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Abstract— A plurality of whole cell biosensors have been
developed using many different cell types. Biosensors
incorporate biomolecular components or whole cells to
facilitate specific analyte interaction; research documented
here presents a novel whole cell biosensor based on the slime
mould Physarum polycephalum (PP). The electrical response of
PP when exposed to multiple chemicals are measured and
quantified in terms of amplitude and frequency response. The
PP biosensor is capable of detecting the tested chemicals and
individually identifying a large number in terms of a specific
shift in either oscillation frequency or amplitude.. However, it
does exhibit a sensitivity to environmental changes such as light
level and temperature which may interfere with the detection of
the target analyte but could also be used for wider sensing
applications. It is proposed that this novel biosensor is capable
of detecting many organic chemicals beyond those presented in
this work and that the biosensor may be wused for
environmental monitoring and toxicity evaluation.

I. INTRODUCTION

Biosensors are transducer systems with a biological
component which quantifies input stimuli to a useful output
signal for analysis. Cell based biosensors are sensor systems
whose sensing elements use either whole cell or cell derived
biological components to measure an input variable
Biological transducers take advantage of a biological process
whose output can be measured and reliably produces a
dynamic response to a given input stimulus; these often
include enzymatic, antibody/antigen reactions, genetic
expression or metabolic pathway signaling A large
proportion of biosensors are developed for the field of
medicine, for example blood glucose monitoring 2,
drug/toxicity analysis ® or metabolic health evaluation *;
these are often chemical detection biosensors applied to
medical monitoring. Other areas of application for cell based
biosensors exist such as environment sensing > and food
hygiene evaluation '°. Currently developed cell based
biosensors incorporating biological components include
mammalian, bacterial, fungal and viral cells "',

Physarum polycephalum 1is a single cell amoeboid
organism of the order Mycetozoa, known colloquially as
Slime Mould. It is a large multinucleated yellow cell,
capable of growing in excess of 10 centimetres, spanning
veins between food sources. These veins are protoplasmic
tubes of adaptable membrane filled with flowing cytoplasm;
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where the spatial arrangement of the tubes is determined by
attractant and repellent environmental conditions such as
food and light respectively. The method of movement in P.
polycephalum is shuttle streaming, whereby actin-myosin
filaments in the cell membrane rhythmically contract and
relax ', forcing cytoplasm towards sources of food or other
attractants. Food such as oat flakes and decomposing organic
matter attract PP as do certain non-food chemicals and warm
conditions'”; PP is repelled strongly by light, and certain
chemicals. Shuttle streaming can be detected optically * and
electrically '*"", with a fluctuating period of between 60 and
120 seconds; the shuttle streaming frequency increases if
attractants are applied and decreases if repellents are applied
to the foraging tube . PP can be dried, forming inactive
sclerotia, which can be reanimated years later.

VOCs can be present in some laboratories and are given
off from many bacteria and other organisms; VOCs present
in the environment can indicate chemical or microbial
contamination '®'°. Traditional electronic sensors have been
developed which detect VOCs in the local environment *°,
often with large power requirements and expensive
apparatus.

P. polycephalum has been used to solve spatial problems
such as maze solving *', Voronoi diagrams ** and shortest
path route planning . Recently it has been shown to have a
reliable and repeatable electrical response to environmental
stimuli '7*** which we have developed further into a
biosensor, detailed in this paper.

II. METHODS

A. Electrical Measurement of Physarum polycephalum

Physarum polycephalum was cultured on non-nutrient 2%
agar gel in 9cm diameter petri dishes (Fisher Scientific, UK),
fed daily with organic rolled oat flakes; after a week, the
plasmodium culture was transplanted to a fresh agar petri
dish to minimise agar contamination. These petri dishes
were kept in the dark at room temperature until required.

To facilitate the electrical measurement of protoplasmic
streaming and the change in frequency of streaming due to
stimuli, a customised petri dish (fig. 1) was used; electrically
conductive aluminium tape (Advance Tape AT521, RS
Components, UK) was applied as shown, with a 10 mm gap
at the centre of the petri dish; 1ml of non-nutrient 2% agar
was applied to each aluminium electrode tip, creating
hemispherical electrodes. A P. polycephalum inoculated oat
flake from the culture was placed on one agar hemisphere
while a bare oat flake was placed on the other; after a period
of several hours to days, a protoplasmic tube would grow,
connecting the two agar electrodes with a “PP Wire”. A
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Picolog ADC-24  high  resolution data logger
(Picotechnology, UK) was connected to the electrodes and
the voltage fluctuation associated with shuttle streaming
within the protoplasmic tube was recorded. A laptop
installed with the associated Picolog Recorder V5.22.8
software was used to record the data at a sampling frequency
of 2 Hz. Stimulus was applied near the recently colonised
agar (fig 1) and the original electrode was grounded;
experiments were performed in the dark due to the light
sensitivity of PP.
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Figure 1. (a) Petri dish set up for stimuli assessment before growth. (b)
Petri dish with correct growth of Physarum polycephalum, connected for
electrical potential recording. (i) Bare oat flake on agar electrode. (ii)
Physarum inoculated oat flake on agar electode. (iii) Conductive tape. (iv)
Single protoplasmic tube between electrodes between agar electrodes. (v)
Positive recording electrode. (vi) Ground reference terminal. (vii) site of
chemical stimuli application.

For each measurement, the voltage change due to shuttle
streaming was observed until the oscillation reached a stable
state and continued for 10 minutes, the stimulus was then
applied and a further 10 minutes was recorded in order to
create a pre and post stimulus comparison. Percentage
frequency change and percentage amplitude change was
calculated from this data using the mean frequency and
amplitude post and pre stimulation. A control experiment
was performed where the pre and post stimulus period was
recorded, with no stimulus applied; experiments were
repeated 12 times for each stimulus. The control of no
change was the same experiment with no chemical added.

-0.7

2050 2250 2450 2650 2850 3050 3250

-0.8

-0.9

Voltage (millivolts)

-1.3

Time (milliseconds)
Figure 2. Typical voltage response from the slime mould biosensor. The
stimulus was applied at 2650 seconds with a noticable spike caused by
vibration; post stimulus there is a visible change in amplitude and
frequency.

B. Biosensor Stimuli

Known attractants and repellents of PP '"**?7 were tested,

including food sources and Volatile Organic Chemicals
(VOCs). Knowles et al >’ reported that basic carbohydrates,
including those present in oat flakes, attracted Physarum.

Costello et al * previously reported that VOCs Nonanal,
Linalool, Benzyl Alcohol and Geraniol repelled PP, while
Cis-3-Hexenylacetate produced no chemotaxis effect and S-
Limonene Tridecane and Farnesene attracted it. The
response to these chemicals, and that of an oat flake, was
tested by adding 250ul of the liquid chemical (or 1 rolled oat
flake) to the petri-dish, 10mm from the recording electrode.
During practical use, the biosensor may by subjected to
interference from other environmental stimuli such as light
and heat, therefore a chemical stimulus (oat flake) was
added while simultaneously exposed to light and heat in
separate tests as its chemotaxis properties are well
documented '>2!#2430

Light is a known repellent *'** so the response to light

was tested using a 34 watt halogen bulb placed 50 cm above
the Petri dish, only illuminating the recording electrode.
Temperature change affects shuttle streaming frequency®>~*
so heat was applied to the underside of the petri dish below
the recording electrode by a 1.4W Peltier Element (RS
Components, UK) causing a 10°C increase in temperature at
the recording electrode (typically from 20°C to 30°C).. The
response of PP to multiple stimuli has not been investigated,
so all possible two stimuli combinations of the oat flake food
source with light and heat were performed to test sensory
combination in PP and to test multiple stimuli interference in
a PP biosensor.

III. RESULTS

TABLE 1. SUMMARY OF FREQUENCY AND AMPLITUDE CHANGES
Frequency Change | Amplitude Change
Stimulus (Standard (Standard
Deviation) deviation)
Control 2.1% (6.9) 2.4% (5.8)
Oat Flake 17.8% (12.6%) 36.5% (21.7%)
White Light -12.7% (6.5) -36.1% (17.3)
Heat Only 22.1% (8.8) 63.4% (19.)
S-Limonene -1.5% (7.5) -1.7% (27.3)
Cis-3-Hexenyl acetate -1.3% (21) -6% (42.6)
Geraniol 0% (10.5) -26% (22)
Tridecane 17% (36.7) 10.4% (45.7)
Farnesene 25.5% (24.9) -35.4% (16.6)
Linalool -32.4% (21.3) 41.4% (31.4)
Benzyl Alcohol -10.7% (11.4) 25.9% (25.4)
Nonanal -26.9% (16.4) -28.2% (0.184)
Heat and Oat 32.4% (10.2) 51.5% (39.5)
Oat and Light 2.2% (11.2) 6.6% (27.7)
Light and Heat 14.8% (15.3) 44% (28.2)

While most chemicals produced a reliable and repeatable
response as shown in Table 1, Nonanal and Linalool often
ceased all electrical activity, essentially killing the slime
mould; the mechanism of this is unknown however more
reliable measurements were made by moving the point of
chemical addition for these two chemicals to 30 mm from
the recording electrode. Table 1 shows the mean and
standard deviation from 12 repetitions for both frequency
change and amplitude for each chemical or physical stimuli.
The simultaneous exposure of Oat flake and Heat produced a
frequency response equal to the sum of the individual effects
while the amplitude was less than when heat alone was

4043



applied. The exposure of PP to an oat flake while
illuminated with white light resulted in negligible change in
either frequency or amplitude; white light exposure modifies
the response of chemical stimuli to the point of invalidating
the results. The chemotaxis strength correlates with
magnitude of frequency change, with strong attractants
producing a large increase and repellents producing a large
decrease in frequency. There is no correlation between
chemotaxis and amplitude change, however it does offer a
method of chemical identification beyond frequency change
alone.
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Figure 3. Amplitude and frequency response of the biosensor to stimuli.
IV. DISCUSSION

A. Biosensor reliability

The response of PP to individual chemical, optical and
temperature stimuli appears to be somewhat repeatable; it is
possible to differentiate between several different chemical,
optical and temperature stimuli using electrical measurement
of a PP protoplasmic tube after 20 minutes. Most chemicals
showed a change in frequency or amplitude; the percentage
frequency change was positive for strong attractant stimuli
and negative for strong repellents, appearing fairly linear in
correlation with the attractant or repellent strength.
Frequency response to an oat flake was a large and positive
increase suggesting it increases shuttle streaming thereby
increasing growth towards the food source.

Stimuli interference from light and heat is demonstrated;
however given a dark and relatively stable temperature, the
response to chemical stimulation appears accurate, however
due to the large standard deviation of response, some
chemicals may not be individually identifiable in every
instance. Although each chemical addition is repeated 12
times, there would be no averaging in a practical biosensor;
this is a current limitation of the PP biosensor.

Fluctuation in temperature causes a similar change in
frequency and amplitude of shuttle streaming voltage; this is
demonstrated when measuring the oat flake and heat. There
may be an instance where a chemical is misidentified due to
the additional effect of temperature increase. The most
susceptible measurements to temperature interference are
those whose amplitude and frequency shift are minimal; a

small change in temperature may cause misidentification of
a chemical due to artifactual changes due to heating or
cooling. Temperature rises in practical biosensors are
unlikely to be subject to such rapid and marked changes in
temperature therefore the magnitude of change is likely to be
far smaller than that reported in table 1. Due to the similarity
in the response of S-Limonene and Cis-3-Benzyl Alcohol
with the control, it may be difficult to determine in an
individual instance, if there is either chemical present; the
large standard deviations of response from the two
chemicals may mean they are likely to be confused with the
control given a single measurement.

The authors have maintained an operational life of 8 days
for the slime mould biosensor; this is limited by drying of
agar electrodes and lack of viable nutrients for the cell.
Humidity control and a constant food source is likely to
increase the operational life as a culture of plasmodium can
be maintained for months provided the agar maintains
sufficient water and contamination with other microbes does
not occur. PP biosensors can be manufactured and then
immobilized as a sclerotia for years, after which the
biosensor can be reanimated and be operational, producing a
very long shelf life; often a limit for cell biosensors'?.

Olfactory biosensors ** can detect a variety of chemicals,
mimicking olfactory epithelium; it is proposed that the PP
chemical biosensor is a novel and reliable addition to
olfactory biosensors with advantages of long shelf-life, large
number of growth substrates and quick response.

B. Biosensor applications

This article indicates the potential of a Biosensor based on
a protoplasmic tube of the slime mould P. polycephalum;
VOCs can be detected in the air and individually be
identified based on the voltage response of the organism.
Simplifications and automation could provide a sensitive
environmental sensor capable of detecting VOCs and other
chemicals. Some VOCs are toxic therefore toxicity testing
could be performed using this biosensor, ensuring precise
detection of these chemicals in the environment. This sensor
is designed to be single use, therefore it would not be
important if the chemical was so toxic that it killed PP. If
there were a class of compounds which was toxic to both
humans and PP, it would not matter that chemicals within
the class could be individually identified, just that the
presence of any could be identified.

It is possible that P. polycephalum is capable of detecting
a plurality of other chemicals, therefore the limits of this
biosensor are currently unknown; further testing will
determine the scope of applications for this novel biosensor.
A pesticide sensitive biosensor has value in agriculture;
Linalool®, Farnesene®’ and Geraniol®® are commonly used
insecticides or insect repellents, use of these chemicals is
permitted in the production of organic food, however as they
are biologically derived there is little investigation as to how
long they persist in the environment or on food items. These
chemicals are detected by the slime mould biosensor
meaning detailed investigation into natural pesticides and
their longevity on food can be performed.
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V. CONCLUSION

PP can grow on a variety of substrates such as plastics,
paper, agar, aluminium, glass, fiberglass, copper circuit
tracks, silicone gel * and possibly more untested surfaces;
for this reason it is ideal for an integrated biosensor.
Bacterial and fungal cell biosensors typically have to be
immobilized or in suspension and may not grow on a wide

variety of substrates'?, limiting the cell-transducer
interface.

The PP biosensor can be improved by increasing the
repeatability of the response so that chemicals can be
individually identified. Investigating more chemicals and
highlighting those toxic to both PP and humans is important,
as a PP biosensor has the potential ability to detect small
amounts of toxic chemicals, wuseful in high risk
environments.

REFERENCES

1. Wang, P. et al. Cell-based biosensors and its application in
biomedicine. Sensors and Actuators B: Chemical 108, 576-584 (2005).

2. Abel, P. U. & von Woedtke, T. Biosensors for in vivo glucose
measurement : can we cross the experimental stage. Biosensors and
Bioelectronics 17, 1059—-1070 (2002).

3. Stenger, D. a. ef al. Detection of physiologically active compounds
using cell-based biosensors. Trends in Biotechnology 19, 304-309
(2001).

4. Jha, S. K., Kanungo, M., Nath, A. & D’Souza, S. F. Entrapment of live
microbial cells in electropolymerized polyaniline and their use as urea
biosensor. Biosensors and Bioelectronics 24, 2637-2642 (2009).

5. Bettaieb, F. et al. Immobilization of E. coli bacteria in three-
dimensional matrices for ISFET biosensor design. Bioelectrochemistry
71, 118-125 (2007).

6. Xu, G. et al. Cell-based biosensors based on light-addressable
potentiometric sensors for single cell monitoring. Biosensors &
bioelectronics 20, 1757-63 (2005).

7. Wozei, E., Hermanowicz, S. W. & Holman, H.-Y. N. Developing a
biosensor for estrogens in water samples: Study of the real-time
response of live cells of the estrogen-sensitive yeast strain RMY/ER-
ERE using fluorescence microscopy. Biosensors and Bioelectronics 21,
1654-1658 (2006).

8. Bjerketorp, J., Hakansson, S., Belkin, S. & Jansson, J. K. Advances in
preservation methods: keeping biosensor microorganisms alive and
active. Current opinion in biotechnology 17, 439 (2006).

9. Gu, M. B., Mitchell, R. J. & Kim, B. C. Whole-cell-based biosensors
for environmental biomonitoring and application. Advances in
biochemical engineering/biotechnology 87, 269-305 (2004).

10. Sharma, H. & Mutharasan, R. Review of biosensors for foodborne
pathogens and toxins. Sensors and Actuators B: Chemical 183, 535—
549 (2013).

11. Melamed, S., Elad, T. & Belkin, S. Microbial sensor cell arrays.
Current opinion in biotechnology 23, 2-8 (2012).

12. Baronian, K. H. R. The use of yeast and moulds as sensing elements in
biosensors. Biosensors & bioelectronics 19, 953-62 (2004).

13. Bousse, L. Whole cell biosensors. Sensors and Actuators B: Chemical
34, 270-275 (1996).

14. Smith, D. a & Saldana, R. Model of the Ca2+ oscillator for shuttle
streaming in Physarum polycephalum. Biophysical journal 61, 368-80
(1992).

15. Durham, A. C. H. & Ridgway, E. B. Control of chemotaxis in
Physarum polycephalum. The Journal of Cell Biology 69,218-223
(1976).

16. Kishimoto, U. Rhythmicity in the protoplasmic streaming of a slime
mold, Physarum polycephalum. Journal of General Physiology 41,
1205-1222 (1958).

17. Whiting, J. G. H., de Lacy Costello, B. P. J. & Adamatzky, A. Towards
slime mould chemical sensor: Mapping chemical inputs onto electrical

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

4045

potential dynamics of Physarum Polycephalum. Sensors and Actuators
B: Chemical 191, 844-853 (2014).

Barrero Moreno, J. M., Rossi, F. & Whelan, M. Review on the
application of (Bio)chemical sensors for air monitoring of volatile
organic compounds. 22 (Office for Official Publications of the
European Communities, 2003).

Nikolelis, D., Krull, U., Wang, J. & Mascini, M. Biosensors for Direct
Monitoring of Environmental Pollutants in Field. in Proceedings of the
NATO Advanced Research Workshop 381 (1998).

Chen, C. et al. A wireless hybrid chemical sensor for detection of
environmental volatile organic compounds. /EEE Sens. J 13, 1748—
1755 (2013).

Nakagaki, T., Yamada, H. & T6th, a. Maze-solving by an amoeboid
organism. Nature 407, 470 (2000).

Shirakawa, T. & Gunji, Y. Computation of Voronoi Diagram and
Collision-free Path using the Plasmodium of Physarum polycephalum.
International Journal of Unconventional Computing 6, 79-88 (2010).
Tero, A., Kobayashi, R. & Nakagaki, T. Physarum solver: A
biologically inspired method of road-network navigation. Physica A:
Statistical Mechanics and its Applications 363, 115-119 (2006).
Adamatzky, A. Tactile Bristle Sensors Made With Slime Mold. /EEE
Sensors Journal 14, 324-332 (2014).

Adamatzky, A. Towards slime mould colour sensor : Recognition of
colours by Physarum polycephalum. Organic Electronics 14, 3147—
3500 (2013).

Costello, B. P. J. D. L. & Adamatzky, A. . Assessing the chemotaxis
behavior of Physarum polycephalum to a range of simple volatile
organic chemicals. Communicative & Integrative Biology 6, €25030 1—
10 (2013).

Knowles, D. J. & Carlile, M. J. The chemotactic response of plasmodia
of the myxomycete Physarum polycephalum to sugars and related
compounds. Journal of general microbiology 108, 17-25 (1978).
Nakagaki, T., Yamada, H. & Ueda, T. Modulation of cellular rhythm
and photoavoidance by oscillatory irradiation in the Physarum
plasmodium. Biophysical chemistry 82,23-28 (1999).

Nakagaki, T., Yamada, H. & Té6th, A. Path finding by tube
morphogenesis in an amoeboid organism. Biophysical chemistry 92,
47-52 (2001).

Whiting, J. G. H., de Lacy Costello, B. P. J. & Adamatzky, A. Sensory
fusion in Physarum polycephalum and implementing multi-sensory
functional computation. Biosystems 119, 45-52 (2014).

Kakiuchi, Y., Takahashi, T., Murakami, A. & Ueda, T. Light
irradiation induces fragmentation of the plasmodium, a novel
photomorphogenesis in the true slime mold Physarum polycephalum:
action spectra and evidence for involvement of the phytochrome.
Photochemistry and photobiology 73, 324-9 (2001).

Block, I. & Wohlfarth-Bottermann, K. E. Blue light as a medium to
influence oscillatory contraction frequency in physarum. Cell Biology
International Reports 5, 73—81 (1981).

Ueda, T., Terayama, K., Kurihara, K. & Kobatake, Y. Threshold
phenomena in chemoreception and taxis in slime mold Physarum
polycephalum. The Journal of general physiology 65, 223-34 (1975).
Kincaid, R. L. & Mansour, T. E. Measurement of chemotaxis in the
slime mold Physarum polycephalum. Experimental cell research 116,
365-75 (1978).

Du, L., Wu, C., Liu, Q., Huang, L. & Wang, P. Recent advances in
olfactory receptor-based biosensors. Biosensors & bioelectronics 42,
570-80 (2013).

Ayvaz, A., Sagdic, O., Karaborklu, S. & Ozturk, I. Insecticidal activity
of the essential oils from different plants against three stored-product
insects. Journal of insect science (Online) 10, 21 (2010).

Cui, L.-L. et al. E-B-farnesene synergizes the influence of an
insecticide to improve control of cabbage aphids in China. Crop
Protection 35,91-96 (2012).

Barnard, D. R. & Xue, R.-D. Laboratory evaluation of mosquito
repellents against Aedes albopictus, Culex nigripalpus, and
Ochierotatus triseriatus (Diptera: Culicidae). Journal of medical
entomology 41, 726-30 (2004).

Adamatzky, A. Physarum Machines: Computers from Slime Mould.
280 (World Scientific Publishing Co. Pte. Ltd., 2010).



