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Summary
Development of a microbiosensor based on immobilized living chromatophores of
Siamese fighting fish, Betta splendens, for the detection of microbial and environmental toxins is described in this paper. Chromatophores were immobilized on ferromagnetic gelatin
microbeads (d=250 mm). Kinetics of cell attachment, immobilization efficiency, population
density, and an optimum content of ferromagnetic powder (iron(II,III) oxide, dp<5 mm)
with respect to preservation of the viability of cells was studied. The rate of cell attachment to the gelatin microbeads followed first-order kinetics with attachment efficiency of
more than 95 %. Pretreatment of beads with fibronectin, known as a cell attachment promoting agent, resulted in a 10 % increase of the attachment rate constant compared to the
attachment rate constant obtained without fibronectin. A detrimental effect on cell viability was observed when more than 10 % of ferromagnetic material was added to the beads.
Operation of microbiosensor was tested with the neurotoxin analog clonidine as a model
toxin. A double-exponential model is proposed to describe the toxin-induced change of
cell area covered with pigment. Experimental data fitted well the proposed model.
Key words: microbiosensor, immobilization, chromatophore, ferromagnetic gelatin beads,
model toxin

Introduction
Animal cell cultures may be used for a variety of
toxicity and pollutant tests (1–3). In this study, we made
use of living chromatophores of Siamese fighting fish,
Betta splendens, immobilized on gelatin microbeads containing ferromagnetic powder, to design a microbiosensor for detection of environmental and bacterial toxins.
Chromatophores are neuron-like cells containing pigment granules which are responsible for the vivid colors
of fish, amphibians, reptiles and cephalopods. These animals are capable of changing their color as an adaptive
behavioral response under the control of the nervous

and endocrine systems mediated by receptors on the cell
surface. The change of pigment distribution in Betta splendens chromatophores may also be induced by various
pathogenic bacterial toxins and pollutants, thus making
these cells very appropriate for use as biosensor elements (3–5). The reaction mechanism of chromatophore
response to toxins, e.g. the movement of pigment organelles along microtubules, is rather complex, and is mediated through G–protein-linked receptors (6,7).
The microscale biosensor, which is in the process of
development by a multidisciplinary research group, is a
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microchannel bioreactor with channels 300 ´ 700 mm in
cross section. This microscale system was selected because it can provide precisely controlled microenvironment,
faster response time, its design flexibility is increased,
and has the potential for parallel operation. These attributes are uniquely suited for industrial, military and research applications requiring high-throughput analysis,
including testing devices for environmental sampling, medical screening, proteomics, combinatorial pharmaceutical development, and detection of microbial pathogens.
The schematic of a single microchannel biosensor is
presented in Fig. 1. Basic sensor elements are microbeads
with fish chromatophores immobilized on the bead surface, which also contains embedded ferromagnetic material. Transport and positioning of microbeads within
the microchannel is facilitated by fluid flow and by the
interaction between the ferromagnetic material and the
magnetic field generated by a »capture-dot« device. Capture-dots are microsolenoids deposited in the microchannel walls, described previously (4).

Fig. 1. Microchannel type biosensor. Transport and capturing of
microcapsules containing immobilized chromatophores within
the magnetic field generated by »capture dot«

Immobilization of chromatophores on the surface of
the microbeads represents a very important step in biosensor development. Fish chromatophores are anchorage dependent cells that require compatible surface for
attachment, and subsequent spreading and growth (3).
Our previous study demonstrated high compatibility of
gelatin-based material for chromatophore attachment, as
well as for preservation of their sensitivity towards pathogens (8). Gelatin microcarriers have also been reported suitable for various types of animal cell immobilizations (9–12). In this study, we investigated inclusion
of ferromagnetic material into gelatin microbeads and
we determined the optimum amount of ferromagnetic
powder that would allow good cell viability. We also
tested the functionality of the immobilized chromatophores while monitoring and modeling their response to
a neurotoxin.
Non-immobilized fish chromatophores are sensitive
to a broad range of bioactive compounds such as: heavy
metals, organophosphate pesticides, live microbes or microbial toxins, chlorinated aromatic hydrocarbons, etc.
(3,4). The mode of their response may vary for different
classes of agents, with some causing hyperdispersion of
pigment granules, other causing only partial aggrega-

tion, and some showing no visible effects (3). A very
pronounced aggregation of pigment granules occurs
when fish chromatophores are exposed to neurotoxin,
noradrenaline, or to adrenergic agonist clonidine, which
is chemically more stable.
Here, experimental results for the immobilization of
chromatophores on gelatin-microbeads containing ferromagnetic powder and their response to neurotoxin clonidine that causes rapid cell aggregation and a decrease
of the pigmented cell area are presented. A double-exponential model is proposed to fit the toxin-induced
change in the pigmented cell area.

Material and Methods
Isolation of primary cell culture
Fish chromatophores were isolated from the tails and
fins of Betta splendens fish. Red Betta splendens fish containing red pigmented cell-erytrophores were used in
this study. Tissue was washed a minimum of six times
with skinning solution and then treated with an enzyme
solution for 20 min, with gentle agitation (n=80 rpm).
Skinning solution consisted of 1 mM Na2EDTA (Sigma),
5.6 mM glucose (Sigma), penicillin/streptomycin mixture
in m/V ratio 1/100 (Sigma), in calcium and magnesium
free phosphate-buffered saline, Gibco. Enzyme solution
consisted of 20 mg of collagenase type 1, Worthington
Biochemical Co, 178 U/mg, and 1 mg of hyaluronidase,
Worthington Biochemical Co. 348 USP/NF, in 7 mL of
PBS, Gibco. After 20 min, the enzyme solution with digested tissue was separated from undigested tissue pieces, and subsequently centrifuged for 2 min at 3250 ´ g
in the clinical centrifuge. Supernatant was removed using a sterile transfer pipette and reapplied to the tissue.
The first pellet, which contained mostly epithelial cells,
was discarded. After additional 30 min of shaking, the
above procedure was repeated, but the cell pellet, containing fish chromatophores, was suspended in L-15 (Leibovitz, Hyclone Lab) medium, and centrifuged again.
After removing the supernatant, fish chromatophores
were resuspended in a desired volume of L-15 medium
and used as an inoculum for microcarriers.

Preparation of microcarriers and immobilization of
fish chromatophores
Macroporous ferromagnetic gelatin beads containing
various amounts of ferromagnetic powder (iron(II,III)
oxide, powder dp<5 mm, Aldrich) were prepared according to the procedure described by Nilsson and Mosbach
(13,14). An appropriate amount of iron(II,III) oxide (mass
fraction of 5, 10, 15, 20 and 25 % on gelatin powder) was
added to the water-gelatin solution (type I gelatin from
porcine skin, Sigma) before further processing. At the
end of processing, dry beads were sieved, and those
with diameters between 180 and 300 mm were collected
and cross-linked with glutaraldehyde (grade I, 50 %,
Sigma). Before use, microcarriers were hydrated in
phosphate-buffered saline (PBS) without calcium and magnesium ions, washed extensively, and then resuspended
in PBS at concentration of 5 g/L. Ferromagnetic gelatin
microcarriers were autoclaved for 20 min at 121 °C.

LJ. V. MOJOVI] and G. N. JOVANOVI]: Microbiosensor Based on Fish Chromatophores, Food Technol. Biotechnol. 43 (1) 1–7 (2005)

The attachment of the cells to the beads was performed in siliconized (by Sigmacote, Sigma) Erlenmeyer
flasks in L-15 medium with very gentle stirring (30–50
rpm). L-15 medium was enriched with 5 % of fetal bovine serum, FBS (Hyclone, Lab). The rate of attachment
of the cells from inoculated microcarrier cultures was
determined by counting the cells remaining in the culture. Culture samples (200 mL) were taken at intervals of
20 min and allowed to settle for 1 min in an Ependorf
tube. The microcarrier-free supernatant was introduced
into a haemocytometer for cell counting.
Culture samples were also examined microscopically to determine cell viability and toxin-sensitivity. Chromatophores that responded to the addition of neurotoxin were considered alive and toxin-sensitive.

Testing of microcapsules of immobilized
chromatophores with clonidine
The response of immobilized cells to different concentrations of clonidine was monitored by a change in
pigmented cell area induced by the neurotoxin. Suspension of immobilized cells (1.5 mL) in L-15 medium, usually containing 15–20 beads, was transferred in individual wells of 24-well plate. The 24-well plate was placed
on a Leica DMIL inverted microscope. Image capture of
immobilized chromatophores was performed with a digital Pulnix TMD-7DSP CCD camera connected to a
Matrox computer, at constant preset time intervals controlled by image-capturing software. The first acquired
image frame at t=0 presented pigment area of immobilized cells before the addition of toxin. Then, 0.5 mL of
an appropriate concentration of the clonidine solution in
L-15 medium was added with a microsyringe and image capture was continued for 6 min total time. The final concentration of toxin in the well was one fourth of
the injected concentration. Clonidine (2-[2,6-dichloraniline]-2-imidazoline), Sigma C-7897, was resuspended at
10 mM concentration in distilled water and stored at 4
°C. Just prior to use it was diluted in L-15 medium to 4´
final test concentrations. Captured images were analysed to determine the change in the pigmented cell area
induced by the model toxin using proprietary software
(»Cell cruncher«) described elsewhere (3,15,16).

Results and Discussion
Immobilization of cells
Attachment of fish chromatophores to gelatin beads
containing various mass fractions of 0–25 % of iron(II,III)
oxide was observed under the conditions described earlier (8). The kinetics of the attachment to gelatin beads
containing 10 % of ferromagnetic material is presented
in Fig. 2. To promote cell adhesion, gelatin beads were
pre-treated with fibronectin.
After 140 min, 95 % of all cells present in the solution were attached to the microcarrier. Semi-logarithmic
plots of unattached cell concentration as a function of
time yielded straight lines, indicating first order kinetics
(Fig. 2). The first order attachment kinetics had been reported previously for immobilization of anchorage-dependent cells on DEAE-derivatized sephadex (17,18).
However, the authors used charged microcarriers and
also reported an increase in the attachment rate with increasing exchange capacity of the microcarriers. Apparently, the kinetics of cell binding to the charged microcarriers and the attachment rate constant are at least one
order of magnitude higher than the one reported for the
attachment to the biospecific macroporous gelatin carrier (10,11). However, for both types of carriers the final
attachment efficiency was reported as high as 90–100 %.
Fig. 2 shows that the attachment rate constant for
fibronectin-pretreated beads (k=0.94·10–2 min–1) is approximately 10 % higher than for beads without pretreatment (k=0.85·10–2 min–1). This result could be expected
since proteins like fibronectin, vibronectin, laminin and
collagen make up the extracellular matrix between cells
or between cells and substratum, and mediate cell attachment and spreading (19–21).
No significant effect of ferromagnetic material on
the cell attachment rate constant was noticed in the range
from 0 to 25 % of iron(II,III) oxide concentrations used
in this study (data not presented). Attachment rates for
samples containing different amount of ferromagnetic
material were found to be statistically indistinguishable
from the rates reported for gelatin beads without ferro-

Cell concentration / (free cells/mL)

In preparation of microcarriers, an appropriate amount of microcarrier stock suspension was transferred to
a 50-mL sterile conical centrifuge tube and the beads
were allowed to settle. After removing the supernatant,
the microcarriers were washed twice with growth medium (L-15) and transferred to Erlenmeyer flasks, where
the cells were attached to beads. When the effect of cell
attachment-promoting agents such as fibronectin was
studied, the appropriate amount of microcarrier was
kept for 2 h prior to its use in PBS (20 mL) with 100 mL
of fibronectin stock solution (Sigma), and then washed
with growth medium before transferring it into Erlenmeyer flasks. The number of microbeads per gram of
beads was determined in order to optimize cell/bead
ratio (l). Beads were counted in a standard volume on a
haemocytometer grid. An average value of 0.82 · 106
beads/g was found in repeated measurements for beads
with 10 % of ferromagnetic powder.
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Fig. 2. The kinetics of the attachment of fish chromatophores
on gelatin microcarriers with 10 % of iron(II,III) oxide. Reaction
conditions: L-15 medium supplemented with 5 % serum, pH=
7.4, time t=140 min, stirring rate n=40 rpm, cell/bead ratio l=70.
Data presented are mean values of 3 experiments±standard deviation
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magnetic material (8). However, as shown in Fig. 3, a
significant effect of the concentration of ferromagnetic
material on the cell viability was found. Cell viability
was seriously affected on beads with 25 % iron(II,III) oxide (Fig. 3). The 10 % mass fraction of iron(II,III) oxide
may be considered appropriate for use in this biosensor
study because it does not compromise cell viability and
it supports complete cell functionality and toxin sensitivity. Our current studies (unpublished data) are determining the range of magnetic field intensities needed to
provide capturing and releasing of gelatin ferromagnetic
beads within biosensor microflow channels and the effect of this dynamic phenomenon on the biosensing sensitivity and reproducibility.

Initial
cell/bead
ratio
(l)

Attachment
rate constant
k × 10 2
min

Fraction of viable
Viable
immobilized cells immobilized
%
cell/bead

15

0.74

92

12

30

0.78

91

25

50

0.84

88

41

70

0.85

83

55

80

0.85

70

52

ratio

*Reaction conditions: Attachment was performed on gelatin microcarrier with 10 % iron(II,III) oxide, d=250 mm, in L-15 medium supplemented with 5 % serum at pH=7.4 during t=140
min with stirring rate of n=40 rpm. Viability of immobilized
cells was measured after 24 h. The data presented are mean
values of triplicate experiments
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Table 1. Effect of cell/bead ratio on fish chromatophore attachment rate constant k and on cell viability of immobilized chromatophores*

80
70
60
50
40
0

5

10
15
20
w(ferromagnetic material)/%

25

30

Fig. 3. Effect of the amount of ferromagnetic material in gelatin
beads on chromatophore viability. Reaction conditions: L-15
medium supplemented with 5 % serum, pH=7.4, time t=140
min, stirring rate n=40 rpm, cell/bead ratio l=70. Data presented are mean values of 3 experiments±standard deviation

Effect of cell to bead ratio
The effect of the cell/bead ratio (l=number of cells/
beads) on the cell attachment rate constant and on the
viability of immobilized cells was determined for gelatin
beads with 10 % of ferromagnetic material (Table 1). It is
important to insure a large initial cell to bead ratio,
which would not affect cell viability and also to minimize the proportion of unoccupied beads during the immobilization process. Fish chromatophores are terminally

differentiated cells and do not replicate in tissue culture,
thus the initial cell/bead ratio will not increase with time, as reported for some other proliferating animal cells
like Vero cells (10). By microscopic examination, we observed that immobilized fish chromatophores stay functional e.g. responsive to clonidine for 2 to 4 weeks, although a small decrease in cell/bead ratio occurred due
to apoptosis or cell death.
For each initial cell/bead ratio observed, viable immobilized cell/bead ratio was calculated from the total
number of cells immobilized and measured after 24 h.
Typical results are presented in Table 1. These results
indicate that l=70 is an optimum value to use for immobilization of fish chromatophores. Higher initial cell/bead
ratio causes lower cell viability, and therefore lower viable immobilized cell/bead ratio is achieved. Lower viability is most probably due to the shortage of living space and to higher competition of cells for nutrients. At
l=70, microscopic examination did not show the presence of unoccupied beads.

Testing of immobilized chromatophores with clonidine
Fig. 4 presents experimental video image output at
time intervals t=0, 50, 180 and 360 s after the addition of

Fig. 4. Video image frames of immobilized chromatophore beads with 10 % of ferromagnetic powder at intervals t=0, 50, 180 and
360 s after exposure to clonidine (c=50 nM)
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The response to clonidine is mediated by cell-surface receptors of the classic G-protein-linked type (6).
The mechanism of signal transduction is rather complex.
Receptors that cause aggregation are linked to the Gi
proteins, whose activation results in a decrease in cyclic
adenosine monophosphate content (cAMP) in cells. On
the other hand, receptors that cause dispersion are linked to Gs proteins, whose activation results in an increase
in cAMP. This cAMP increase activates cAMP-dependent
protein kinase (protein kinase A), which phosphorylates
and activates other proteins, initiating a cascade of events
resulting in pigment granule dispersion. The long-range
movements of pigment granules depend on polar microtubules and specific motor proteins bound to the pigment granules. There are two major families of motor
proteins, kinesins that move their cargo outward, and
dyneins that move the granules inward, towards the centrosome. The ability of these motor proteins to bind microtubules, and thus transport pigment granules, is regulated by the phosphorylations resulting from the signal
cascade initiated by G-protein linked receptor binding
(6,7,22).

Fitting experimental data with a double exponential
model for cell area decrease
The graph presented in Fig. 5 shows an exponential
decrease in the cell area covered by pigment after the
addition of 50 nM clonidine. A double exponential model is proposed for this response. The model implies the
existence of a heterogeneous population of cells, which
can be roughly divided into two subpopulations, differing in the rate of cell reaction to the toxin exposure. It is
interesting to note that the visual appearance of fast responding cells ('star-like' cells) and slow responding
cells ('sheet-like' cells) can be easily discriminated under
the microscope and with the aid of the shape recognition software.
–C×t

–E×t

At=A0–B×(1–e )–D×(1–e )

/1/

At steady state (t® ¥), the above equation reduces to:
A¥=A0–B–D

/2/

where A0 is the initial area, At is the cell area at time t,
A¥ is the cell area at t=¥, B is the total area change of
the first cell subpopulation (faster responding cells), C is
the constant rate for the first subpopulation, D is the total area change of the second cell subpopulation (slower
responding cells), and E is the constant rate for the second subpopulation.
Total percentage of area change (PAC) may be calculated as:
(A0–A¥)/A0×100=( A0– A0+B+D)/A0×100=(B+D)/A0×100 /3/
How well the proposed model fits with experimental data is represented by the mean relative percentage
deviation modulus s (%) which is defined as:
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toxin to fish chromatophores immobilized on gelatin microcarrier with 10 % of ferromagnetic material. The aggregation of pigment granules within cells induced by
toxin is obvious.
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Fig. 5. Decrease of the cell area of immobilized chromatophores
with time, as a response to clonidine (c=50 nM). Experimental
data (–o–), and model data (–), s=0.009 %

s = (100/N)å

ei
xi

/4/

where N is number of trials, ei experimental error, and xi
is model predicted value.
As shown in Fig. 5, the proposed model and the experimental data are in very good agreement, with s=
0.009 %.
Double exponential model equation that represents
experimental data from the graph in Fig. 5 is presented
bellow:
–0.0168×t

At=131565–26744.9×(1–e

)–16368.9×(1–e

–0.0078×t

) /5/

From the values of the coefficients B and D (26744.9
and 16368.9, respectively), it is obvious that the majority
of cells are fast responding cells. The subpopulation of
fast responding cells caused 20.3 % of area change, while
the population of slow responding cells caused 12.4 %
of area change. Total percentage of area change (PAC)
for applied clonidine concentration (50 nM) is 32.7 %
(Eq. 3). Coefficients C and E (0.0168 and 0.0078, respectively) are rate constants, which are specific for the toxin
used and prevailing experimental conditions. Higher
rate constant C characterizes the subpopulation of faster
responders, while the smaller constant E is a characteristic of the slower cell subpopulation.
Different reactive agents (environmental toxins, heavy metals, bacterial toxins, chlorinated hydrocarbons,
drugs, etc.) may produce quite different cell reactions.
The main differences could be in (i) mode of response:
aggregation, dispersion, no reaction, or »freezing« of
chromatophore; (ii) magnitude of response: partial aggregation, full aggregation, partial dispersion, full dispersion; (iii) kinetics of responses, and (iv) differences in
responses of particular cell subtypes. These four main
response features may be quantified with the parameters of the presented model. Toxins and agents could be
classified into different categories according to chromatophore responses. It is already shown (3) that agents
belonging to the same category show similar effect on
chromatophore. For example, the category of adrenergic
neurotoxins is characterized by rapid and full aggregation, quick response time (< 5 min), high sensitivity (>
several nM) and high reproducibility. On the other
hand, the category of agents which elevate cAMP levels
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in cells causing dispersion, such as the melanocyte stimulating hormone (MSH) and some bacterial toxins, exhibited slower response time (~20–80 min), but also high
sensitivity and high reproducibility (data is not presented). However, the reaction to some chlorinated hydrocarbons is much slower with lower sensitivity (data
not presented). An important issue that should also be
addressed is testing and categorizing of substances or
environmental factors that act as false positive agents.
These agents should be identified and the cell responses
should be analyzed and included into the biosensor database. The reduction of false positive and false negative
responses is one of the objectives of our ongoing study.
Modeling of various toxin responses includes specifying and defining characteristic model parameters for
different toxins. Linking these parameters to physiological and metabolic processes in cells may help elucidate
very complex mechanisms of cell reactions to toxins.
Creation of a database of toxin responses may also assist
in toxin identification. If, for example, two agents give
similar exponential cell area decrease, specific parameters from Eq. 1 are expected to be characteristic for the
two toxins, thus providing a degree of discrimination. It
is important to note that parameters A0 and A¥ may be
evaluated independently from experimental observations, thus reducing the five-parameter model to only
three degrees of freedom.

Effect of toxin concentration
Effect of toxin concentration on the percentage of
overall area change (PAC) from Eq. 3 is presented in
Fig. 6. Percentage of the area change increased for the
clonidine concentration range from 20 to 100 nM, achieving a plateau value for higher toxin concentrations.
As shown in Fig. 6, concentration of 20 nM caused a significant response of fish chromatophores, 15.2 % of area
change. However, the detection of lower concentrations
is accompanied with higher error than the detection of
higher concentrations.
50
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Fig. 6. Effect of clonidine concentration on PAC of immobilized
chromatophores. Data presented are mean values of 3 measurements±standard deviation

Conclusion
Development of a microbiosensor based on immobilized living chromatophores of Siamese fighting fish,
Betta splendens, for detection of microbial and environ-

mental toxins was investigated in this study. Fish chromatophores were immobilized on ferromagnetic gelatin
microbeads (d=250 mm). Optimum conditions for the immobilization of fish chromatophores and optimum amount
of ferromagnetic material incorporated in gelatin microbeads allowing good cell viability and toxin sensitivity
were observed.
The response of immobilized chromatophores to neurotoxin clonidine was monitored by measuring cell
area covered by pigment. Percentage of area change is
dose-dependent for this model toxin in a range of concentrations from 20 to 100 nM, achieving a plateau value
for higher concentrations. The cell area decrease is shown
to fit very well the proposed double exponential model
and the rate of cell reaction to various toxins may be described with model coefficients.
Currently, we are testing biosensors for a number of
microbial toxins, biological agents and pollutants, creating a large library of responses. Classification of agents
according to specific features of cell responses, quantified by model parameters, is in progress. Further system
development, miniaturization and integration are expected.
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Razvoj mikrobiosenzora na bazi kromatofora ribe imobiliziranih
na feromagnetskim `elatinskim nosa~ima
Sa`etak
U radu je opisan razvoj mikrobiosenzora za detekciju mikrobnih toksina i one~i{}ava~a okoline na bazi imobiliziranih kromatofora ribe sijamskoga borca, Betta splendens. Kromatofori su imobilizirani na feromagnetskom `elatinskom mikronosa~u (d=250 mm). Ispitivani su kinetika vezivanja stanica, u~inkovitost imobilizacije, gusto}a stanica i optimalni
udjel feromagnetskoga praha (`eljezov(II,III) oksid, dp<5 mm) da bi se osiguralo pre`ivljavanje stanica. Utvr|eno je da je kinetika vezivanja kromatofora za feromagnetski `elatinski mikronosa~ reakcija prvoga reda s djelotvorno{}u vezivanja od 95 %. Prethodna
obrada nosa~a s fibronektinom pridonijela je pove}anju konstante vezivanja stanica za 10
% u usporedbi s vrijedno{}u dobivenom bez dodatka fibronektina. Kada se upotrijebi iznad 10 % feromagnetskoga praha u `elatinskom nosa~u, primje}uje se negativan u~inak na
pre`ivljavanje kromatofora. Funkcioniranje mikrosenzora testirano je s neurotoksinom klonidinom (analog adrenalina). Predlo`en je eksponencijalni matemati~ki model koji opisuje
promjenu stani~ne povr{ine pokrivene pigmentom, uzrokovanu dodatkom toksina. Uo~eno je dobro slaganje eksperimentalnih rezultata s predlo`enim modelom.

