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Control of Signal Transmission Across the Liquid
Circuits of Biological Network Through Freeze Switch
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Abstract The electrically turning off properties of the liquid circuit in a biological network or a
generalized conductive microfluidic system based on a new conception electrical switch was pro-
posed. By selectively freezing part of the electric aqueous solution inside the circuit the ions to
conduct the electric current along a specific direction can be completely shut off due to the for-
mation of the frozen insulation solution. After thawing the current along the microfluidic circuit
will resume its turning-on status again. For a preliminary demonstration several conceptual ex-
periments were performed to test the transient electrical impedances of the solution or biological
system subject at freezing and heating the convincing results were obtained. The working perfor-
mances of the freezing electric switch on controlling the conductive liquid circuit were summa-
rized and its potential applications in electrophoretic analysis liquid chromatogram analysis or
especially controlling the signal transmission across the neural network are suggested.
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1 Introduction

Liquid circuit the construction of fluidic de-

vices similar to electronic circuits had ever been
an active research field over the 1960s and early

1970s '

rized micro/nano fluidic technologies

Recently  with the advent of miniatu-
there is an
increasing demand for logical control of such de-
vices. Some newly emerging fluidic devices such as
oscillators  flip-flops  amplifiers and logic gates
were built and integrated into sophisticated control
systems '? . In fact nature has produced a great
many different liquid circuits in biological system.
For example the neural system serves as just one
of such typical circuits which were wired together
to make up a complex network through which the
information spreads and processes. Through diverse
and complicated biochemical reactions neuron is
able to receive process and transmit the signals
over the synapses. The electrical impulses can pass
through the body of the neurons by means of
changes in the membrane potential > . Up to
now some new techniques have been developed to
operate the growth of myocytes and neurons to as-

45 The neurons also

semble a functional network
have been inoculated onto the silicon chip to form
a part of the neuron-semiconductor hybrid cir-

¢ which will help to study the function of

cuit
neurons and provide an opportunity to reveal the
physical mechanisms of thinking. Clearly if a mi-
cro/nano-scale switch can be fabricated to flexibly
turn on/off the neuron it should be an important
aid for such endeavors.

However operating living system is not as
easy as controlling a solid electrical circuit. With
the complexity and nonlinearity that can be intro-

duced into the system through the use of multi-
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phase flows or chemically responsive materials few
controlling or actuating elements have been demon-
strated for flexibly operating the liquid circuit espe-
cially the biological network. Usually the commonly
adopted switch is through a physical cutting to
stop the current of electrical charges. But within a
micro or even nano fluidic system it is difficult to
completely cut the current in the flow just by a

3

mechanical valve The troubles mainly come

from the following reasons. Firstly traditional mi-
cromachined valves are complex and have many
components  which will make the control systems
fragile and thus unreliable saying nothing of their

high cost. Secondly most of them consist of a
bulk micromachined orifice and a deflectable sea-
ling element. The sealing element generally can

be a membrane a cantilever or a

float 71

through actions between the orifice and the sealing

a ring mesa

These valves execute their functions

element. Because of the existence of such moving
elements the electrical current could not be com-
pletely turned off due to the flow leakage around
the valve. Unfortunately it is difficult to solve this
if the

valves are made of electrically conductive materials

problem through the traditional way. Lastly
the electrical current is not controllable. In this
side the recently established ice valve can ba-
sically resolve most of the foregoing problems
which turns out to be a good candidate for the
electrical control of liquid circuit. As revealed be-
fore electrical impedance of biological materials
could become almost infinitely large during the
processes of freezing and thawing

Therefore freezing the target circuit will signifi-
cantly increase the electrical resistance and thus
electrical transmission

prevent the signal  from

across there. Here aiming at establishing a flexi-
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ble tool of electric switch for studying the biologi-
cal circuit network or the like this paper will fo-
cus on testing the new approach of using freezing
to stop the electrical signal transmission along a

liquid circuit or some biological systems.

2 Freezing electric switch for liquid
circuit
Here the proposed electrical switch is diffe-
rent in conception from that of the previously estab-
lished ice valve
off the flow.
switch is consisted of a thermoelectric cooling de-

vice TECD

there run both the solutions and the

which is for mechanically turning

A typical form of such electrical

and the auxiliary parts. As illustrated
in Fig.1
electrical currents in the working channel. The
electrical signal switch which is the main compo-
is controlled by a TECD or

other freezing methods such as employing a pre-

nent of the circuit

cooled heat-sink to freeze the solution in the

Besides
connected with TECD to keep its working tempera-

channel. a fin-like heat dissipater was

ture under a safe range. Meanwhile effective en-
capsulation was adopted to cover the whole sys-
tem which is to avoid disturbance from the sur-

rounding environment.

Glass pipe—=
Glass plate—
Insulated walls— §
TECD element

Fin-like |

er bath

Fig.1 The visual view on the experimental setup

1

When a positive electric voltage is applied on

TECD

the working fluid running or resting inside
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the channel begins to be frozen in a short time.
the flow
the liquid cir-

With the phase change of the solution
itself will be blocked. Meanwhile
cuit turns to be switched off due to formation of
the ice which has extremely large electrical resis-
tance. If switching the electric voltage to its oppo-

the TECD begins to heat the frozen

water the" ice”

site direction
in the blocked channel will re-
sume to its flowing state again and ions in the
aqueous solution are then free to move and electri-
cal circuit is connected. Clearly such freeze
switch puts an end to potential short circuit
which basically comes from the possible leakage in
a mechanical switch. Therefore without leakage of
fluidic solution the freezing based electrical switch
could produce a strong enough resistance to cut
the electrical current. Particularly since no exter-
nal elements were introduced into the fluidic cir-
cuit the freeze switch appears very clean. The
other charming property of this switch still lies in
that no moving elements are required in the flow
channel. Therefore complexity and maneuverability
thus involved can be avoided. When the freezing
process occurs the electriferous ions are frozen
within the crystal water molecules. The current was
cut off as soon as the movement of the ions was
stopped. In this sense flow and electric current of
the working fluid is broken just by itself. As gra-
dually known that a high-density microfluidic cir-
cuit chip would consist of hundreds of functional

logical calculators memories and individually ad-

1

dressable reaction chambers With self-suppor-

ting capability  both the electrically controlled
freeze switch and fluidic circuit will find interes-

ting applications in such systems.

3 Experimental setup

To demonstrate the feasibility of using the
freeze switch to control the fluidic circuit several

experiments were carried out to characterize their
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working performance based on the principle de-
scribed above. As schematically shown in Fig.1
the micro channel is chosen as a circular pipe and
it can generally be made as various geometries for
different purposes or fabrication techniques. A
transparent thin vitreous tube with dimension

@2.0 mmx0.5 mmx100 mm

ness xlength  was amounted by an aluminum film

outer diameter xthick-

on the upper surface of a TECD with square size
of 30 mmx30 mm. A fin structure made of alu-
minum was fixed on the lower bottom surface of
the TECD and immersed in the water bath at tem-
perature of about 17.5 °C to enhance heat dissipa-
tion. Silicon oil has been filled between the pipe
and the cold portion of TECD to improve the heat
transfer performance of the two parts. To reduce
the heat release whatever comes in or out a heat
insulation layer made of sponge was covered on
the switch of the microfluidic channel circuit in-
cluding the pipe aqueous solution and cold por-
tion of TECD. At last a transparent vitreous slice
was covered on the whole set though which one
can observe the specific phase change and operate
the experimental devices. To measure the electric
impedance on the solution column a pair of elec-
trodes was positioned respectively at the two termi-
nal parts of the liquid column and the electric
signal was recorded by the computer to give out
the data for synchronous impedance of the solution
during the freezing process. At the same time a
thermocouple was inserted into the center of the
aqueous solution to measure its temperature tran-
sient but the terminal of the probe of thermocou-
ple must not pass beyond the tip of the electrodes.
Both leads for the electrode and thermocouple
should be covered with isolation lacquer to avoid
short circuit among them. A direct current DC
power supply ranging from 0 to 2.5 A was adopted
to drive the TECD.

To approximately simulate the practical situa-
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tion in operating a neuron the nerve of Carassius

auratus commonly called crucian has also been

tested under the experimental circumstance as
above. About 30 mm long crucian sidetrack nerve
material was carefully taken out from the tail of a
fresh crucian which is about 180 mm long and im-
mediately tested. In the experiment crucian nerve
with length of about 10 mm was selectively frozen.
Further tests were also performed on a typical bio-
logical system the earthworm which is dug out
from the garden and unidentified genus was settled
on a two-stage TECD. The earthworm was anaes-
thetized by alcohol solution with a concentration of
10%. In Fig.2 the emthworm was fixed on an in-
sulated plate and the two-stage thermoelectric coo-
ler is utilized to freeze the body of the earthworm
in order to detect the freezing and thawing effects
on the signal re-sponse of the living system. As
schematically shown in Fig.2 two electrodes re-
spectively disposed at both the head and tail of
the earthworm and electrical voltage waves with
sinusoidal ~ quadrate and triangular forms with a
frequency of about 0.03 Hz and the amplitude of
about V,,=1.0 V produced by the signal generator
were loaded on the earthworm. The measurement

circuit consisted of an earthworm and a 600 k()

P
I
| e
-—r—:i. Iag.'lt-nm&nj };
I
| Detecting circuit I Signal circuit
|| |[hem
—
Resistance 600 k()

Fig2 A schematic diagram describing details on measuring

the earthworm
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resistance. The signals were detected by the Agi-
lent 34970 Acquisition System USA

4  Results and discussion

4.1 Switching off the general liquid circuit
Depicted in Fig.3 is the transient impedance
of an aqueous solution column inside a pipe
which was subjected to freezing by TECD i.e. the
freeze switch. Here tap water was directly used as
the aqueous solution. One can observe that the wa-
ter in the freeze switch kept staying at a static
state for a short time after the TECD began to re-
frigerate. Gradually the solution temperature will
decrease until reaches a sufficiently low super-
cooling point then the column of solution will be
suddenly frozen and its temperature goes up again
due to heat release during the phase changing
process. Later soon it resumes decreasing and
reaches a steady state due to continuous cooling by
TECD. With the start of the congealing process
the impedance of the solution began to increase
smoothly in the first period but this trend did not
take long. Then an acute and huge increase in the
impedance occurred and the solution would become
into insulation state as soon as the solution finishes

the phase change transit.

MEMS Device & Technology

In practical situation the aqueous solution
generally contains a lot of particles such as cells
proteins or the other tiny particles for detection or
reaction purposes. The freeze switch especially has
potential applications in such fields. To better un-
derstand the operation performances of the switch
experiments on aqueous solution suspended with
tiny particles of nano aluminum particles were par-
ticularly performed. Some of the results were pre-
sented in Fig4 which indicates the transient tem-
perature and impedance of the aqueous solution

The

curves appear almost the same as that in the for-

with nano-size aluminum powder mixture.
mer experiments except for a few differences. One
is that the impedance of the mixed solution ap-
pears a little higher than that of the pure solution
since the oxygenized nano-scale particles mixed in
the solution might have disturbed the motion of
ions and weakened electrical conduction of the
ions. Another is that the impedance of the solution
has a drop following its temperature rise at the
phase change point where certain heat was released
due to the latent heat of phase change. This spe-
cial phenomenon perhaps has certain applications
in the near future. Further the crucian nerve was
also tested as a simulation of neurons being turned

on-off by the freeze switch. The results were given
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Fig.3 Transient temperature and impedance of the aqueous

solution without nano-size
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powder
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Fig.4 Transient temperature and impedance of the aqueous

solution mixed with nano-size aluminum powder
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in Fig.5. It depicts the transient temperature and
impedance of the nerve material during the freezing
and thawing. And again the figure reveals the ho-
mologous character with the aqueous solution and a

distinctive electrical signal intermitting and resu-

ming.
20 ~— —- T — 100.0
]
E 1 80.0
10- 1
H ‘\ {600
[ : =
£ o g
3 4 {400 3
i
-104 § \ =" {200
2 —o— Temperature ~—— lmpedance 00
0 50 100 150 200

t/s

Fig.5 Transient temperature and impedance of the neurons of

a crucian nerve during a freezing and thawing process

4.2 Switching off the liquid circuit in small

living system

To further demonstrate the controllability of
freeze switch in turning off part of the liquid elec-
tric circuit in a small living system experiments
on earthworm had also been performed in the si-
milar way as described above. With the application
of the electrical voltage with a sinusoidal wave sig-
nal came from the signal generator Fig.6 presents
the transient temperature and voltage signal detect-
ed from two positions with a distance of 2 cm of
the earthworm. Clearly
TECD

gradually decreases until finally drops to close to

with the working of the
the amplitude of the detected signal wave

zero. The reasons for this phenomenon can be at-
tributed to the same as occurred in the above flui-
dic channel that the impedance of the partial body
of earthworm increased sharply during freezing and
electrical signal intensity therefore fell down. To

test the reliability and repeatability of the experi-
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ments some other types of the signal were also
measured. In Fig.7 a quadrate wave was applied
and the similar results were obtained so did in
Fig.8 with a triangular wave. Observing the results
in these figures even the organic living system
had been frozen there still existed a tiny wave
signal. The reason can be attributed to the forma-
tion of a thin layer of liquid water film at the top
surface of the earthworm which was exposed in
the surrounding room environment. Therefore signal
leakage of the electrical voltage on the above sur-

face can not be avoided. But the voltage leakage

2 o
NI ]
-1 ———Generated sinusoidal signal 1
0 200 400 600 800 1000
0T - & — 050
151 0.25
g o 1 000X
~15 1-02s
30 ----'-Temperéture — 1 al ~0.50
0 200 400 600 800 1000

t/s

Fig.6 Transient temperature and voltage signal detected from
the earthworm during a freezing process

The upper

sinusoidal wave signal came from a signal generator
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Fig.7 Transient temperature and voltage signal detected from
the earthworm during a freezing process

The upper

rectangular wave signal came from the signal generator
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effect can be prevented by applying much stronger
freezing. Fig.9 shows the transient temperature and
voltage signal detected from the earthworm during
the freezing process with a copper block pre-cooled
by liquid nitrogen and the sinusoidal wave signal
came from the signal generator. Clearly the signal

transmission earthworm during the

through the

freezing was ultimately cut off.

1 -
) ]
= ]
Generated signal
0 100 200 300 400
30 !
1 025
15+
& 1 0.00
g o . <
RTIEEE B'R B RS J T -0.25
----- Temperature Detected signall
30 peratur ec s'lgn 050

100 200 300 400
t/s

=3

Fig.8 Transient temperature and voltage signal detected from
the earthworm during a freezing process The upper

triangular wave signal came from the signal generator

15
1.0
0.5
0.0

-0.5

1-1.0

Detected signal

-40 v T T T T -15
280 300 320 340 360 380

t/s

—+— Temperature

Fig.9 Transient temperature and voltage signal detected from
the earthworm during a freezing process with a copper

block pre-cooled by liquid nitrogen  The sinusoidal

wave signal came from the signal generator

4.3 Interpretation of the freeze switch of
electrical signal

As a common sense the existing state for a
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substance depends on the balance between the ki-
netic energies and the bonding forces of its parti-
cles. Kinetic energy tends to move the particles
while bonding forces serve to pull them together.
With the decrease of temperature the bonding
forces of the particles may exceed their kinetic ener-
gies and liquid would become solid and vice
versa. Due to having hydrogen-bonds between the
water molecules water like aqueous solution ge-
nerally has special features different from other li-
quids. Whether water can conduct electrical current
depends on that there are a lot of water molecules
and/or the electrolyte dissolved in water. They
hydroxide

which are all the

have electrolyzed to hydronium ions
ions and/or electrolytic ions
carriers of electricity. With the movement of the
ions the solution becomes conductor. Conversely if
the concentration of ions is reduced to a very low
level and free ions are absent the solution will
become an insulator. Therefore fettering the free lo-
comotlors ions in water means to cut the conduction
of the electrical current. Having a higher melting
temperature  the aqueous solution can be easily
frozen which then blocks the currents for both the
fluid flow and the electricity. In this side the
micro TECD appears very simple and can be inte-
grated into the micro fluidic and circuital system.
As a solution to turn on/off the microfluidic
circuit the concept of freeze electric switch is ex-
pected to be useful in a wide range of engineering
fields. For example it is an excellent controller
for electrophoretic or liquid chromatogram analysis
systems as shown in Fig.10. Another significant
application of the micro/nano freeze switch could
be found in the study of electric signal transmis-
sion across the nerve network. Nerve signals often
travel over long distances in the body. Dozens of
neurons are involved in such a process necessita-
ting a sophisticated communication system to rapidly
convey signals between cells. Also because length
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of individual neurons can be up to nearly 1 m
long a rapid-relay mechanism within the neurons
themselves is required to transmit each signal from
the site where it is received to the site where it is
passed on to a neighboring cell. Inside the cells
electrical signals are conveyed along the cell mem-
brane. For communication between different cells
the electrical signals generally are converted into
chemical signals conveyed by small messenger

called The

switch can therefore be employed to turn off or on

molecules neurotransmitters. freeze
such signal transmittal. The mechanism underlying
signal transmission within neurons is based on
voltage potentials that exist between the interior
and the exterior of the cell. The membrane poten-
tial is created by the uneven distribution of elec-
the most impor-

trically charged particles or ions

tant of which are sodium Na*

chloride Cl-

and exit the cell through specific protein channels

potassium K*
and calcium Ca®* lons enter
over the cell membrane which would” open” or

close” in response to neurotransmitters or to
changes in membrane potential of the cell. The re-
sulting redistribution of electric charge may alter
the voltage difference across the membrane. A de-
crease in the voltage difference is called depolari-
zation. If depolarization exceeds a certain thres-

hold

Various mechanisms ensure that the action potential

an impulse will travel along the neuron.

propagates in only one direction toward the axon

Part of the frozen and blocked solution

Cooling element

Flow direction Carrying solution \

A\
\ "-.\l’lutr‘ for analysis
Sample \ \ A

Fig.10 An application of the freeze switch in the liquid chro-
matogram or electrophoresis as a controller

10
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tip. The generation of an action potential is some-
times referred to as“ firing”

For a comprehensive investigation on such de-
tailed behavior a hybrid circuit for a semiconduc-
tor chip with synaptically connected neurons can
be constructed. Individual nerve cells were immobi-
lized on a silicon chip as schematically shown in

Fig.11.

synapses

They formed a network with electrical

after outgrowth in brain conditioned
medium. Pairs of neurons were electronically inter-
faced for noninvasive stimulation and recording.
Voltage pulses were applied to a capacitive stimu-
lator on the chip to excite the attached neuron.
Signals were transmitted in the neuronal network
and elicited an action potential in a second neu-
ron. Later the postsynaptic excitation modulated the

12 AS

one can assume

current of a transistor on the chip
schematically shown in Fig.11
that there is a circuit made of a series of neurons
and the freeze switches are set on the circuit plate
at some specific positions of axons or dendrites of
neurons. Or the freeze switch can be fabricated in
micro or even nano scale and placed on axons or
Thus when

be congealed. On one hand the freezing would

dendrites. it acts the cytoplasm will
block the movement of ions and stop the electric
pulse signal. Meanwhile conduction of all types of
neurotransmitters is ended as the result of the fet-
ter due to formation of the ice crystals. Besides
the frozen area can be confined in a small range
and kept away from the nucleolus to avoid possible
harm to the nerve cell. In this way one can con-
trol the neurons network by using the micro/nano
scale freeze system. In addition a modeling of the
nerve cell communication can also be mechanical
performed by micro fluidic and electric system.
This simulation assumes that an artificial neural
system can be constructed by using micro channel
to conduct electrical signal through the aqueous

solution. Multiple nerves can then be connected to-
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gether to form an artificial neural system "

Integrated TECD on the neuron silicon chip

An axon hillock’s signal | Myelin sheaths

No signal at
the end of

A synaptic signal
o SIE the axon

Neuron silicon
chip

Axon terminal
Axon The frozen area on the axon ending

Fig.11 A schematic diagram of a neuron silicon chip using
freeze switch to control the electrical signal transmit-
ting through the neuron

11

5 Conclusion

The presently demonstrated electrical switch
based on freezing the fluid has many new charac-
ters such as flexible durable and can easily be
fabricated. This new conceptual switch is suitable
for an in depth study on synaptic modulation in
neuronal networks that are connected by chemical
synapses and communication between neurons in
vitro. One can test and intentionally turn off some
synapse made of elaborate treelike structures called
dendrite to probe into the specialized functions for
the neurons to carry out within their respective

networks

. This may lead to new understanding
on how dendrites contribute to neuronal computa-
tion in the mammalian brain. For all of these ap-
plications the present freeze switch should be a
very interesting and powerful tool. Further study a-
long this direction is worth of carrying out in the
near future.
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