
Introduction

In vivo monitoring is a developing area of glucose
biosensing (Fraser 1997). This type of biosensor
gives a continuous, real time read-out, which is most
desirable for monitoring blood glucose levels of
diabetics. A needle-type, subcutaneous sensor
containing glucose oxidase has been developed by
many groups. A range of ‘mediated’ electrodes have
been introduced, in which non-physiological, redox-
active molecules serve as electron transfer media-
tors between the redox enzyme and the electrode.
These ‘mediated’ electrodes have been used both in
vitro (Kulys & Cenas 1983, Albery et al. 1985,
Cooper et al. 1991, Zakeeruddin et al. 1992, Fraser
et al. 1993) and in vivo (Boutelle et al. 1986,

Matthews et al. 1988, Sakakida et al. 1993, Linke 
et al. 1994) in glucose sensor systems. In the case of
in vivo biosensors, several technical problems arise,
such as a difficulty in retaining usually low-molec-
ular weight mediators at the electrode (Schuhmann
et al. 1990). An especially important condition for 
in vivo biosensor components is a need for being
non-toxic, non-genotoxic and non-immunotoxic to
human cells because of long-lasting patients’ expo-
sure. In our previous studies, some complexes of the
group VIII metals with tris-(4,4′-substituted-2,2′-
bipyridine) exhibited a mutagenic activity in the
standard bacterial assay – the Ames test, whereas
the others were not mutagenic (Gąsiorowski et al.
1995). Even though these bipyridine complexes have
not been used in in vivo sensors, it indicates that
any mediator intended for such a use should be
necessarily tested for its genotoxic activities.

Another important aspect of a possible biological
effect of in vivo glucose sensor components is their
possible immunotoxic activity. The immunotoxic
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influence may have both immunosupressive and
immunostimulative consequences; the latter can
appear in the case of a selective toxicity to several
lymphocytes’ subpopulations. It is obvious that in
long-lasting exposures which take place in case of
glucose biosensors implanted subcutaneously, both
immunostimulation and immunosuppression could
be harmful to patients’ health. Therefore, it is neces-
sary to check potential in vivo glucose biosensor
components with respect to their influence on the
immunological system.

The aim of the present study was the evaluation of
three ferrocenes (all potential in vivo biosensor com-
ponents) with regard to their toxic, genotoxic and
immunotoxic activities. Genotoxicity was estimated
both in the standard bacterial Ames test and in the
Sister Chromatid Exchanges (SCEs) test with human
lymphocyte cultures. Toxicity of the ferrocenes to
bacterial cells and to human lymphocytes in vitro was
assessed in the same battery of short-term genotoxic-
ity-tests. Immunotoxicity was evaluated by the analy-
sis of human lymphocyte proliferation as well as by
enumeration of lymphocyte subpopulations after a
short – term culture with the tested compounds.

Materials and methods

Chemicals

Ferrocenes were obtained from the Institute of Physical
Chemistry in Lausanne Switzerland. The following ferro-
cenes were tested: Fer.1 (classic ferrocene), Fer.2 
(ferrocene dicarboxylic acid), and Fer.3 (dimethylamino-
methylferrocene methiodide).

Standard mutagens, i.e. 4-nitroquinoline-N-oxide
(NQNO), methylmethanosulfonate (MMS), and 2-amino-
fluorene (2AF) were purchased from Sigma (St.Louis, MO,
USA). NADP and glucose-6-phosphate were also obtained
from Sigma. Oxoid nutrient (Oxoid, Basingstoke, UK),
Difco nutrient broth and Difco agar (Difco, Detroit, USA)
were applied for bacterial growth. Phytohemagglutinin
(PHA-P) was obtained from Serva (Heidelberg, Germany).
Blood cell separation solution-Histopaque 1077, lympho-
cyte culture medium RPMI 1640, foetal calf serum (FCS),
L-glutamine, 5-bromo-2-deoxyuridine (BrdUrd), demecol-
cine as well as the stains Azur II, Eosine B, Giemsa and try-
pan blue solutions were obtained from Sigma (St.Louis,
MO, USA). Monoclonal antibodies as well as DAKO-
LSAB Kit were purchased from DAKO A/S (Glostrup,
Denmark). Other chemicals used for buffers and media
preparation were obtained from POCH (Gliwice, Poland).

Mutagenicity

The mutagenic activities of three ferrocene complexes
were estimated by means of the Ames test (Ames et al.

1975, Maron & Ames 1983) with Salmonella typhimurium
TA97, TA98, TA100 and TA102 (kindly supplied by Dr.
B.N. Ames) with and without a microsomal activation
system (S9 fraction).

Tested compounds were dissolved in 75% ethanol and
used in the doses of 100, 500, 1000 and 2000 mM per plate.
The S9 fraction was prepared following Ames (Ames 
et al. 1975) i.e. from the liver of Aroclor 1254 treated male
Wistar rats. Experiments including a tested compound, a
negative control (solvent), and a positive control (the stan-
dard mutagens) were repeated three times.

Cytogenetic tests

The impact of ferrocenes on lymphocyte viability was eval-
uated by means of the standard trypan blue exclusion tech-
nique after four hours of culture with the tested compounds
in concentrations ranging from 6.25 mM to 100 mM.

The influence of ferrocenes on human lymphocytes 
in vitro cultures was assessed by estimation of the cell
proliferation indices and by counting the frequency of
spontaneous (not induced) SCEs. The tests were carried
out in accordance with the routine cytogenetic method
(Perry & Wolffs 1974). Briefly, lymphocytes were isolated
from the heparinized blood obtained by venipuncture of
healthy volunteers. The cells were separated by centrifu-
gation on the Histopaque – 1077 gradient solution
(English & Anderson 1997). Lymphocytes obtained with
this method were suspended to the density of 0.5 × 10 6

cells/ml in the culture medium (RPMI 1640, 10% FCS,
2mM L-glutamine), stimulated with PHA-P [10 mg/ml] and
cultured for 72h at 37°C in CO2 – incubator. Ferrocenes
were dissolved with DMSO/ethanol [7:3 (v/v)], and added
to the culture medium at concentrations ranging from 6.25
– 100 mM in a volume of 25 ml. The tested ferrocenes were
present in the culture medium for the whole culture time
(72h). Control lymphocyte cultures contained the same
volume of DMSO/ethanol (25 ml) instead of the ferrocene
solution. The cultures were exposed to the thymidine
analog, BrdUrd, added to the final concentration of 
30 mM for the last 48h of culture. Proliferating lympho-
cytes were arrested at metaphase by demecolcine (0.1 mg/ 
ml for 4h) and cultures were harvested with the standard
cytogenetic method, and then stained following the proce-
dures given in literature (Perry & Wolffs 1974, Antoshina
& Poriadkova 1978).

The impact of ferrocenes on the proliferation of human
PHA – stimulated lymphocytes was estimated by calcula-
tion of proliferative potentials in cultures containing
BrdUrd. The replication indices (RI) were estimated by
examination of the slides prior to their use to the SCEs
analysis. In each culture, we examined 100 metaphase cells
randomly found under a microscope in the aspect of the
differential chromatid staining. The replication indices
were calculated following the formula given in literature
(Perry & Wolffs 1974). Simultaneously, we established the
mitotic indices (MI) by counting the fraction of metaphase
cells per 1000 of cells randomly found on the slides exam-
ined under a microscope.
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Immunocytochemical staining methods

An analysis of surface markers on the lymphocyte popu-
lation after the culture in the presence of ferrocenes was
performed following the procedure given in literature
(Knutilla & Teerenhovi 1989). Shortly, lymphocytes
cultured in the presence of the ferrocenes were harvested
after 72h by suspending the cultures in a hypotonic solu-
tion containing a mixture of distilled water and the
complete culture medium [4:1 (v/v)] with 0.4% glycerol.
The hypotonic treatment time was 10 min. Afterwards the
cells were centrifuged and smears on glass slides were
prepared. Then the slides were air dried for 24 h and
processed by the immunochemical staining procedure.
They were immersed in fixing medium – a mixture of
methanol, acetone, and formalin [19:19:2 (v/v)] – for 1
minute and subsequently stained following the
immunoperoxidase technique with DAKO – LSAB Kit
(Labeled Streptoavidin – Biotin) as described in the liter-
ature (Hsu et al. 1981, Warnke & Levy 1980). Mouse
monoclonal antibodies were used to detect the following
surface antigens: CD4 on helper lymphocytes (T4), CD8
on suppressor lymphocytes (T8), CD56 on lymphocytes
NK and CD22 on B lymphocytes. The antibody–bound
cells were visualized by the PAP-staining procedure using
diaminobenzidine (DAB) as a chromogen. Smears were
analyzed by counting the numbers of stained and non-
stained cells among 2000 cells randomly found under a
light microscope. Finally, the numbers of positively-
stained cells in ferrocene cultures were compared to the
numbers in the control culture [E/E0], and histograms
were drawn for each tested ferrocene in the selected doses:
6.25, 25 and 100 mM. The histograms of B lymphocytes,
CD4, CD8 and NK – lymphocytes were given separately.

Statistical analysis

Regression equations and correlation coefficients were
calculated using routine statistical methods (e.g. Campbell
& Machin 1993).

Results

The tested ferrocenes were not toxic to bacterial cells
in the range of applied doses: from 100 to 2000 mM
per plate. The results obtained in the Salmonella
typhimurium mutagenicity assay – the Ames test –
showed that none of the tested compounds was
active (mutagenic) in experiments with four tester
strains both in the presence and in the absence of the
microsomal – activation S9 fraction. The numbers of
his+ revertants induced by them were at the level of
spontaneous revertants typical for each Salmonella
typhimurium tester strain (background level). The
average of these background levels were: 149, 45, 169
and 437 revertants per plate for TA97, TA98, TA100
and TA102 strains, respectively.

The ferrocenes were not cytotoxic to human
lymphocytes in vitro in the range of concentrations
from 6.25 to 50 mM as was estimated with the stan-
dard trypan blue – exclusion test. At the highest
concentration [100 mM] the toxic effects became
visible – the percentages of dead cells were from
10% (Fer.1) to 20% (Fer.2) after a 4 h culture of
lymphocytes with the ferrocenes. At the concentra-
tions higher then 100 mM, the ferrocenes were cyto-
toxic to the lymphocyte cultures. Therefore, we
established the 100 mM concentration as the highest
tested ferrocene concentration. The influences of
ferrocenes on a lymphocyte proliferation are shown
in Figure 1: mitotic indices are given in Figure 1A,
and replication indices are presented in Figure 1B.

The results are compared to relative results from
control cultures (control culture =1.0) and expressed
in Figure 1 as E/E0 proportions.

As may be seen in Fig. 1A, the tested ferrocenes
markedly differ in their influence on lymphocyte
mitotic indices. Fer.1 stimulates mitotic indices at
the whole range of the tested concentrations, the
relatively strongest effect is observed at the concen-
tration of 50 mM (stimulation by about 15%), but
also at the highest tested concentration [100 mM] a
stimulation of the mitotic index was noticeable.
Fer.3, on the contrary, inhibits mitotic indices in all
concentrations used. The dose–effect relations could
be described by a polynominal regression function
in the case of both ferrocenes presented above. Fer.2
showed diverse, strongly concentration – dependent
effects on lymphocyte proliferation: at the lower
concentrations [6.25–50 mM] the stimulation of
mitotic indices was noticed, whereas at the highest
concentration [100 mM] the marked inhibition was
found (by more than 25%). In the case of Fer.2 the
dose–response relation was described by linear
regression equation, given in Figure 1A.

As may be noticed in Fig. 1B, the replication
indices (RI) are, in general, slightly below the level
of the control culture replication index, although in
the case of Fer.2 a weak stimulation (by about 5%)
is found at lower concentrations of the tested
compound [6.25–25 mM]. The inhibition of lympho-
cyte replication indices is rather weak – a decrease
by about 10% as compared to the control at the
highest of tested concentrations [100 mM]. The dose
response relations of replication indices are
described by a regression equation given in Fig. 1B.

The effect of ferrocenes on the frequency of spon-
taneous (not induced) SCEs in human lymphocytes
is presented in Figure 2.

The data presented in Figure 2 are expressed in
proportion to the control culture SCEs frequency
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[E/E0]. It should be noticed in Figure 2 that all three
of the tested ferrocenes lowered frequency of the
spontaneous SCEs; all three regression lines are
below the level of the control culture (1.0). The
effect is dose-dependent in the case of Fer.2 and
Fer.3, whereas that of Fer.1 appears to be very weak,
almost negligible. The effect is relatively strongest
in the case of Fer.2 (decrease by about 13% at the
concentration of 100 mM) and slightly weaker in the
case of Fer.3 (about 10% decrease).

Figure 3 comprises the results obtained with the
immunochemical method, describing the influence
of three ferrocenes on the lymphocyte subpopula-
tion numbers after 72 h of culture in vitro. The esti-
mated lymphocyte subpopulations were: CD4, CD8,
B, and NK. The histograms presented in Figure 3
shows the results obtained with three concentrations
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Figure 1. Influence of ferrocenes on the mitotic indices (A) and replication indices (B) of human lymphocyte cultures.
The results were compared to those of the control culture and presented as E/E0 ratios. The dose–response relations
were estimated by computing the regression equations.

Figure 2. Influence of ferrocenes on the frequency of spon-
taneous (not induced) SCEs in human lymphocyte
cultures. The results obtained in cultures with ferrocenes
were compared to those of the control culture [E/Eo]. The
regression equations were calculated with the obtained
results.
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Figure 3. Influence of tested ferrocenes on the number of main lymphocyte sobpopulations after 72 hours of culture.
The percentual representation of analysed lymphocyte subpopulations was compared to those in the relative control
cultures and histograms were drawn on the basis of the E/E0 ratios.
Ferrocene concentration at culture medium: a – 6.25µM; b – 25 µM; c – 100 µM
*Statistically significant, 0.01 < p < 0.05



of ferrocenes: 6.25 mM (a), 25 mM (b) and 100 mM
(c), and the results were expressed in proportion to
relative control cultures [E/E0].

As may be seen in Figure 3, the influence of fer-
rocenes on the numbers of the main T lymphocyte
subpopulations i.e. CD4 – and CD8 – cells, differs
only slightly (by ±5%) from those counted in the con-
trol cultures. The impact of ferrocenes on the number
of lymphocytes B can be seen as the marked decrease
in the case of Fer.2 and Fer.3 (by about 30% and 25%
respectively, in the concentration of 100 mM), and
significantly weaker diminution in the case of Fer.1
(by about 15%). In the case of NK lymphocytes Fer.2
exhibits a strong inhibitory effect on the NK cell num-
bers, even by more than 55% at the highest tested
concentration [100 mM]. Fer.1 and Fer.3, on the con-
trary, enlarges the NK numbers (by about 10% at
lower concentrations), and decreases their numbers
at the highest concentration (by about 25%).

Discussion

Ferrocenes are undoubtedly much–studied redox
mediators in glucose biosensing systems in the aspect
of their electrochemical characteristics (e.g. Cass 
et al. 1984, Cooper et al. 1991). They have been used
commercially in disposable electrodes in vitro
connected with a hand–held meter for home–testing
of glucose level by diabetics (e.g. the Exactech’
sensor series from MediSense, Cambridge, MA).
However, the results of their interference with
biological systems are still controversial and even
conflicting. There is evidence that ferrocenes can
exhibit toxic effects (Leung et al. 1987), especially
after an inhalation exposure of mice and rats (Nikula
et al. 1993). The results obtained with the ferrocenes
in a short–term genotoxicity–evaluation test are
contradictory. For instance, even by means of the
same protocol of the standard Ames test the
ferrocenes were found mutagenic to Salmonella
typhimurium tester strains in some labs, whereas did
not exhibit mutagenic activity as reported by other
groups (Haworth et al. 1983; Marcher et al. 1988).
In Chinese hamster ovary cells in vitro (CHO line)
it was noticed that the ferrocene did not generate
the chromosomal aberrations, but enhanced the
frequency of sister chromatid exchanges in those
cells (Galloway et al. 1985). In our research
presented in this paper, we found that three
ferrocenes were not mutagenic in the Ames test with
four Salmonella typhimurium tester strains, regard-
less of the presence of the activating microsomal S9
fraction. In cultured human lymphocytes in vitro, all

three ferrocenes decreased the frequency of spon-
taneous (not induced) sister chromatid exchanges by
5–15%. It is difficult to explain precisely the contra-
diction of our results and those cited above
(Galloway et al. 1985), in which the ferrocenes were
found positive in the SCEs test in Chinese hamster
ovary cell lines. A difference in the types of the
tested cells might be the main reason for differences
in the obtained results. There is an obvious dissim-
ilarity of hamster’s self–propagated cell line and
freshly–prepared human lymphocytes stimulated to
proliferate with lectin PHA.

The cause of these differences may also be linked
with the differences in the cell–culture proliferation
rates. Susceptibility of cells to the action of geno-
toxic agents depends, to a large extent, on the effi-
ciency of detoxifying–repairing cellular systems,
which exhibit a limited efficiency at higher cellular
proliferation rates (Tomatis 1993, Cunningham &
Matthews 1995, Ames & Gold 1996). Our tested
ferrocenes slightly stimulated the replication indices
of human lymphocyte cultures at lower concentra-
tions, and markedly lowered the replication rates at
higher concentrations. Also it is well known that
established, self–propagated cell lines usually exhibit
a markedly higher rate of cellular proliferation in
vitro than human blood–derived lymphocytes stim-
ulated with lectin PHA.

We consider, the different cellular source as well
as the probable differences in the cells proliferation
rates as an explanation of the dissimilarity of our
results and those found in the literature.

It is commonly accepted that the exchange of sis-
ter chromatids is a normal physiological process asso-
ciated with DNA replication and represents the
interchange of DNA replication products at appar-
ently homologous loci (e.g. O’Neill et al. 1983,
Tucker et al. 1986). The frequency of spontaneous
(not induced) SCEs can be regearded as a mirror
reflecting the level of spontaneous DNA damages,
which has a potential role in gene rearrangement,
recombination and amplification (Kanda 1982,
Pinero et al. 1993). Additionally, several physiologi-
cal processes, such as glucose and other oxidative
sugar metabolism, oxygen free radicals and other
metabolic byproducts generation, body heating etc.,
usually cause DNA damages which are quickly and
efficiently repaired by the cellular repair system. As
the DNA – damaging actions are consistently present
in every cell, and DNA damages are almost unavoid-
able, they are called ‘spontaneous’ genotoxic activi-
ties. It is well established that the frequency of
spontaneous SCEs increases with age in a statistically
significant mode (Franceschi 1990, Franceschi et al.
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1992). On the other hand, it is also well known that
the frequency of SCEs in mammalian cells increases
after an exposure to a variety of genotoxic agents
both mutagenic and potentially carcinogenic (e.g.
Carrano et al. 1978, Perry 1980, Pinero et al. 1993).
The efficiency of repair processes belongs to the fac-
tors determining susceptibility of cells to genotoxic
agents and designating the stability of cellular
genome. The efficiency can be evaluated also with
the SCEs test (Sasaki 1977, Franceschi et al. 1992).

The decrease of the spontaneous SCEs frequency
by ferrocenes observed in our research appears to
be an important result which can be interpreted in
the aspect of improving the cells’ genetic stability.
Considering the arguments presented above, one
can perceive lowering of the SCEs frequency by the
ferrocenes in cultured human lymphocytes as a
beneficial activity which should result in decreasing
the cells susceptibility to variety of genotoxic agents
probably by enhancing the genetic stability of
cellular genome.

As the lymphocytes are the main components of
the human immunological system, the impact of
ferrocenes on lymphocyte proliferation could obvi-
ously influence human immunity. Therefore, it
seems to be important to check in more detail their
immunotoxic activity. We carried out the experi-
ments intended to evaluate the effect of ferrocenes
on the major lymphocytes subpopulations in a 72
hours – culture. It was shown that B and
NK–lymphocytes but not T–lymphocytes were
susceptible to the presence of the ferrocenes. In
particular, the number of NK cells decreased signif-
icantly after the culture with the presence of Fer.2
– a statistically significant decrease was noticed at
all tested doses of this ferrocene. In the case of Fer.1
and Fer.3, the lowering of lymphocyte frequencies
was observed only at the highest ferrocene concen-
tration [100 mM]. We could also observe Fer.2 and
Fer.3 lowering the level of B cells in a culture.
Therefore, it could be concluded that Fer.2 and
especially Fer.3 exhibited immunotoxic activities in
human lymphocyte cultures.

The explanation of the differences observed
between tested ferrocenes in their genotoxic and
immunotoxic activities should comprise also the
differences in physico–chemical properties of the
tested compounds, i.e: the differences in the global
charge, quantitative differences in their solubility,
and the ability to penetrate inside the cell. The only
physico–chemical condition we observed was an
equally good solubility of the tested ferrocenes in
DMSO/ethanol [ 7:3 (v/v) ]. The complex physico–
chemical studies exceed the aim of the present

paper, which was to evaluate and describe the
biological effects of the ferrocenes on human
lymphocytes and on the standard bacterial strains.

Summing up the results presented above, we sug-
gest that Fer.2 (ferrocene dicarboxylic acid) should
be necessarily avoided in construction of an in vivo
glucose biosensor since it is immunotoxic especially
to human NK–cells and B–lymphocytes in vitro.
From this point of view, Fer.1 (classic ferrocene) can
be recommended for such a sensor, if the use of such
freely diffusable molecules in vivo can be justified
overall. Fer.3 (dimethylaminomethylferrocene meth-
iodide) should be used with care, as at the highest
tested concentration it decreased significantly both
NK–cells and B–lymphocytes.

Although not being genotoxic, the tested
ferrocenes differ significantly in their immunotoxic
activities. It seems to be especially important and
dangerous in the case of an in vivo glucose
biosensing system in which a patient is exposed
continuously to such mediators. We recommend the
testing of any compound intended for use in a
glucose biosensor component with respect to its
genotoxic and immunotoxic activities.

References

Ames BN, McCann J, Yamasaki E. 1975 Methods for
detecting carcinogens and mutagens with the
Salmonella/mammalian – microsome mutagenicity test.
Mutat Res 31, 347–364.

Ames BN, Gold LS. 1996 Mutagenesis and carcinogen-
esis: Cell division and DNA lesions as key factors. In:
Bertino JR, ed. Encyclopedia of Cancer (Academic
Press, Inc., Orlano, FL) 2, 1120–1128.

Antoshina MN, Poriadkova NA. 1978 A technique for
differential staining of sister chromatids without using
fluorochrome. Citol Genet 4, 349 -352.

Albery WJ, Barlett PN, Craston DH. 1985 Conducting
salts as electrode materials for the oxidation of glucose
oxidase. J Electroanal Chem 194, 223–235.

Boutelle MG, Stanford C, Fillenz M, Albery WJ, Bartlett
PN. 1986 An amperometric enzyme electrode for moni-
toring brain glucose in the freely moving rat. Neurosci
Lett 72, 283–288.

Campbell MJ, Machin D. 1993 Correlation and regression.
In: Campbell MJ, Machin D, eds. Medical Statistics. 
A commonsense Approach. Chichester, New York,
Brisbane, Toronto, Singapore: John Wiley & Sons 87–103.

Carrano AV, Thompson LH, Lind PA, Minkler JL. 1978
Sister chromatid exchanges as an indicator of mutage-
nesis. Nature. London 271, 551–553.

Cass AEG, Davis G, Francis GD. 1984 Ferrocene-medi-
ated glucose electrodes for amperometric determination
of glucose. Anal Chem 56, 667–671.

11111
2
3
4
5
6
7
8
9
10111
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
9
50111
1
2
3
4111

BioMetals Vol 12 1999 25

Potential glucose biosensor components: ferrocenes



Cooper J, Bannister JV, McNeil CJ. 1991 A kinetic study
of the catalyzed oxidation of 1′,3-dimethyl-ferrocene
ethylamine by cytochrome c peroxidase. J Electroanal
Chem 312, 155–161.

Cunningham ML, Matthews HB. 1995 Cell proliferation
as a determining factor for the carcinoge-nicity of chem-
icals: studies with mutagenic carcinogens and mutagenic
noncarcinogens. Toxicol Letters 82, 9–14.

English D, Anderson BR. 1997 Single-step separation of
blood cells. Granulocytes and mono-nuclear leucocytes
on discontinuous density gradient of Ficoll-Hypaque. 
J Immunol Methods 5, 249–254.

Franceschi C. 1990 Genomic istability: a challenge for
aging research. Aging 2, 101–104.

Franceschi C, Monti D, Scarfi MD, Zeni O, Temperani
GE, Sansoni P, Lioi MB, Troianoel L, Agnesini C,
Salvidi S, Cossarizza A. 1992 Genomic instability and
aging. Ann NY Acad Sci 663, 4–18.

Fraser DM, Zakeeruddin SM, Graetzel M. 1993 Towards
mediator design. II. Optimization of mediator global
charge for the mediation of glucose oxidation of
Aspergillus niger. J Elektroanal Chem 359, 125–139.

Fraser DM. 1997 Biosensor in the Body: Continuous 
in vivo Monitoring. Fraser DM, ed. Chichester: John
Wiley & Sons.

Galloway SM, Bloom AD, Resnick M. 1985 Development
of a standard protocol for in vitro cyto-genetic testing
with Chinese hamster ovary cells. Environ Mutagen 7,
1–51.

Gąsiorowski K, Szyba K, Urban J, Cielak-Golonka M,
Zakeeruddin SM, Graetzel M, Fraser DM. 1995
Mutagenic activity of group VIII metal-organic
complexes in the Ames test: evaluation of potential
glucose biosensor components. BioMetals 8, 257–262.

Haworth S, Lawlor T, Mortelmans K, Speck W, Ziegler
E. 1983 Salmonella mutagenicity test results for 250
chemicals. Environ Mutagen 5 (Suppl 1), 3–142.

Hsu SM, Raine L, Fanger H. 1981 Use of avidin-biotin-
peroxidase complex (ABC) in immunoperoxidase tech-
nique: a comparison between ABC and unlabeled
antibody (PAP) procedures. J Histo-chem Cytochem 29,
577–580.

Kanda N. 1982 Spontaneous sister chromatid exchange in
vivo.In: Sandberg AA, ed. Progress and Topics in
Cytogenetics 2. New York: Liss 279–296.

Knutilla S, Teerenhovi L. 1989 Immunophenotyping of
aneuploid cells. Cancer Genet Cytogenet 41, 1–17.

Kulys JJ, Cenas NK. 1983 Oxidation of glucose oxidase
from Penicillium vitale by one and two-electron accep-
tors. Biochim Biophys Acta 744, 57–63.

Leung H-W, Hallesy DW, Shott LD, Murray FJ,
Paustenbach DJ. 1987 Toxicological evaluation of
substituted dicyclopentadienyliron (ferrocene)
compounds. Toxicol Lett 38, 103–108.

Linke B, Kerner K, Kiwit M, Pishko M, Heller A. 1994
Amperometric biosensor for in vivo glucose sensing,
based on glucose oxidase immobilized in a redox
hydrogel. Biosens Bioelectron 9, 151–158.

Marcher H, Haeggqvist I, Karlsson B, Johansson T. 1988
Studies on the mutagenic effects of ferrocene carbamate
and H1–6, two candidate antidotes against Soman
poisoning. Swedish Government Reports, Announce-
ments and Index (GRA&I) 2.

Maron DM, Ames BN. 1983 Revised method for the
Salmonella mutagenicity test. Mutat Res 113, 173–215.

Matthews DR, Brown E, Beck TW et al. 1988 An amper-
ometric needle-type glucose sensor tested in rats and
man. Diabetic Med 5, 248–253.

Nikula KJ, Sun JD, Barr EB. 1993 Thirteen-week, repeated
inhalation exposure of E 344/N rats and B6C3F1 mice to
ferrocene. Fund Appl Toxicol 21, 127–139.

O’Neill JP, Heartlein MW, Preston RJ. 1983 Sister chro-
matid exchanges and gene mutation are induced by
replication of 5-bromo- and 5-chloro-deoxyuridine
substituted DNA. Mutat Res 109, 259–270.

Perry P, Wolffs S. 1974 New Giemsa method for the differ-
ential staining of sister chromatids. Nature 251, 156–159.

Perry PE. 1980 Chemical mutagens and sister chromatid
exchanges. In: De Serres FJ, Holloender A, ed. Chemical
Mutagens vol 6. New York: Plenum Press 1–39.

Pinero J, Ortiz T, Cortes F. 1993 Three-way differentia-
tion of Chinese Hamster Ovary chromosomes by
immunoperoxidase technique using a monoclonal anti-
bromodeoxyuridine antibody. Biotech Histochem 68,
215–221. 

Sakakida M, Nishida K, Shichiri M, Ishihara K,
Nakabayashi N. 1993 Ferrocene-mediated needle-type
glucose sensor covered with newly-designed biocom-
patible membrane. Sens Act B 13–14, 319–322.

Sasaki MS. 1977 Sister chromatid exchange and chromatid
interchange as possible manifestation of different DNA
repair processes. Nature (London) 269, 623–625.

Schuhmann W, Wohlschlger H, Lammert R, et al. 1990
Leaching of dimethylferrocene, a redox mediator in
amperometric enzyme electrodes. Sens Act B 1,
571–575.

Tomatis L. 1993 Cell proliferation and carcinogenesis: A
brief history and current view based on an IARC
Workshop Report. Environ Health Perspectives 101
(Suppl 5), 149–152.

Tucker JD, Christensen ML, Strout CL, Carrano AV. 1986
Determination of the baseline sister chromatid
exchange frequency in human and mouse peripheral
lymphocytes using monoclonal antibodies and very low
doses of bromodeoxyuridine. Cytogenet Cell Genet 43,
38–42.

Warnke R, Levy R. 1980 Detection of T and B cell anti-
gens with hybridoma monoclonal antibodies. A biotin-
avidin-horseradish peroxidase method. J Histochem
Cytochem 28, 771–776.

Zakeeruddin SM, Fraser DM, Nazeeruddin M-K, Graetzel
M. 1992 Towards mediator design: characterization of
tris-(4,4’-substituted-2,2’-bipyridine) complexes of iron
(II), ruthenium (II) and osmium (II) as mediators for
glucose oxidase of Aspergillus niger and other redox
proteins. J Electroanal Chem 337, 253–283.

11111
2
3
4
5
6
7
8
9
10111
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
9
50111
1
2
3
4111

26 BioMetals Vol 12 1999

K. Gąsiorowski et al.


