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ABSTRACT: Physarum polycephalum (P. polycephalum) is a
unicellular protist with unique properties, such as learning and
remembering in its cultured environment without a brain or central
nervous system. The organism has been extensively used in
morphology, taxis, and positive feedback dynamics studies.
However, the lack of standardization of materials and substrate
designs used in P. polycephalum studies has significantly limited
conducting such studies, increasing the cost and time. In this study,
we introduce a method to control the direction and migration of P.
polycephalum by drawing hydrophobic lines and patterns. Our
study succeeded in controlling the movement of P. polycephalum
by setting a variety of hydrophobic designs such as complete barrier, single-slit barrier, taper barrier, dumbbell barrier, and one-side-
opened rectangular barrier, suggesting the effectiveness of the hydrophobic barrier in regulating the propulsion and navigation of the
organisms. Moreover, we demonstrated that utilizing such geometric constraints can reduce the experimental time required for
toxicity testing based on P. polycephalum by more than 300%. Our techniques open new possibilities for studying the biophysical
properties and behaviors of P. polycephalum, while also facilitating toxicity testing.

■ INTRODUCTION
Slime molds, also known as myxomycetes, are a group of
protist organisms that have long fascinated scientists and
nonexperts. Found in various environments, including forests,
grasslands, and urban areas, these mysterious creatures are
known for their ability to adapt to their surroundings as they
migrate in search of food. One species of slime mold, P.
polycephalum, is a unicellular organism that belongs to the
phylum Myxomycota, commonly found in damp environments
and has a complex life cycle that includes both a vegetative and
a reproductive phase.1−4 In particular, P. polycephalum has
been shown to exhibit guided behavior, which is the ability to
move toward or away from a specific stimulus.5 This behavior
is believed to be influenced by the organism’s response to
various environmental signals, including its sensitivity to biotic
stressors, such as nutritional imbalances, as well as abiotic
stressors, like exposure to chemicals or light.6−8

Recently, there has been a growing interest in using P.
polycephalum as a model organism for studying various
biological and computational problems.9−11 Due to its ability
to perform complex tasks, P. polycephalum has been used as a
model organism for multiple research areas, including
computer science, engineering, and biology.12−14 For example,
researchers have used the behavior of P. polycephalum to
optimize the layout of transportation networks such as road
networks and subway systems.15−17 In specific, P. polycephalum

can find the shortest path between food sources, and this
behavior can be mimicked to find the most efficient route
between different transportation nodes.15,18 Similarly, the
ability of P. polycephalum to solve mazes could be replicated
in a robot or biosolver by using algorithms that allow it to
navigate through complex environments.19,20 Another potential
application of P. polycephalum guidance is in medicine. P.
polycephalum can sense and respond to changes in the chemical
composition of its environment, which could be helpful in the
development of new diagnostic tools.21 Additionally, P.
polycephalum could be used as a biosensor to detect changes
in environmental conditions such as water quality or air
pollution by observing its behavior in response to humidity or
other environmental factors.22

To understand the intelligence and decision-making
capabilities of P.polycephalum, various experimental studies
have been conducted to control the movement of P.poly-
cephalum.6,23,24 As one of the methodological examples of
P.polycephalum guidance, organism was placed in a dish and
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exposed to a light source at a specific area.25 The organism was
able to navigate toward the light source, demonstrating its
ability to sense and respond to light. Similarly, P.polycephalum
has been shown to navigate toward or away from areas with
high or low humidity, suggesting that it is also sensitive to
changes in moisture levels.26 Furthermore, the electric field can
guide the movement of P.polycephalum by applying electric
fields to its surface and observing the organism’s behavior. This
method can be used to study the influence of electric fields on
the organism’s behavior, such as electrotaxis or galvano-
taxis.24,27 Chemical gradients can also be used to control the
direction of P. polycephalum. This is done by placing a chemical
attractant or repellent on one side of the surface and observing
the movement of the organism as it encounters the chemical
gradient.7,28 Overall, these guidance methods for P. poly-
cephalum provide researchers with a powerful tool for studying
the underlying mechanisms of guidance and understanding the
network algorithms. However, these methods still need
improvement, such as not providing precise control over the
organism’s movement and navigation and not being easy to use
with other methods.
In this study, we introduce a method to create a simple

geometric barrier with a hydrophobic pen drawing to control
the movement and direction of the slime mold (P.
polycephalum). These hydrophobic constraints provide a
physical and chemical barrier that the organisms cannot
traverse, allowing for precise control while being simple and
easy to use. By drawing on each culture medium, five types of
hydrophobic barriers were designed: complete barrier, single-
slit barrier, taper barrier, dumbbell barrier, and one-side-
opened rectangular barrier. To confirm the growth direction
and migration length of P. polycephalum according to the type
of hydrophobic barrier designs, we prepared a culture medium
containing hydrophobic barriers and oatmeal, and cultured P.
polycephalum on it. Our results showed that P. polycephalum
exhibited various growth patterns depending on the types of
hydrophobic barriers and that it grew best and regulated its
growth direction in a one-side-opened rectangular hydro-
phobic barrier. Additionally, we confirmed the responsiveness
of the slime mold to poisonous substances (i.e., acidic oatmeal)
within hydrophobic constraints. Our study demonstrated that
the movement and direction of P.polycephalum could be
controlled by setting a mere hydrophobic barrier accompanied
by the food-induced organism’s chemotaxis properties.
Furthermore, it is validated that our method makes convenient
P. polycephalum-based toxicity testing feasible.

■ EXPERIMENTAL SECTION
Chemical Materials. P. polycephalum (Plasmodium,

Living, Plate) was purchased from Carolina Biological Supply
(Burlington, NC, USA). Advanced PAP pen (liquid blocker, 3-
bromopropane 65%, ligroin 10%), agar, and distilled water
were purchased from Sigma-Aldrich (Burlington, MA, USA).
The oatmeal flake was purchased from Quaker Oats Company
(Chicago, IL, USA).
Preparation and Culturing of P. polycephalum. To

culture P. polycephalum, which is sensitive to light and
moisture, a humidifier was installed in an opaque plastic box
covered with a blackout cloth. The temperature was
maintained at 18−20 °C and humidity at 90−95% throughout
the experiment and culture.29,30 Distilled water was used in the
humidifier, and the entire plastic box was washed with
isopropyl alcohol once a week. Also, all tools used were

sterilized with alcohol and flames before use. These controlled
environments prevented slime mold contamination. To
prevent overgrowth, P. polycephalum was cultured on one
Petri dish for up to a week and then subcultured into a new
Petri dish (Figure S1).
The subculture method varied depending on the state of P.

polycephalum. In the “plasmodial state”, the oatmeal with the
grown plasmodium was collected with a spatula or agar gel
with the plasmodium was sliced into 1 × 1 cm2 pieces and
placed on freshly prepared non-nutrient agar gel (2% w/v).31

Approximately 15 oatmeal flakes were placed on the non-
nutrient agar to supply sufficient nutrients (Figure S2). For P.
polycephalum in the “sclerotial state”, a drop of distilled water
was added to the filter paper where the individual was grown,
and it was then cultured in non-nutrient agar to form
plasmodium.
Experimental Procedure. An oatmeal flake was placed

directly underneath P. polycephalum to provide minimal
nutrients, and another oatmeal flake was placed 4 cm away
to induce chemotaxis (Figure 1a). A hydrophobic pattern was

drawn on the agar medium using a hydrophobic pen, as shown
in Figure 1b, confirming the directionality and propulsion
ability of P. polycephalum according to the hydrophobic
pattern. In addition, printed design paper was placed on the
bottom of a Petri dish in which P. polycephalum was cultured,
and a hydrophobic pattern was drawn to maintain a pattern of
uniform width and shape. The hydrophobic pattern was set to
5 types (complete barrier, single-slit barrier, taper barrier,
dumbbell barrier, and one-side-opened rectangular barrier) to
investigate the directionality and propulsion ability of the P.

Figure 1. Our hypothesis of directing the movement of P.
polycephalum on agarose gel in different environments. (a) Schematic
illustration of a culture medium and oatmeal without hydrophobic
lines. Despite the chemotactic conditions, P. polycephalum migrates
radially rather than toward the oatmeal. (b) Schematic illustration of
an agarose gel and oatmeal with a one-side-opened rectangular
hydrophobic barrier. The P. polycephalum migrates toward the
oatmeal under the chemotactic conditions with the aid of geometric
constraints.
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polycephalum according to the hydrophobic constraints, and all
slime molds were cultured in the same environment.
To investigate the effect of hydrophobic barrier wall-to-wall

distance (dww) on P. polycephalum, it was cultured and
observed their behaviors within a one-side-opened rectangular
barrier with two different dww (1.5 and 3 cm). In addition, to
evaluate and observe the response of P. polycephalum to
poisonous substances, oatmeal flakes treated with a strongly
acidic solution (pH 2) were used as a food source, inducing
chemotaxis.
Imaging of P. polycephalum and Data Analysis

Method. To ensure sufficient growth of P. polycephalum, the
culture was maintained for up to 60 h, with a minimum of
three replicates for each experimental condition. To observe
the direction and extent of growth, photographs were taken
every 3 h using an iPhone 12 Pro camera under a consistent
angle and lighting conditions. The growth distance of P.
polycephalum was measured from the side of the oatmeal flake
on which it was cultured by using ImageJ software. The growth
distance was recorded in centimeters, and the growth rate was
calculated as a percentage of the area where P. polycephalum
grew based on the 1 × 1 cm2 agar slice (Figure S3).

■ RESULTS AND DISCUSSION
Growth Characteristics and Food Detection Ability of

P. polycephalum. P. polycephalum exhibits a characteristic of
proliferating in random directions in the absence of specific
stimuli, provided that appropriate temperature and sufficient
humidity are maintained (Figure 2). When it detects a food

source, it changes its growth pattern from random to toward
the food direction, which is guided by chemotaxis (Figure S4).
Specifically, P. polycephalum finds the shortest paths and
detects the presence of food at great distances through
'exploration and exploitation', 'positive chemotaxis', and
'reinforcement learning'.32−34 At this point, the growth rate
of P. polycephalum slows down and then accelerates, as the
slime mold discovers the shortest path to its food source and
modifies the randomly distributed network to grow along this
shortest path.35

Manipulation of P. polycephalum Growth Using
Hydrophobic Barriers on the Substrate. P. polycephalum
can memorize its surroundings, detect stimuli through learning,
and change its growth pattern accordingly despite lacking a
nervous system. In this study, we created a hydrophobic barrier
on an agar medium to control the growth direction of P.
polycephalum. We selected five different hydrophobic barriers
and observed the growth of P. polycephalum in each design
(Figure 3a).
Complete Barrier and Single-Slit Barrier. We first

designed two types of directional patterns. The first was a

complete barrier line that passed through the center of the
Petri dish, which blocked the path of P. polycephalum to
oatmeal flakes (Figure 3b). The second was a single-slit barrier
pattern with a 1 cm gap in the center of the straight line
(Figure 3c). In both patterns, P. polycephalum was slower than
when only the food source was present without any
hydrophobic patterns. In the case of the complete barrier
pattern, it showed almost no growth, suggesting completely
blocking the chemotactic response induced by the food source
from reaching P. polycephalum. In contrast, in the single-slit
barrier pattern, P. polycephalum grew toward the food source,
indicating a chemotactic response through the open gap.
Interestingly, while approaching the food source, P. poly-
cephalum came close to the hydrophobic barrier but did not
pass through it and instead (turned back) took a detour. This
implied that the hydrophobic barriers serve as both physical
and chemical constraints.
Taper-Shaped Barrier. Next, we examined a taper-shaped

hydrophobic barrier that gradually narrowed toward oatmeal
and observed the growth of P. polycephalum. In detail, we drew
two hydrophobic lines on the medium, with a width of 4 cm
between the widest portions of the lines and a minimum width
of 0.25 cm between the narrowest parts. The lines were
arranged in a tapered form where their distance gradually
decreased from the left to right. This pattern was designed to
guide P. polycephalum toward the oatmeal, but interestingly, it
grew in the opposite direction (i.e., the opposite direction from
the food source) toward the wider width (Figure 3d). This
may be due to the hydrophobic barriers’ chemotactic
(repellent) response, which makes it difficult for P.
polycephalum to detect the food sources. Specifically, the
observed phenomenon can be explained by the fact that P.
polycephalum has no preference for the eastern direction, where
the hydrophobic patterns’ chemotactic (repellent) response is
the highest among the four directions (east, west, south, and
north). These results give us insight that an equidistant
hydrophobic barrier may be necessary to guide P. polycephalum
to the food source efficiently (Figure 3d).
Dumbbell-Shaped Barrier. To investigate the growth of

P. polycephalum when it was surrounded by hydrophobic
barriers, we designed a dumbbell-shaped pattern that enclosed
both P. polycephalum and oatmeal flakes with hydrophobic
constraints. Specifically, the area containing P. polycephalum

Figure 2. P. polycephalum photographs at (a) seed point (0 h), (b)
early growth (12 h), and (c) full growth (24 h). Scale bar, 1 cm.

Figure 3. Migration of P. polycephalum using various patterns of
hydrophobic barriers. (a) Schematic illustration of 5 different shapes
(complete barrier, single-slit barrier, taper barrier, dumbbell barrier,
and one-side-opened rectangular barrier). Photographs of P.
polycephalum with (b) complete barrier, (c) single-slit barrier, (d)
taper barrier, (e) dumbbell barrier, and (f) one-side-opened
rectangular barrier after 48 h of incubation. The scale bar represents
1 cm.
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and oatmeal flakes was 2.5 × 1.5 cm2 and the channel width
(i.e., dww) between the two chambers (P. polycephalum and
oatmeal) was set at 1 cm. As a result, we observed that P.
polycephalum grew toward the oatmeal flake, unlike previous
patterns, and showed a faster growth rate. In time, however,
the growth was hampered by the narrower-than-chamber
channel that resembled the results from the tapered pattern
(Figure 3e). These results allow us to gain insight into two
important conditions to promote the rapid growth and
migration of P. polycephalum. First, the dww condition of the
hydrophobic barriers should be wider than 1 cm. Second, a
pattern of ‘one-side open’ is required not to disrupt the
chemotactic attraction of the food source.
One-Side-Opened Rectangular Barrier. Finally, we

designed a one-side-opened rectangular pattern where the
growth inhibitory effect of P. polycephalum can be minimized
by blocking three sides with hydrophobic barriers, except for
one direction toward the oat flakes. The channel dww was 1.5
cm, and P. polycephalum was placed at the center of the
hydrophobic lines. The P. polycephalum showed clear growth
toward the oatmeal flake in this geometric constraint.
Specifically, this hydrophobic pattern effectively controlled
the growth direction of P. polycephalum toward the food source
and exhibited higher growth rates compared to the other
patterns (Figure 3f). Furthermore, P. polycephalum continued
to grow even after it reached the food source. In summary, we
verified that the one-side-opened rectangular hydrophobic
barrier was among the best in controlling the growth direction
and increasing the growth rate of P. polycephalum.
Effect of dww of the Hydrophobic Barrier on P.

polycephalum’s Propulsion. We conducted a detailed
investigation to understand how hydrophobic barriers and
channel width (i.e., dww) influence the growth of P.
polycephalum. Specifically, while maintaining a uniform
distance (4 cm) between P. polycephalum and the oatmeal,
we experimented under conditions both without a hydro-
phobic barrier and within a one-side-opened rectangular
barrier, adjusting the dww value to 1.5 and 3.0 cm. We
quantified the P. polycephalum’s progression toward the food
source as the length of its eastward movement (MLEast) and
determined the growth rate. In the absence of a hydrophobic
barrier, P. polycephalum did not reach the oatmeal flake within
48 h because of the extensive distance between P. polycephalum
and oatmeal, instead expanding radially (Figures 4a, S5). It is
well-known that when P. polycephalum is not sufficiently close
to the oatmeal, its ability to seek the 'shortest path' diminishes.
However, under a narrow dww (1.5 cm) condition, P.
polycephalum reached the oatmeal flake within 48 h (Figure
4b). The average MLEast was measured as 0.25 cm at 12 h, 1.07
cm at 24 h, 3.51 cm at 36 h, and 3.84 cm at 48 h (Figure 4d).
Remarkably, MLEast exhibited a sigmoid curve over time,
suggesting that P. polycephalum accelerates toward oatmeal and
decelerates as it nears its target. Moreover, the average growth
rate was 127% at 12 h, 206% at 24 h, 324% at 36 h, and 405%
at 48 h (Figure 4e). This result indicates that P. polycephalum
not only moved eastward but also experienced overall growth.
In essence, while actively moving toward the identified
oatmeal, it simultaneously explored other locations.
In contrast to the results obtained at dww = 1.5 cm, P.

polycephalum cultured under dww = 3.0 cm condition did not
reach the oatmeal flakes even after 48 h (Figure 4c). The
average MLEast was 0.05 cm at 24 h, 0.22 cm at 36 h, and 0.62
cm at 48 h (Figure 4d). This is nearly at the same level as the

negative control, suggesting that the hydrophobic barrier had
little effect under these conditions (dww = 3.0 cm). The average
growth rates were 107% at 12 h, 109% at 24 h, 148% at 36 h,
and 217% at 48 h (Figure 4e). These results suggest that P.
polycephalum’s ability to reach the oatmeal is comparable to
growth rates observed without a hydrophobic barrier. Taken
together, under our experimental conditions, P. polycephalum
robustly promotes its own growth and movement at a dww
value equivalent to 150% of its initial length (L0). It
underscores that the right dww settings are crucial to maximize
the effect of the hydrophobic barrier depending on the specific
objectives and conditions of the experiment.

P. polycephalum-Based Toxicity Assay. Based on the
results of the above experiments, we designed a toxicity test
using P. polycephalum to explore to what extent finding optimal
dww conditions could be helpful. Since the strongly acidic
conditions harm most living organisms, we used poisonous
food by immersing an oatmeal flake in a pH 2 solution for 5 s
(Figure 5a). Under the narrow dww toxic condition, growth was
slower compared to the nontoxic condition, as observed for up
to 48 h (Figure 5b). The average MLEast was 0.13 cm at 24 h,
1.02 cm at 36 h, and 1.93 cm at 48 h, with no growth observed
until 12 h. The growth rates were 105% at 12 h, 121% at 24 h,
223% at 36 h, and 267% at 48 h (Figure 5c,d). Similar to the
nontoxic condition, the growth rate rapidly increased after 24 h
but did not reach the food source. The interesting point is that
the growth of P. polycephalum occurred extensively in the west,
north, and south directions. This seems to be the result of
struggling to find a solution path while avoiding the poisonous
substance located in the east. In the wide dww under the toxic
condition, the MLEast and growth rate were the lowest. After
being cultivated, P. polycephalum did not exhibit any growth for
the first 24 h but showed signs of growth thereafter. The
average MLEast was 0.21 cm at 36 h and 0.44 cm at 48 h. The
growth rates were 103% at 12 h, 106% at 24 h, 120% at 36 h,
and 167% at 48 h (Figure 5c,d). The trend was similar to the
results shown in Figure 4c, although the overall growth was

Figure 4. Time-lapse photographs of P. polycephalum without (a) and
with a one-side-opened rectangular barrier (b and c). The wall-to-wall
distance (dww) of hydrophobic barriers is (b) 1.5 cm and (c) 3.0 cm,
respectively. (d) Plot of the MLEast of P. polycephalum over time. (e)
Plot of the growth rate of P. polycephalum over time. The growth rate
was calculated by growth area/L02 × 100 (%), where L0 is the initial
length of P. polycephalum. The scale bar represents 1 cm.
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retarded and inhibited. P. polycephalum attempted to migrate
to the surrounding areas (north, south, and west) for survival
but was obstructed by a hydrophobic barrier. When it moved
eastward, it ceased further migration upon recognizing toxic
substances. In other words, stimulating P. polycephalum with
appropriate dww conditions corresponds to the “stick” strategy
in the “carrot and stick” approach, allowing for forced control
of the initial movement and activity of P. polycephalum when
toxicity testing begins. This movement allows for the
confirmation of the initial health status of P. polycephalum,
and the degree of toxicity can be clearly identified through
subsequent movements of P. polycephalum.

■ CONCLUSIONS
We confirmed the possibility of controlling the growth
direction and migration rate of P. polycephalum using various
hydrophobic patterns, including complete barrier, single-slit
barrier, taper barrier, dumbbell barrier, and one-side-opened
rectangular barrier. It has also been experimentally proven that
the growth direction and migration rate of P. polycephalum can
be controlled by drawing a hydrophobic pattern on the
medium. This method will be helpful when we control the
growth direction of P. polycephalum effectively without
additional materials, manufacturing techniques, and installation
processes. The findings of this study can enhance our
understanding of the biophysical and behavioral characteristics
of P. polycephalum and the dynamic relationship between them.
Additionally, it would be beneficial to examine the decoupling
effects of the physical and chemical barriers to gain a deeper
understanding of the behavior and characteristics of P.
polycephalum.
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