will
have particular relevance for biocompatibility testing
of orthopaedic materials where we are often trying to
discriminate between materials exhibiting only slight
cytotoxic interactions.

We have previously used histochemical localization
of ALP in osteoblasts to investigate biocompatibility
of orthopaedic polymers [12]. However, the method
described in the present paper is superior in that it
requires minimal manipulation and is easily auto-
mated. Harmand and co-workers [20] also used ALP
activity to assess the biocompatibility of an ortho-
paedic polymer, epoxy, in osteoblasts. They found that
homogenates prepared from cells cultured on the resin
had lower ALP activity than those cultured on a nega-
tive control material. A recent review by Pizzoferrato
and colleagues [21] has recommended that assess-
ment of osteoblast responses to biomaterials should
include assays of the processes involved in the bone
mineralization process, including ALP activity. The
improvement in sensitivity provided by the ALP activ-

ity test for detecting osteoblast interactions with
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nickel in our experiments reinforces this recommenda-
tion. Although ALP activity changes in osteoblasts
according to the differentiated state, we have found
that its expression is stable in FFC cells between
passages 2 and 28 (Macnair, unpublished data).

The end-point to be quantified for assessment of
biocompatibility is one of the main issues to be deci-
ded in any study, but another matter of paramount
importance is the choice of cell type. For orthopaedic
materials it is essential to determine the interaction
with bone-forming cells. Osteoblasts have been shown
to be more sensitive to biomaterial interactions than
fibroblasts [12, 20]. Many people believe that only
human cells should be used to test the biocompati-
bility of clinical materials. However, human cells, par-
ticularly primary differentiated cells, are not always
readily available. We recently developed an immortal-
ized rat osteoblast cell line in our laboratory and
propose that such cell lines may provide a convenient
in vitro model system for screening biomaterial toxic-
ity. The sensitivity of primary and immortalized rat,
and primary human, osteoblasts to nickel was com-
pared to assess the predictive value of studying inter-
actions of chemicals with the FFC immortalized cells.
After immortalization, rat osteoblasts were markedly
more sensitive to nickel-induced toxicity than the
primary rat cells. The ALP activity measurements
were similar for FFC cells and human primary cells
throughout the range of nickel concentrations. With
the MTT assay, FFC cells were significantly more
sensitive than human cells to 250 and 500 lM nickel.
The toxicity of nickel was greatest in cells which had
the fastest growth rate (the FFC immortalized cells)
and least in the slowest growing primary rat osteob-
lasts. On the basis of these data, immortalized rat
osteoblasts merited further validation for screening
the biocompatibility of orthopaedic materials.

The responses of the three cell types to extracts
prepared from carbon fibre reinforced epoxy and
peek, two candidate biomaterials for the development
of an isoelastic hip joint, were then compared using
the MTT and ALP methods. As observed with the
responses to nickel chloride, the ALP method was
more sensitive than the MTT assay. Also, comparing
the effects of the positive control extracts, FFC was
the most sensitive cell type, followed by the human
primary cells. Neither polymer extract caused a signif-
icant reduction in MTT assay responses or in ALP
activity in any cell type. This indicates that neither
material was overtly toxic. Human primary cells
showed greater ALP activity when cultured in extracts
of epoxy; the significance of this is not clear at present.
We have previously shown that extracts of epoxy were
slightly cytotoxic to fibroblasts, and depleted GSH in
immortalized rat osteoblasts [12]. Harmand and co-
workers have found that when cultured on epoxy,
ALP activity is disturbed in human primary osteo-
blasts and the material is slightly cytotoxic [20]. Pre-
vious workers have demonstrated that peek exhibits
excellent biocompatibility [22, 23]. From our pre-
vious studies [12] on the biocompatibility of these two
materials, and from the present data, it would appear

that peek may be the material of choice as regards



biocompatibility for further development of an
isoelastic hip joint.

The use of the FFC immortalized rat osteoblast cell
line will be further validated in our laboratory and we
believe it may provide a suitable in vitro cell culture
model system for screening orthopaedic materials. We
are presently growing FFC cells, and primary human
osteoblasts on peek and epoxy to assess the effects of
direct material contact on osteoblast growth, function
and morphology.
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