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Introduction
The increasing use of microwave power during the last two decades in a
variety of applications ranging from domestic microwave ovens to high power
military and civilian radar installations to a growing list of industrial
applications has spawned much research and discussion about the ultimate
safety of microwave power as an energy source especially with respect to
damage to living organisms, notably human beings. Western research in the
1950's had apparently defined safe threshold levels based on the human
bodies' ability to dissipate the additional thermal input due to absorption
of microwave power. However, Soviet bloc work reported in the last ten
years seemingly deduced statistically significant neurological and other
effects arising from microwave exposure levels well below the thermally
safe threshold. And thus has arisen the controversy over the existence
of so-called non-thermal or athermal microwave effects.
At least a portion of the confusion results from the extreme difficulty in performing reproducible experiments, especially experiments involving whole body irradiation of even relatively unsophisticated laboratory animals. The variables involved in attempting to accurately measure
dosage, to provide a reproducible microwave field, and to deal with the
many psychological effects in laboratory animals has resulted in a wide
variety of unreproducible experiments. Another approach to this same
problem is to attempt to identify some factor which can significantly
affect life processes and to investigate the sensitivity of this factor
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to microwave energy and thus hopefully to gain some insight as to what the
microwave effects on the entire organism might be. Enzymes provide a particularly convenient subject for such an investigation. They are essential
for many life processes; they can be conveniently procured in easy to
handle forms. Since they are present usually in small quantities in
living organisms, damage to a particular enzyme by microwave radiation
can cause large scale perturbations to life processes. In addition, for
many enzymes the biological assays procedures are quite straightforward,
thus facilitating the data collection process. It is for these reasons,
then, that the experiment described below was performed.
Background

Enzymes are biological agents which serve to catalyze specific biological reactions by a mechanism known as stereospecificity. A stereospecific compound functions as a catalyst by fitting the components of the
reaction into structural features on itself much as pieces of a 3-dimensional
puzzle might fit together. Enzymes typically consist of individual amino
acid groups chained together in a twisted helix formation. The helix is
held together by relatively weak chemical bonds between the various amino
acid groups which make up the helix. It is these bonds which determine
the shape the helix takes and hence the type of reaction which the specific
enzyme facilitates.
Because the bonds which form the helix are relatively weak, the energy
required to break them is low and thus most enzymes are characterized by
a high sensitivity to heat. The usual denaturing process involves breaking
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the bonds which give the helix its shape and thus destroying its stereospecific qualities. There are, of course, mechanisms for energy absorption
other than strictly thermal (vibrational) absorption. X-radiation and
ultraviolet light can also break the bonds, as can direct interaction with
an alternating electric field. The experiment described later in this paper
investigates the interaction of a microwave field with two specific enzymes.
In investigating the interaction of microwave energy with enzyme
solutions, there are two mechanisms which can result in energy absorption
by the enzyme molecule: direct interaction with microwave fields through
Debye-type relaxation phenomena and absorption of the microwave energy by
the solvent and absorption by the enzyme of the resulting thermal (vibrational) energy through "nearest-neighbor" collisions. Due to the large
physical size, and large dipole moment of most enzymes molecules, one would•
expect little direct interaction between the whole enzyme molecule and
a microwave field. And indeed, measured relaxation frequencies of the
enzymes used in these experiments has shown the principal Debye relaxation
frequencies to be in the region of about 3 megahertz. This, however, does
not rule out the possibility that some structural sub-unit within the
molecule may directly absorb energy from an incident microwave field by
means of a resonance mechanism. Commonly used solvents, phosphate
buffered aqueos solutions for example, are highly lossy at microwave
frequencies and thus can be expected to strongly absorb microwave energy.
This energy, converted to heat, can then act to denature the enzyme molecules.
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Experiment Design

To investigate the effects of microwave radiation on enzymes, an
experiment as described below was designed. As mentioned previously,
there are two mechanism by which microwave energy can interact with
enzyme molecules; either by direct absorption through a resonance or
relaxation process or indirectly through heating of the solvent molecules
by the microwave field. Since the strictly thermal denaturing processes
are at least fairly well understood, an experiment which compared the
results of ordinary (conductive and convective) heating with the results of
microwave energy absorption and its resultant heating effect should show
up any differences as uniquely microwave effects not strictly due to heating. Thus the experiment consisted of apparatus for heating two independent
volumes of enzyme solution at the same rate and to the same temperature
with one volume being heated by microwave energy and the other by conventional, resistive, heating. The two volumes were allowed to heat to some
temperature, held at that temperature for some length of time and then
assayed and the results compared. The assay procedures for many enzymes
are particularly straightforward since one need only provide the reactantE
for the reaction which the enzyme facilities and then observe the reactio
rate. In addition to assaying the two heated samples, a volume of the
unheated solution was retained and also assayed to provide a baseline fo
the other data.
A block diagram of the apparatus used is shown in Figure 1. The
source of microwave energy was a 2450 MHz Litton Industries magnetron
a one kilowatt nominal power rating. The microwave power level was
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controlled with a high power attenuator and then delivered to the microwave
irradiation sample cell. The sample cell is shown in Figure 2 and followed

the basic design of a water load with an eight millimeter outside diameter
glass tube inserted perpendicularly through the center of a section of
standard 1.5 inch x 3.0 inch S-band waveguide. The tube is inserted in
such a position as to allow maximum interaction with the electric field
vector. As might be expected, the impedance match of this arrangement was
very poor and a double screw LC tuner was installed towards the generator

to match out the reflections resulting from the impedance mismatch of the
glass tube. The final, tuned, VSWR was 1.5:1. Microwave power not absorbed

in the sample solution was absorbed in a standard waveguide load. Measurements of the insertion loss of the sample cell showed it to be (corrected
for VSWR) approximately -25 dB, thus in excess of 997 of the incident
microwave energy was absorbed in the sample solution. Thermistor elements
were located in the sample solution for temperature monitoring and a
nichrome coil was included for calibration purposes. In Figures 3 and 4,
the entire apparatus, exclusive of the microwave source can be seen. The
pumps in the foreground in Figure 4 circulate the two volumes of solution
from the reservoirs through either the microwave cell of the conventional
heating cell. The temperature of the solution in the microwave cell is
monitored by thermistor and used to control the current flowing in a
nichrome heating element for the conventional heating cell. Through the
control circuitry, the temperature in the conventionally heated sample,
also monitored by thermistor, was maintained within 1 0 of the microwave
heated sample. The temperature tracking of the two solutions was quite
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good as is shown in Figure 5. Note that the difference in temperature
does not exceed 10 during temperature rise and is essentially zero at
equilibrium. The conventional heating apparatus consisted of a Vigreavx
type tube, usually used in distallation apparatus, wound with a nichrome
heating element. The protuberances inside the Vigreavx tube provided
highly turbulent flow of the enzyme solution thus assuring uniform heating
without localized hot-spots. The conventional heating cell is shown in
Figure 6.

The enzymes used in this experiment were lysozume and trypsin.
Lysozyme was selected as it is relatively insensitive to heat and trypsin
because it is sensitive to heat. In addition, both enzymes have relatively
simple assay procedures. The experimental procedure followed involved
mixing a 10
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molar solution of the enzyme in a phosphate buffer solution

with a pH of 6.8, division of the solution into two volumes of approximately 500 ml each and one volume of approximately 100 ml. The two 500
ml samples were placed in the microwave and conventionally heated sections
of the experimental apparatus and the 100 ml sample was saved as a control.
The microwave power was then applied at levels from 50 to 300 watts and
the temperatures in both volumes were allowed to rise to a specific level
between 50 ° C and 95 ° C. When the desired temperature was reached, the
microwave power level was reduced to maintain equilibrium at the desired
temperature and equilibrium was maintained for time periods varying between

10 and 30 minutes. At the conclusion of the time period, microwave power
was shut off and both samples were allowed to cool to room temperature and
then assayed as was the unheated control sample. The time involved for

6

temperature rise was approximately 20 minutes to 95 ° C and proportionately
less for lower temperatures. The cooling times ranged from approximately
one hour to 15-20 minutes. The assay procedure involved mixing a portion
of the sample and control solutions with the appropriate substrates and
placing these solutions in a spectrophotometer and recording the percent
transmission as a function of time. The slope of this curve is then the
reaction rate and is indicative of the activity of the enzyme. The
relative reaction rate of the sample and controls were then recorded.

Results
Typical results from an assay of an enzyme solution used in these
experiments is shown in Figure 7. Note that the curves for the microwave and conventionally heated samples are essentially parallel and since
the slope of this line is the parameter of interest, there is no discernible
difference in the performance of the enzyme whether it was heated by the
microwave source or conventional methods. The experiment was repeated for
differing final temperatures for both lysozime and trypsin. The final
results were then plotted with the relative reaction rates of both the
microwave heated and conventionally heated sample plotted against the final
temperature reached. These graphs are shown in Figures 8 and 9. Figure
8 shows the results of the lysozime experiments with the characteristic
increased activity up to approximately 80 ° C. The trypsin results in
Figure 9 show the characteristic decreased activity as the final temperature increased. Although small apparent differences in the activity of
the anzymes exist as a function of the heating method, when analyzed by
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standard statistical techniques, the differences are not statistically
significant.
When the results of an experiment such as this indicate no significant
difference between the experiment and control, it is often a source of
more concern than if a significant difference had been observed. However,
in this case, careful control of the experimental process and the small
variability observed in the results of more than 50 independent measurements on the two enzymes lends confidence to the conclusion that indeed no
differences in enzyme performance were observed as a function of the heating
methods.
The relative ease with which this technique allows the investigation
the sensitivity of solutions of organic compounds to microwave induced
heating, has prompted the desire to extend the investigation to other
enzymes. In particular the enzyme cholinesterase, which is involved in
the transmission of the neural impulses from one neuron to another, is of
interest, since a sensitivity of this enzyme to damage by microwave energy
could help explain some of the reported neurological phenomena for which
a satisfactory explanation has not been posed.

8

Figure 2. Microwave Sample Cell.

Figure 3. Experimental Apparatus.

Figure 4. Experimental Apparatus.

Figure 4. Experimental Apparatus.

Figure 6. Conventional Heating Cell.

