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Abstract—The goal is to investigate novel biosensing techniques, including dielectric spectroscopy and
nonlinear harmonic response, which could ultimately be employed to develop instruments capable of
detecting live organisms in samples from the outer terrestrial bodies of the solar system. Our previous
results suggested that variable temperature dielectric spectroscopy can distinguish live organisms from
nonliving complex macromolecules and may be suitable for in situ astrobiology studies on the surface
of Mars or, eventually, in the liquid ocean beneath the ice of Europa. More recently, we have measured
the frequency- and amplitude-dependent nonlinear harmonic responses of live cells, mitochondria, and
chloroplasts, coupled with activator and inhibitor studies. Results provide compelling evidence that
physiologically relevant processes in active macromolecular enzyme complexes are responsible for

observed induced harmonics, thus providing additional signatures of live organisms.

HE POSSIBLE EXISTENCE OF [T

I life on Mars in the distant

past or at present’ has been of
interest for well over a century. This
issue has important scientific implil’|
cations for the evolution of life on
earth and the distribution of life in
the cosmos. The Viking program, in
1976, made the first attempt to
detect evidence of living or fos[!
silized organisms in Martian soil
and yielded ambiguous, somewhat
negative results.” More recent stud[’|
ies’ of the Martian meteorite Allan
Hills 84001 (ALH84001) suggest
that microbial life existed on Mars about four billion years ago.
Compelling evidence includes the presence of magnetite crystals
(Fe;0,) found in carbonate globules and their associated rims in
the meteorite.* About one fourth of these tens-of-nanometer sized
magnetites are nearly identical to those produced by magnetotac!
tic bacteria on Earth and are not expected to be produced by abil|
otic means. It has, therefore, been argued that these Martian mag||
netite crystals are in fact magnetofossils, which, if true, would
constitute evidence of the oldest life forms known.’

Additional findings suggest that subsurface Martian life could
potentially survive even today.® There is abundant geological evil
dence that ice was once deposited in the regolith, where it should
still be present above mid-latitudes.” This ice, which probably
extends several kilometers below the surface, could be a source of
liquid water near magmatic intrusions.® On Earth, the biomass of
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subterranean organisms may equal
or exceed that at the surface.” These
organisms can live in highly saline
conditions at temperatures from
115°C to —20°C."" Such conditions
| might prevail beneath the surface in

an aquifer or in a hydrothermal sys![
tem. For these and other reasons,
there is considerable interest in
developing new techniques of
detecting subsurface life on Mars.
Moreover, the likelihood that
oceans of liquid water exist below
the icy surfaces of Europa and other
moons makes these exciting candil
dates for the existence of extraterrestrial life in our solar system.
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Goal of the Project

The goal of this project is to investigate dielectric spec-

troscopy'>” and related methods, especially nonlinear harmonic

response,' for the detection of live organisms. Toward this end,

the project aims to elucidate possible signatures of active

macromolecular complexes unique to living biological systems.

Potential signatures include unusual behavior, distinct from

those of inanimate materials, in the frequency- and temperature-

dependent dielectric response, and in the induced nonlinear har(
monic response as a function of frequency and amplitude.

Methodology
The previous report discussed the results of variable tempera-
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Figure 1. Four-electrode setup used to measure nonlinear
harmonic response. (a) Experimental setup with external
function generator and SR780 signal analyzer. (b) Planar,
top view of the four-electrode sample cell showing the
dimensions and geometry. The electrodes are 12-carat gold
pins, 7 mm in length (cross-sections shown in figure).

ture dielectric spectroscopy of live organisms and Martian soil
simulants. Our experiments on linear dielectric response
employed a Solartron Impedance Analyzer, which measures
complex admittance at frequencies up to 32 MHz. In this report,
we focus on a study of potential signatures in the nonlinear har(
monic response, which include signals produced by active
molecular motors unique to live organisms.

For measurements at kilohertz frequencies, we employ a four-
electrode system, utilizing a Stanford Research SR780 signal
analyzer that we operate as a spectrum analyzer. A function gen![
erator applies a sinusoidal signal to the outer electrodes, while
the voltage difference between the inner electrodes is fed into
Channel 1 of the SR780, which records the induced harmonics.
A reference spectrum is acquired using a supernatant, whose
conductivity has been adjusted (with distilled water, to compen![
sate for the volume fraction of the cells present in the sample)
to be identical to that of the sample at the frequency of the inter[
est. The supernatant typically consisted of an aqueous solution
of ~1- 10 mM NaCl. Two different types of control files are
used, depending upon whether the reference is to be logged
using the same set of electrodes or a separate matched reference
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cell. In either case, the logging, windowing, and Fourier
Transform routines were identical, and provide a power specl!
trum of the reference cell, which is also recorded as a data file
in the computer. Finally, the sample power spectrum obtained
from the sample (e.g., cell suspension or soil sample) of interest
is divided by the reference power spectrum and also stored. The
entire procedure is automated using LabVIEW data acquisition
software. The power of this approach lay in allowing one to
deconvolve the effects of nonlinearities within the electrochem![
ical system from those due to the biological cells themselves.

Equipment and Special Technology

A diagram of our four-electrode setup for nonlinear response,

including the Stanford Research SR780, is shown in Fig. 1. This

setup enables us to obtain the frequency- and amplitude-depend-

ence of harmonics induced by the sample (e.g., cell suspension)

under investigation. At low frequencies, we employ a supercon!]
ducting quantum interference device (SQUID) to directly probe

the magnetic fields produced by the conduction and displacel]
ment currents. This reduces spurious harmonics generated at the

electrode-medium interface, which become especially problem[
atic at frequencies below 100 Hz. Details of this work have been

reported in our 2004 study in Applied Physics Letters."

Results and Discussion

We measured the nonlinear harmonic response of suspensions
of budding yeast cells (S. cerevisiae), mitochondria (extracted
from bovine heart and mouse liver cells), B. indicas (a prokary[’]
otic relative of the mitochondrial ancestor), and chloroplasts
(extracted from spinach) using the four-electrode setup shown
in Fig. 1, in which a sinusoidal voltage is applied across the two
outer electrodes, while the spectrum of induced harmonics is
recorded across the two inner electrodes using a spectrum anal
lyzer. When a suspension of cells or extracted organelles is
excited using a single-frequency sinusoidal voltage excitation, a
series of harmonics is produced for sufficient ac field amplil]
tudes. Any background harmonics due to the electrode interface
are subtracted out by measuring a reference medium with con[!
ductivity matched to that of the cell suspension.

When measuring the magnitudes of the induced second and
third harmonic amplitudes vs. applied frequency for whole bud (]
ding yeast cells, we observed two peaks that appeared to grow
out of the background as cell concentration is increased. In addi[
tion, we found that rotenone, an inhibitor that affects complex I
of the mitochondrial respiratory chain, reduces the amplitudes
of the harmonics. We observed even more dramatic suppressing
effects when adding potassium cyanide, a respiratory inhibitor
that binds to the cytochrome c oxidase complex and essentially
shuts down the entire electron transport chain on the mitochonl(]
drial inner membrane. Similar behavior is observed for B. indi-
cas, a relative of the mitochondrial ancestor. Respiratory
inhibitors suppress the mitochondrial transmembrane potential,
hence shutting off the ATP-synthase molecular turbine, and pre(
vents the production of ATP. Importantly, however, yeast cells
are not killed by cyanide and remain capable of fermentation. In
order to further study whether bioenergetic processes play a
major role, we have performed similar measurements on isolat[]



ed mitochondria extracted from mammalian cells.

Figure 2 shows the second harmonic response vs. applied frel
quency for uncoupled mammalian mitochondria, in which com[
plex II has been activated through the addition of glutamate
malate, whereas the ATP synthase complex is inactive due to the
lack of a transmembrane potential and proton gradient. These
results suggest that the peak in Fig. 2 may be attributed to elec-
tron/proton transport processes occurring between complex II
and complex IV of the electron transport machinery. Note that
the inhibitor rotenone quenches the harmonic response, as
shown in Fig. 2. We also observe a higher frequency peak,
appearing at applied frequencies of around 12 kHz in budding
yeast cells and B. indicas, a relative of the mitochondrial ances(]
ter. In both of these cases, the ATP synthase complex is active,
suggesting that the high frequency peak in these organisms may
result from coupling to the remarkable molecular turbine in the
F, unit of ATP synthase.

Photosynthetic organisms, including cyanobacteria and
chloroplasts (responsible for photosynthesis in plants), are
potentially exciting organisms to study because they utilize light
rather than chemical energy to establish electrochemical gradil
ents, allowing for greater flexibility and precision in controlling
experimental conditions. Figure 3 cites results obtained for
chloroplasts, showing dramatic changes in harmonic response
with the presence or absence of light. These results strongly
indicate that the observed behavior is caused by, in this case,
active processes due to photosynthesis, and provide increased
confidence of the physiological relevance of harmonic response
measurements. Note, however, that the frequency-dependence
is rather different from that observed for yeast cells and mito[
chondria, and may incorporate responses from the light harvest[
ing complexes, reaction centers, and photosystems.

Conclusions

Our latest results suggest that ac electric fields, which capacitivel
ly couple through the plasma membrane, can interrogate bioen!]
ergetic and other processes in internal cellular organelles and

potentially identify signatures of life. Additional experiments are

planned to study coupled mitochondria, which should enable fur(
ther confirmation of any signals arising from biological energy-

transducing complexes. The observed unusual behavior, which

in the case of chloroplasts is activated by light, provides signal’
tures unique to live organisms and could ultimately be applied to

in situ astrobiology studies on the surface of Mars or, eventually,

in the liquid ocean beneath the ice of Europa. Additional terres[
trial applications include fundamental research in biophysics,

studies of the effects of drugs on live cells to aid in pharmaceul’
tical development, studies of cancer cells, and the development

of medical diagnostic instrumentation.
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UWB Tracking System Design
with TDOA Algorithm for Space
Applications

(Continued from page 22.)
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