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CHAPTER 6 

MICROWAVE ABSORPTION AND ITS 

BIOLOGICAL EFFECTS 
11 

"Don't be in such a hurry to believe next time-,.J'll tell you why. 
If you set to work to believe everything you will tire out the muscles of 
your mind and then you'll be so weak you won't be able to believe the 
simplest true things." 

Lewis Carrol 1861-

Introduction and Methods 

A LTIIOUGH THIS BRANCH of our research has only recently begun 
to yield productive results, we have been occupied in it, on and 

off, for almost fourteen years. Our investigations into the biological 
effects of dehydration had led us to use many different techniques ! 
to estimate the water content of cells held at various relative humidi- J: 
ties. These techniques included dry weight determinations and re- 1 

fractive index measurements by interference microscopy and light 
scatter. We felt, however, other techniques of examining in vivo water 
structures and water movement were needed to gain a more accurate l 
idea as to the behavior of water in cells suffering various levels of I 
semi-dehydration. One method by which we thought we might i 

I
i achieve this was via the absorption of microwaves. At the time we . 

conceived the idea, however, microwave generators able to produce t 
the frequencies considered useful for this purpose were scarce, but · f 
fortunately we were able to obtain an experimental Phillips DX151 !'· 

klystron which generated microwaves of between 64 and 76 ·GHz. 
It is a credit to the manufacturers that, in spite of the rough and ·• 
sometimes unprofessional treatment it received in our hands, this 1

1

_

1

. 

klystron is still operating today without much loss of its original 
power. l 

In the early days, microwave components in the millimeter range f 
also were rare and expensive; however, as the years passed we grad- l 

I 246 -:n< 4~ i~f) 1 · 
\ ¾ ~c,_,; 11'1 r,,,; :i 7 J ~ 

... ,, Microwave Absorption and Its JJiolo,gica[ Effects 247 

ually acquired components, most of which were donated to us by the 
Defence Research Board of Canada, with which we constructed an 
extremely primitive microwave spectrometer. Today, the apparatus 
is a little more sophisticated and does allow reflection and attenua
tion to be measured. It still employs the DX151 klystron, but two 
Varian klystrons have been added. These are coupled with various 
microwave components in the millimeter range in a way very similar 
to that of the model 6100 system commercially available now from 
CIG in Boston, Massachusetts. The system employs three dual-beam 
oscilloscopes by which reflection and attenuation can be measured. 
The klystron is operated normally at 2500 volts, which gives an 
output of between 20 and 100 milliwatts, depending on the selected 
frequency. We have also another klystron which can be coupled into 
the system which generates waves of between 68 and 72 GHz and 
delivers an output flux of between 400 and 800 milliwatts; however, 
to date we have made little use of this generator. Some components 
of the system had to be specially designed, and we are grateful for 
the skills of Mr. Charles Kresse and Mr. Alfred Bibbey of our ma
chine shop who constructed these pieces of our apparatus. One such 
component is a special sample compartment similar to a sliding
short. It is constructed of two pieces of wave-guide between which 
a slide containing two mica cells, of the same dimension as the 
wave-guide, are positioned. Each mica cell can be located and mated 
into the total wave-guide system with a loss of less than 0.2 db. In 
addition, by means of hyperdermic needles, air or nitrogen of a given 
RH may be passed through the cells to maintain a given percentage 
of water vapour in them and, hence, water adsorbed to the agents 
under study.· These have included bacterial and mammalian cells 
and a variety of cell components and biochemicals. The system also 
incorporates a frequency doubler by which we are able to investigate 
phenomena involving much higher frequencies of microwave; how
ever, the power loss with the frequency doubler is, at the moment, 
very large, and outputs of these high frequencies are less than 50 µ.w. 
Sufficient power, however, is generated for absorption spectra to be 
obtained and to induce effects on cells. Frequency determination 
and tuning still are done by manual means and so to obtain a 
spectrum is a difficult task. 

As had happe'ned so often in our investigations, observations were 
made which had no significance as far as the initial purpose of the 

J 
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experimentation was concerned. Initially we wished to determine 
how much heat was generated by the microwaves in smali vials and, 
as part of this test system, we placed cells of E. coli B in nutrient broth 
at a concentration of about 1 X 104 cells/ml in the vials. The vials 
were shaken periodically by hand and the temperature in the vials 
measured by a small thermocouple. At that time, the 136 GHz power 
entering the vials was about 20 µw but we soon found this was 
sufficient to effect the growth of the cells. 

Effects on the Growth of Cells 

When washed cells were exposed to the radiation immediately 
after their resuspension in a new medium, no cell divisions occurred 
over a four hour period. The radiation, however, was not lethal 
because the viable cell counts did not decrease during the incubation 
period. On the other hand, if the cells were incubated in nutrient 
broth for 90 minutes before their exposure to the radiations, the 
inhibitions of cell division was not immediate and the number of 
cells/ml continued to increase until it had approximately doubled 
(Webb and Dodds, 1968). A comparison of the two sets•of data 
obtained, shown in Table 6-1, suggested that microwave radiation 
had two effects, one appeared to slow down cell division and the 
other seemed to inhibit specifically some metabolic process which 
occurred during an early stage in the life of a cell. We were unaware 
at the time of any report in which similar phenomena were described 
and so the literature was surveyed to ascertain if such reports existed. 
We discovered a considerable number of papers, scattered in many 
different journals, in which effects of microwaves on the physiology 
of cells were described. The reported effects ranged from the produc
tion of chromosomal aborations (Heller and Teixeira-Pinto, 1959) to 
effects on the function of the eye (Richardson, Duane and Hines, 
1948; Schwan, 1958), on the blood (Michaelson, et al., 1964), on the 
nervous system (Kalant, 1959; McAfee, 1961, 1962, 1963), on cell 
differentiation (Carpenter, 1965) and on other metabolic functions 
(Kalant, 1959; Michelson et al., 1961). Controversy existed in the 
literature about the relative importance of thermal versus non-ther
mal effects. Thermal effects seemed to be well demonstrated, but 
evidence for the existence of non-thermal effects was inconclusive. 
~n-thermal effects on the eye, produced by long wavelengths of 
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electromagnetic radiation, had been suggested to occur by Duke
Elder in 1926. The radiation was considered to increase the liability 
of colloids which, in turn, produced adverse changes in metabolic 
functions and, perhaps, protein coagulation. Other workers felt non
thermal effects were due to di-electric saturation, a condition which 
can result in the breaking of hydrogen bonds, alterations in hydra
tion lattices and eventually the denaturation of macromolecules. 
Some experimental evidence, therefore, appeared to support the 
notion that non-thermal effects existed. From the published litera
ture, however, no comprehensive study seemed to have been made 
of the biological effects of microwave either from the standpoint of 
the effects of frequency and flux or the molecular mechanism by 
which the radiation altered the physiology of cells. In fact, very little 
attention, if any, seemed to have been focused on these early reports 
or on more recent ones (Milroy and Michaelson, 1971; Michaelson, 
1971). Because of our findings, shown in Table 6-1, and the pub-

_lished reports described above, we decided to try and ascertain the 

mechanism by which microwaves interfered with the proliferation of 
bacterial cells. The effects we had noted did not appear to be due 
to a gross thermal action because first, we did not observe a signifi
cant rise in temperature in the vials, which would not be expected 
because of the low flux of the radiation, and second, the radiation 
did not kill the cells. 

At this point in our investigations, we had learned much about. 
techniques, and we had improved our apparatus to include small 
cuvettes made out of waveguide, into which we could place our 
cultures of microbial cells. In this way, by means of magic T's we 
were able to place several of these cuvettes directly into the wave
guide system and, hence, use, at the same time, some as controls and 
some as experimental ones. Over the next few months with this new 
system, we carried out tests to reascertain what effect nutrition and 
phase of growth had on the ability of microwaves to alter the growth 
rate of different genera of micro-organisms. We found that the fre
quencies able to alter the growth rate depended first; on the genus 
of the cell and sometimes even on their gender, for instance, the 
growth of male, or DNA donor, cells of E. coli was less affected by 
given frequencies than that of female, or DNA recipient, cells, sec
ond; on the treatment and nutrition of the cells. Cells transferred to 

. I . 
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TABLE 6-I 
EFFECT OF 136 GC MICROWAVES ON THE GROWTH OF 

ES-CHER/CHIA COLI B 

Incubation Time (min) 

Treatment 0 30 60 90 120 150 180 210 240 

Irradiated 125* 121 142 136 124 135 123 134 129 
{lag phase) 

Control 131 136 129 138 204 263 412 506 810 
(lag phase) 

Irradiated 142 163 211 251 284 286 283 281 288 
(log phase) 

Control 126 184 241 341 462 673 998 1,340 1,960 
(log phase) 

Tem)erature 25.2 25.2 25.4 25.6 25.8 25.7 25.8 25.9 25.8 coc 

Cells from a 24 h culture of E. coli B in nutrient broth were washed twice in 0.85 
percent NaCl and resuspended in nutrient broth to a concentration of 1 x 104 
cells/ml. These were then immediately exposed to 7 µ.W 136 gc microwaves {irradiated 
lag phase) or incubated for ninety min before exposure {irradiated log phase) and cell 
counts were made at the appropriate times on nutrient agar. 
*Results represent viable cell count/ml x 10-3 and are __ the avei:age of three 
independent experiments. (Courtesy of Webb & Dodds, Nature 218, 1968.) 

the same medium in which they had been grown previously without 
_ adequate washing were much less susceptable to the growth inhibito-
-ry action of given frequencies than those adequately washed and 
transferred to a new medium which had a different composition from 
the one in which the cells were first propagated. 

The results of these investigations made it clear to us that one of 
the major actions of microwave radiation was to interfere with the 
ability of a cell to adjust to a new nutritional environment, perhaps 
by preventing the syntheses of required induced enzymes. Today, we 
are testing this thought with ,8-galactosidase induction as one of our 
main model systems. Our results, so far, are too limited for any 
generalization to be made, but they do seem to be suggesting that, 
in some way, microwave radiation does interfere mostly with in
duced enzyme synthesis but does not affect the function of existing 
enzymes. Thus, the growth inhibitory action is far more pronounced 
on cells transferred from a rich infusion medium to an ammonium 
salts one than it is on cells transferred from an infusion medium to · 
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one possessing high quantities of amino acids. Before we fully realiz
ed the above factors, however, we had commenced a series of experi
ments to try to ascertain the nature. of in vivo metabolic processes 
affected by the microwave radiation. 

Effects on In Vivo Metabolic Processes 
Cells of E. coli Bir, which required thymine, were grown in nu

trient broth and, after they had reached the stationary phase, they 
were washed in saline and resuspended to a concentration of 1 X 
106 cells/ml in a glucose-casamino acid medium containing 50 
µg/ml of thymine. Aliquots of the culture initially were placed in 
vials and positioned on top of microwave horns while others were 
incubated at the same temperature away from the microwave field. 
In later experiments, however, the cells were placed in the wave
guide cuvettes described above and at various times the number of 
cells/ml was determined by dilution and plating onto nutrient agar. 
The effects of absorbed microwave ene!rgy on metabolic processes 
was investigated by suspending the cells in glucose-phosphate buffer 
and adding to this one of, 14C-thymine, 14C-uracil or 14C-algal prote
in hydrolysate together with two of, unlabelled casamino acids, basic 
ammonium salts medium, thymine or uracil. After suitable incuba
tion times, the cells were deposited onto Millipore filters and washed 
with 1 N HCL. The filters were then dried, and the radioactivity 
present was determined. The microwave absorption spectra of the 
cells, and of their isolated components, were obtained by making 
films of material on mica windows, holding them at 90 percent RH 
and measuring the difference between the absorbence of a blank and 
the film of material. A second technique used was to create an 
aerosol of the cells in our drums at 90 percent RH and to feed this 
through a length.of waveguide sealed at each end by mica windows. 

Figure 6-1 shows the crude absorption spectra obtained with cells 
as well as protein, RNA and DNA extracted from them. Absorption 
maxima for protein were observed at 67, 70, 71.5 and 73 GHz. Two 
freguenc_ies, 66 and 69 GHz, were absorbed equally strongly by 
DNA and two, 68 and 71 GHz, by RNA. Both RNA and DNA were 
found to absorb frequencies between 70 and 74 GHz, although the 
strength with which they did so varied. The absorption maxima at 
67 and 69 GHz seen with films of protein and DNA, respectively, 

I 



~------------ - --

252 Nutrition Time and Motion in Metabolism and Genetics 

did not appear in the spectrum of the intact cells. Thus, it seemed 
that the rotational energy levels responsible for absorption of these 
two frequencies by isolated cell components did not exist in the intact 
cell. We considered this to be due to the formation of in vivo macro
molecular complexes between protein and DNA. The same seemed 
to be true of absorption of 71.5 GHz microwaves by protein and 
RNA. Both types of isolated macromolecules absorbed this frequen
cy; yet, the cells showed only a weak attenuation. 

Three frequencies, 66, 71 and 73 GHz, were found to slow the 
growth of cells, whereas 68 GHz microwaves seemed to stimulate it. 

· Two of the frequencies able to slow cell growth matched the absorp
tion maxima of DNA at 66 GHz and of protein at 73 GHz. The 
frequency which seemed to stimulate growth matched one of the 
absorption maxima of RNA. All frequencies w)lich had maximal 
effects on the growth rate of cells corresponded to peaks in the 
absorption spectrum of the cells (Fig. 6-2). 

A frequency of 66 GHz retarded both thymine and amino acid 
uptake by the cells and, because protein did not absorb this frequen
cy, the absorption of 66 GHz microwaves seemed to affect a mecha
nism of protein synthesis dependent on concomitant or previous 
DNA synthesis. Two frequencies, 66 and 73 GHz, were the most 
effective in preventing the growth of cells and both of them inhibited 
DNA and protein synthesis. This suggested to us that in vivo there was 
a vital interdependency between protein and DNA syntheses (Webb 
and Booth, 1969). 

The above findings revealed that bacterial cells absorbed micro
waves of definite frequencies and the absorbed energy altered in vivo 
metabolic events. The mechanisms by which the radiation produced 
its effects on cell metabolism did not seem to be a thermal one 
because the radiation only acted as a bacteriostatic agent. If gross 
increases in intracellular temperatures had occurred, cell deaths 
should have been apparent but none was observed. In addition, in 
some cases the radiation actually increased the rate of cell divisions. 

Absorption Spectra of Biochemicals 
Next, the absorption spectra of a large number of biochemicals 

were determined and compared. One such series for- guanine, guano
sine and guanylic acid is shown in Figure 6-3. From this series it can 
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FIGURE 6-1. The 64 to 75 GHz microwave absorption spectra of biological 
entities. (Courtesy qf Webb & Booth, Nature 222, 1969). 
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be seen that guanine showed little or no attenuation of microwaves 
above 72 GHz but, when it was combined with ribose, attenuation 
at 70 and 71 GHz was increased and attenuation above 72 GHz 
occurred, The attenuation of frequencies above 70 GHz, therefore; 
appeared to be via energy levels associated with a movement of water 
molecules adsorbed to C-0-C oxygen or the - OH groups of. the 
sugar. When guanosine was phosphorylated, attenuation at 66, 69 
and 71 GHz was increased, but attenuation at 70 and 75 GHz was 
reduced. These findings indicated that attenuation at 66, 69 and 71 
GHz was due to the movement of water associated with the phos-
phate groups, while the loss of attenuation at 70 and 75 GHz suggest
ed that the attenuation of these frequencies, by guanosine, was due 
to the movement of water adsorbed to the - OH group of the sugar 
pho.sphorylated in the production of guanilic acid. Similar compari
sons of the spectra of many biochemicals suggested tentatively that 
the attenuation of the various frequencies studied was due to a 
motion of water molecules associated with the groups shown by the 
horizontal arrows in Figure 6-3. 

To try and ascertain the molecular groups to which water mole
cules were associated in vivo and, hence, involved in the absorption 
of microwaves, we measured the strength with which cells, held at 
various relative humidities, attenuated the three frequencies found 
to reduce the mean generation time of proliferating cells. In other 
words, we obtained a water desorption isotherm in terms of the loss 
of attenuation at each frequency as the cells were dehydrated. The 
results, shown in Figure 6-4A, revealed that the desorption of water, 
as seen by the attenuation at 66 GHz, was different from that seen 
at 71 GHz. Moreover, when desorption was measured at 73 GHz, 
the pattern observed appeared to be an addition of the other two. 
When we compared these water desorption isotherms with those 
obtained with DNA by infrared spectroscopy, the desorption iso
therm determined at 66 GHz was found to resemble that measured 
at 1220 to 1240 cm- 1 (Fig. 6-4B).The latter is known to depict the 
desorption of water from P = 0 groups. The desorption isotherm 
measured at 71 GHz resembled that determined at between 1690 to 
1671 cm- 1, which is due to the desorption of water from such groups 
as C-0-i>, C-0-C, -NH2, -OH and perhaps from ring nitrogens. 
The infrared data also suggested that some water molecules associat-
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ed simultaneously with P = 0 groups and one of the other types of 
groups (Falk, Hartman and Lord, 1963). Therefore, the desorption 
pattern measured at 73 GHz could be interpreted to mean that 
attenuation of this frequency was que to energy levels associated with 
the motions of these particular water molecules. 
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Possible Quantum Separation of Frequencies Able to Affect 
Metabolic Processes 

At the various times we reported the above findings, we did not 
realize their greatest significance. Our first report, in 1968, described 
a finding that a frequency of 136 GHz slowed or interferred with the 
growth of E.coli B. Later, we reported frequencies of 66 and 73 GHz 
also slowed or stopped the syntheses of DNA and protein as well as 
the proliferation of cells. While these findings, in themselves, suggest
ed that the syntheses of nucleic acid and proteins were interrelated 
by some common movement of water, we failed to recognize that 
frequencies of 66 and 73 GHz were separated by 7 GHz, and the 
separation between 73 and 136 GH. was 63 GHz or 9 X 7 GHz. 
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Because we had not integrated our own data, we had missed the fact 
that frequencies able to affect the metabolic processes of proliferating 
cells were separated by integral multiples of 7 GHz. Once we realiz
ed th~s: the absorption of these frequencies now seemed to represent 
trans1t10ns from one quantum value to another of one rotational 
movement of water on one of its own axes or the movement of whole 
water molecules, a process termed by some authors as motation. The 
7 ~Hz separation between the frequencies, therefore, appeared to be 
twice the value of the constant B associated with rotational or mota
tional motion. To check this, frequencies between 58 and 75 GHz 
and between 120 and 155 GHz were tested to see how many were 
able to affect the growth of E.coli Blr(T~) cells in each of two media. 
The two media used were amino acid-glucose and NH

4
Cl-glucose. 

From the results obtained (Table 6-II A and B), it was evident 
that the frequencies able to interfere with the growth of the cells 
coul~ be ?ivided into two groups, one group strongly inhibited the proliferation of cells and the other did so weakly. In addition, fre
quencies able to weakly inhibit the proliferation of cells and the in 
vivo syntheses of macromolecules in amino acid-gluc;ose medium 
were strong inhibitors when the cells were incubated in an ammoni
um-gluc~se -~edium. For instance, frequencies of 61 and 71 GHz only 
weakly mh1b1ted the synthesis of DNA and protein as well as the 
proliferation of cells in a glucose-amino acid medium, but both 
frequencies were strong inhibitors of these metabolic events when the 
cells were placed in an ammonium-glucose medium. Frequencies 
which, in both media, weakly inhibited the proliferation of cells and 
the syntheses of DNA and protein also interfered with the synthesis ?f RNA. On the other hand, those frequencies able to strongly 
mterfere with. the proliferation of cells had a pronounced effect on 
the syntheses of protein and DNA but had little or no effect on the 
synthesis of RNA. It seemed, therefore, that an interference with the 
synthesis of RNA had little effect on the proliferation of cells, while 
interference with the syntheses of DNA or protein greatly reduced 
the ability of cells to undergo division. The manufacture of certain 
types of RNA, therefore, did not seem essential to the livelihood of 
the cell. The frequencies able to affect RNA synthesis are shown in 
Table 6-II C. These are listed also as two series. One, listed as strong, 
either stimulated or inhibited the synthesis of RNA by between ten 
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and 20 percent. The other weak series only produced changes which 

ranged from 5 to 8 percent. None of the frequencies studied was 

able to reduce or stimulate RNA synthesis by more than -about 

twenty percent so the microwave radiation seemed able to alter the 

synthesis of only a relatively small portion of the intracellular RNA. 
Clearly, even if the synthesis of most of the cell's RNA was allowed 

to take place, the cell was unable to undergo proliferation in the 

absence of protein and DNA synthesis. There seemed to be, there

fore, a direct relationship between the ability of cells to undergo 

division and their ability to manufacture DNA and protein. When

ever the synthesis of DNA was inhibited, so was the synthesis of 

protein and cell division, or, alternatively, whenever the synthesis of 

protein was inhibited, so was cell division and the synthesis of DNA. 

An examination of the data revealed that each of the frequencies 

able to strongly inhibit DNA and protein syntheses in cells grown in 

glucose-amino acid media were separated from one another by about 

7 GHz, whereas those able to weakly inhibit were separated by 

multiples of 5 GHz. On the other hand, when cells were in a glucose

ammonium medium, the frequencies able to strongly inhibit protein 

and DNA synthesis were separated by about 5 GHz and those able 

to weakly inhibit seemed to be separated by approximately 14 GHz. 

It was clear, therefore, that microwave frequencies able to affect 

biological processes could be arranged in definite series with the 

frequencies in each series separated by a constant frequency. Thus, 

the energy transitions associated with in vivo rotational movements 

seemed to form regular series. It occurred to us, therefore, that the 

constant frequency separating the frequencies able to affect meta

bolic functions in each series represented the energy involved in a 

transition from one energy state to the next upper state of a single 

rotational type of movement. 
The unit of energy associated with rotational movement is defined 

by h2/s"21, and an expression for the rotational constant B, shown 

in formula 1, is derived for linear or symmetric top molecules from 

formulae 2, 3 and 4. From formula 4 it can be seen that the constant 

frequency separating the frequencies in any one series, or the value 

of the first member of the series, if known, divided by two is equal 

to B times a positive int~ger J, the rotational quantum number. 
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The microwave spectrum of a given rotational movement de

scribed ~y t~e above formula, should consist of a set of evenly sp~ced 

absorpt~on Imes separated by 2B, and from the experimental data 

shown m Table 6-II, this seemed to be what we had observed. 

Apparently, therefore, each series of microwave frequencies able to. 

affect_ metabolism followed a pattern similar to that of symmetric or 

spherical top molecules. Since much of the absorption disappeared 

when water was removed from the cell, water molecules· in vivo 

seemed to behave either as symmetrical or spherical tops. Moreover, 

each of these series of frequencies appeared to represent transitions 

from _one J quantum value to another of two rotational processes with 
rotat10nal constants (B) for cells growing in glucose of approximately 

~-5 GHz and 2.5 GHz respectively. When the B values were applied 
m formula 2, they yielded moments of inertia (I) of 2.4 x 1Q-3s 

gm/cm
2 

and 3.3 X 10-39 gm/cm2, respectively. These values of (I) 

appeared too large to represent the rotation of water about one of 

its own axes and too small to represent the rotation of large mole

cules, such as RNA and DNA, around their own axes. The moment 

of inertia of any revolving mass is equal to its reduced mass(µ.) times 

the square of the distance from the center of rotation (r2). To estimate 

the values of r associated with the motion, the calculated moments 

of inertia, therefore, were divided by the reduced mass of water. This 

analysis, depending on the value of the reduced mass of water used 

pr~duced values for r of between 11 and 12.4 A for the frequenc; 

series strongly able to inhibit cell growth, as well as the syntheses of 

DNA and protein by cells in amino acids and 13.4 to 14.6 A and for 

the frequency series able to strongly inhibit these events in cells 

cultured in an ammonium glucose medium. A complete summary of 

the calculated values of r for each series of frequencies able to affect 

the metabolic processes of cells in each of two media is made in Table 

6-III. From this, the radius of the affected movement concerned in 

these processes seemed to be larger when cells utilized ammonium

salts than when they were supplied with amino acids. The series of 

frequencies, either able to inhibit RNA synthesis or weakly stimulate 

it, followed a sequence separated by about 3 GHz and perhaps 

2J 
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another separated by about 2.5 GHz. The latter was extremely weak 
in its effect on RNA synthesis and may not be real. Nevertheless, we 
have included it in the table pending further investigations. The 
rotational process involved in RNA synthesis and weakly disturbed 
by microwaves, however, seemed to be associated with a movement 
having a radius from its cente.r of between 19 and 25 A 

The calculated values of r were far too large to be due to the 
rotation of a water molecule about one of its own axes; however, we 
could not help but notice that their values, calculated from the 
frequency series able to inhibit protein and DNA syntheses as well 
as cell growth, were extremely close to the radius of the DNA mole
cule in the double stranded state in either its B or A conformation. 
Moreover, the value of r calculated from the microwave series able 
to weakly interfere with RNA synthesis was very close to the radius 
of some forms of RNA and ribosomes. The absorption of those micro
wave frequencies able to interfere with both protein and DNA syn
thesis, therefore, appeared to be due to the existence in vivo of energy 

TABLE 6-III 
ROTATIONAL CONSTANTS AND RADIUS OF MOTION ASSOCIATED WITH THE ABSORPTION OF MICROWAVES BY ESCHERICHIA COLI 

Strength 
Growth medium Process affected of effect 2B (GHz) r (A) 

Protein synthesis Weak 5.0 13.4-14.6 
Strong 7.0 11.0-12.4 

DNA synthesis Weak 5.0 13.4-14.6 
Strong 7.0 11.0-12.4 AA-Glucose 

RNA synthesis Weak 3.0 (2.5) 19.0-21.2 {22-25) 
Strong 5.0 13.4-14.6 

Cell growth Weak 5.0 13.4-14.6 
Strong 7.0 11.0-12.4 

Protein synthesis Weak 14 (2x7?) 5.8- 6.3 (11.0-12.4) 
Strong 5 13.4-14.6 

DNA synth~sis Weak 14 (2x7?) 5.8- 6.3 (11.0-12.4) 
+ Strong 5 13.4-14.6 NH4-Glucose 

RNA synthesis Weak 3 (2.5?) 19.0-21.2 (22-25) 
Strong 5 13.4-14.6 

Cell growth Weak 14 (2x7?) 5.8- 6.3 (11.0-12.4) 
Strong 5 13.4-14.6 

(C.Ourtcsy of Webb, Research Reports, No. 3, 1972.) 
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levels associated with the motation of water, rather than its rotation, 
around the circumference of the double stranded DNA molecule. 
The radius of the DNA molecule is not constant, and this could be 

. the reason for the observed difference in the frequencies absorbed by 
in vivo and in vitro systems, provided the absorbed microwave frequen
cies reflect energy levels associated with movement around the DNA. 
The diameter of the DNA molecule is known to alter with its degree 
of hydration and in accordance with its association with other mole
cules. Moreover, the movement of water from a ring nitrogen to a 
P = 0 and from a P = 0 group to a C-O-C group would involve 
different radii of movement. Such a phenomena could explain the 
differences in the H 2O desorption isotherms as measured by the loss 
of attenuation at various frequencies (Fig. 6-4). 

The Microwave Spectra of Normal and Tumor Cells 

The absorption spectra of various genera of bacterial cells were 
determined next and differences in them found. In the course of these 
investigations, we examined also the absorption spectra of various 
kinds of mammalian cells kindly supplied to us by Dr. R. Bather of 
our Cancer Research Unit. Cells from fresh tissue slices or tissue 
cultures were. used immediately on their receipt without fixation. 
Certain of the cell lines supplied were found to have a microwave 
spectrum different from that of the majority and subsequently we 
learned these were either baby hamster · kidney cells (BHK cells) 
which had been transformed to tumor cells by Mouse Sarcoma Virus 
(MSV), or well known tumor cell lines such as Ehrlich Ascites cells 
or tissue slices of tumors taken from diseased animals or humans. The 
differential spectrum we obtained between normal and tumor BHK 
cells is shown in Figure 6-5 and with other types of cells in Figure 
6-6. Again, at the time we reported these findings (Webb and Booth, 
1971 ), we did not realize the full significance of these results. Later, 
however, in view of our findings with E. coli Bir and other bacterial 
cells in various media, we realized that their differential spectra 
probably represented variations in the value of a rotational constant 
(B). As can be seen from Figures 6-5 and 6-6, the tumor cells 
strongly absorbed microwaves of 67, 69, 71.5, 73 and 75.5 GHz, 
suggesting a frequency series separated by approximately 2.5 GHz, 
and perhaps the motation of water around a radius of approximately 
22 to 25 A. In very recent work other researchers (Stamm et al., 1973) 
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have extended our studies and found that the differences we observed 
in attenuation of microwaves by normal and tumor cells are more 
pronounced at higher frequencies of between 76 and 86 GHz. These 
two sets of results, therefore, suggest that the radius of some motion 
differs in the two types of cell. As can be seen from Table 6-IV, the 
frequency separation in these differential spectra again appears to 
be constant and to have a value of about 2.5 GHz. 

As shown in Table 6-111, the particular absorption series we ob
served is one able to interfere with the synthesis of RNA. It seemed 
possible that since MSV is an RNA virus, the pattern of attenuation 
of the virus transformed BHK cells, and possibly that of the other 
tumor cells, could be due to the presence of extra RNA in the cells. 
The absorption spectra of RNA and DNA isolated from these tumor 
cells, however, did not show any significant difference from those 
obtained with these components isolated from normal cells. At first, 
we thought the differences observed in the spectra of normal and 
tumor cells might be due to the extra chromosomes, or quantity of 
DNA/cell, known to be present in many types of tumor cell; howev
er, we ruled this out because the differences in spectra were still 
apparent after all had been normalized to the attenuation. at one 
frequency, 67 GHz, which seemed to be the same for both normal 
and tumor cells. There seems to be three possible explanations for 
t~ese observations: first, the RNA-DNA ratio in tumor cells may be 
different from that of normal cells; second, the RNA-DNA ratio may 
be the same, but the quantities of specific kinds of macromolecular 
groups available to water may be different; third, the radius of DNA 
in vivo may be different. As far as the types of groups available to 
water are concerned, the differential microwave spectrum of tumor 
and normal cells seemed to suggest that the former cell types had 
fewer P=O groups and more C-O-C or sugar -OH groups than 
the latter. In an attempt, therefore, to illucidate which of the three 
above considerations was nearer the truth, we examined the DNA 
isolated from normal and tumor cells by infrared spectroscopy and 
looked specifically at the changes in dichroic ratio as the molecule 
was dehydrated. The results revealed that normal DNA adsorbed 
slightly more water molecules at 95 percent RH than did tumor 
DNA, while the lattet retained more water than the former at lower 
RH levels (Fig{ire 6-7). In addition, the peak in absorption by the 

. P = 0 groups of normal DNA occurred at 1220 cm- 1 and this shifted 
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F1C;u1u: 6-5. The differential microwave absorption spectra of tumor and 
normal cells grown in tissue culture. Spectra presented as ratios of the 
attenuation by tumor· cells over that by normal cells. BHK, baby hamster 
kidnev cells transformed with 'mouse sarcoma virus; N. hamster, normal 
hams~er kidney cells; ERL, Ehrlich ascites cells; MEC, mouse embryo cells. 
Numbers in parentheses are the minimal numbers of transformed cells of 
the cell lines used (inoculated per animal) required to produce a tumor. 
(Courtesy of Webb & Booth, Science 174, 1971 ). 
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FIGURE 6-6. The differential microwave absorption spectra of tumor and 
non~1al tissue slices. H~M. C_AR. LUNG, tissue slices from human lung 
carcmoma; N. LUNG, tissue shces of normal lung; M. MAM, tissue slices of 
mouse mammary ca:rcinoma; N. MOUSE, tissue slices of normal mouse 

. mammary tissue. (Courtesy of Webb & Booth, Science 174, 1971). 

to 1227 cm-• as the molecule was dehydrated down to 75 percent 
RH. From the loss of absorption at 3400 cm - 1, this shift seemed to 
result from the _'desorption of about two molecules of water from the 
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TABLE 6-IV 

VALUES OF HOMOLOGY BETWEEN TUMOR SPECIMENS 

Tumor Type 

Meningiotna 0 -70 -50 -110 -130 
Mcningioma 0 -20 -40 -280 -380 
Mcningioma 0 0 0 0 0 
N curi!emminoma 0 0 0 -160 -200 
Ostcogenic sarcoma 0 0 0 +60 0 
Melanoma 0 +50 0 -60 0 
Breast carcinoma 0 +50 0 +80 -60 
Breast carcinoma 0 +60 0 +170 -130 

76.0 78.5 81.0 83.5 

Partitions of Wavelength (GHz) 

-180 
-410 

() 
-240 

+50 
-90 
+60 

+160 

86 

(a) All tumor values were corrected for autologous control tissue values, (Courtesy of 
Stamm, Winters, Morton and Warren, by permission of authors, 1973.) · · 

P = 0 groups. At 95 percent RH the peak P = 0 absorption of tumor 

.cell DNA occurred at 1227 cm-I, while absorption at 3400 cm-I was 

less than that of normal cell DNA. This indicated that the P = 0 

groups of isolated tumor DNA were less available to water. In addi

tion, all DNA samples from normal cells showed a dichroic ratio at 

1670 cm- 1 of approximately 5:1. at 95 percent RH and 3.8:1 at 75 
percent RH. Below 75 percent RH, the ratio continued to decrease 

until at ten percent RH, a value of only 1.7:1 was observed. The 

pattern with aH three tumor DNA samples, however, was completely 

different in that the dichroic ratio at 95 percent RH averaged at 

4.6: 1. This did not change until the RH was taken below 45 percent. 

Moreover, the lowest dichroic value, recorded at ten percent RH, 
was 2.5:1. 

The observed dichroic ratio of fully hydrated tumor DNA and the 

changes that occurred in it on dehydration suggested that tumor 

DNA was not able to take on the full B form and was unable to 

change fully to the A form on the removal of two or three water 

molecules. Its conformation, therefore, seemed to be ·fixed perma

nently somewhere between the B and A forms. This information, 

along with the series of microwave frequencies absorbed by tumor 

cells and the radius of the motion of in vivo water molecules calcu

lated from it, indicated that some water removed during dehydration 

was not adsorbed directly to the tumor DNA molecule, but to an 

R.NA or some other molecule bound to the DNA. In other words, 

I() 
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the P = 0 groups present in the outer grooves of tumor DNA seemed 
to be associated with some molecule other than water. ln tumor. cells, 
therefore, the P = 0 groups of DNA, in vivo, seem unable to take part 
in the adsorption of water because they are associated with some 
other entity. Since the H

2
O desorption isotherm obtained with tumor 

DNA resembled that obtained with lithium DNA, whHe that of 
normal DNA resembled that of sodium DNA (Bradbury et al., 1961) 
the difference between the microwave absorption spectra of normal 
and tumor cells could be due to the binding between tumor DNA 
and small inorganic cations. In any event, the movement of water 
in vivo in a tumor cell seems to be restricted to radii greater than 20 
A. This could mean that metabolic events, such as the synthesis of 
proteins, are directed by a DNA-RNA complex or some complex 
between DNA and other molecules which bas a diameter of more 
than twice that of the molecules directing syntheses in normal cells. 
This could mean that the double stranded DNA in tumor cells is· 
complexed with other molecules and is a three or four stranded 
hybrid structure. 

If these considerations are somewhere near the truth, then the 
difference between normal and tumor cells could be strictly physical 
and, thus, may not be manifested by any kind of molecular differ
ence such as the presence or absence of a particular enzyme, antigen 
and so on. It may be, for instance, simply an alteration in order, 
ra_ther than a loss or gain of specific types of macromolecules. At the 
present time, obviously, we can only speculate as to the reasons for 
the differences in ability of normal and tumor cells to attenuate 
microwaves. The fact that differences exist, however, suggests impor
tant information may be obtained from investigations into the differ
ences in physical make-up of tumor and normal cells. · 

As was our custom when working with bacterial cells during our 
experiments with microwaves, we plated our tissue cultures after 
their exposure to microwaves to test for lethal dam.age. In addition, 
with the BHK tumor cells, we inoculated animals with the irradiated 
cells as an extra test for viability. On many occasions, although we 
observed little or no change in the cloning ability of the irradiated 
cells, i.e. they were still viable cells, we noticed a pronounced change 
in the ability of tumor cells to take in animals and produce tumors 
after their exposure to microwaves at 71.5 and 75.5 GHz. At the time 
of writing, these findings must be taken as merely an observation 
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J:>ecause many more experiments need to be done to establish their 
validity. Nevertheless, we felt we should mention them and present 
ones.ct of result~ in this description of our endeavors with microwaves 
(Fig'. 6-8). 

Considerations and Conclusions 

·. In our experiments described in Chapter 3, we experienced prob
lems with the growth of cells in 15NHt media. Often it was necessary 
to dilute the isotopic salt with the normal salt to achieve growth. The. 
microwave data obtained indicated that much of the absorption was 
due to a movement of water molecules; therefore, if this was true, the 
absorption spectrum of cells proliferating in D

2
O media should dis

play shifts in the frequencies attentuated and changes in the rota
tional constants. We set out recently to examine this but once again 
met with growth problems. If cells were transferred from a normal 
medium to the same one but ~ade up in 99 percent D

2
0, growth 

did not occur. Apparently, these cells could tolerate only about 20 
percent D2O in their environment. After about two generations in 
20 percent D2O media, however, the concentration of D

2
O could be 

increased without a noticeable effect on growth. Thus, in order to get 
the cells to proliferate in 99 percent D

2
O at least four training periods 

were necessary, each in successively higher concentrations of D
2
O 

(Fig. 6-9).In addition to this, cells fully adjusted to 99 percent D
2
O 

needed to be supplied with deuterated amino acids in order for their 
proliferation to exhibit the normal characteristics of growth in amino 
acid media. This effect of D 2O, in itself, suggests that the structures 
formed by water molecules and possibly their movement in vivo are 
a vital part of the metabolic integrity of the cell. Further questions 
have been posed which, because they must be studied and answered, 
will delay the final outcome of this area of our studies. At the present 
time, we are continuing our researches into the attenuation of micro
waves by various species of cells grown in different media, but it will 
be many years before we will be able to draw sound conclusions from 
them. · 

At this time, we do not suggest our present interpretation is neces
sarily correct. We realize the difficulty some of our colleagues may 
experience in trying to understand what we have observed, mainly 
because their own particular studies with microwaves usually involve 
the use of chemicals in the gaseous phase, held under extremely low 
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FIGURE 6-8. The effect of exposure to microwaves on the ability of virus 
transformed BHK tumor cells to form clones in tissue culture and produce 
tumors in experimental animals. Onoculum per animal, 107/cells; field 
density to which the cells were exposed, 85.4 m watts. · 

pressure and excited by some external means. All we ask our chemist 
and physicist colleagues to do is recognize that biologists deal with 
a system able to excite molecules by physiological processes. There
fore; in a living cell the rotation or motation of molecules must occ\lr 
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FIGURE 6-9. The effect of D2O concentration and training on the ability of 
Escherichia coli to proliferate after transfer from an aqueous medium to 
one containing D2O, a H2O + D2O medium to one containing a higher 
concentration of D2O and C, control cells transferred from an aqueous 
medium; I, D2O tol~rance after growth in twenty percent D2O; 2, D2O 
tolerance after growth in forty-five percent D2O; 3, D2O tolerance after 
growth in seventy percent D2O. 
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in some kind of orderly fashion without externally applied methods 
of excitation. We have observed what appears to be the attenuation 
of a set series of microwave frequencies by living ceHs without exter
nal excitation. Whether or not our particular analysis is correct, 
however, must await much more detailed studies. Our current as~ 
sumption that the attenuation of a series of microwave frequencies, 
able to affect metabolic processes, is due to the motation of water 
around the periphery of macromolecules with the radii listed in 
Table 6-III may not be correct. The method by which we have 
calculated these radii may be wrong, and the removal of water from 
the cell undoubtedly would prevent the in vivo movement of other 
important types of small molecules. On the other hand, if our as
sumption should prove to be near the truth, then there is much to 
be learned about the cell from the in vivo structure and movement 
of water. Moreover, if the several series of microwave frequencies 
absorbed do reflect the movement of water molecules, then more 
detailed studies of this kind could yield information about variations 
in the liquid crystaline architecture of different cells. Also, if all in 
vivo movement is uniform throughout the cell, then, depending on 
the weight of individual molecules and their rotational speeds, in vivo 
energy states associated with frequencies all the way from 100 KHz 
to 200 GHz should exist, and we hope to persue this thought in future 
experimentation. 

The use of microwaves in biological studies, at the moment, is only 
in its infancy, including studies of electron spin resonance (ESR) and 
nuclear magnetic resonance (NMR). A great deal of effort has gone 
into ESR and NMR measurements, however, measurements of the 
behavior of one particular type of atom in the cell, or in an isolated 
cell component, may not supply sufficient information to gain an 
understanding of how in vivo macromolecular complexes are formed, 
maintained and made to function at set times and set sites within the 
cell. Living biological entities are not atom-specific, they are not even 
molecule-specific; specificity rests in the formation of an intricate dy
namic macromelecular architecture called a cell. In order to under
stand what constitutes life, therefore, the living cell must be the 
foremost tool used in all experimental work. In addition, philos
ophies and theories about the nature of life processes must fit the 
known behavior of living cells rather than the activity of highly 
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purified isolated cell components. Current concepts have been based 
primarily on the latter type of observations in test tubes and, as will 
be explained in the next chapter, we feel the information gained 
from this type of endeavor has been used to build a model of cell 
physiology which is the reverse of that actually occurring inside a 
cell. Test tube experiments with isolated pieces of cells rely on ran
dom collision chemistry, as do the theories derived from them. The 
differences in the rates at which reactions occur in vivo and in vitro 

· make it clear that, in vivo, random collision plays no part. Therefore, 
all of us probably have erred in our assumption that because we have 
been able to make isolated pieces of cells fit other isolated pieces or 
perform some function, the cell fits them together in the same way. 
Such a concept, in reality, is similar to saying that because we can 
fit the pieces of a jigsaw puzzle together and end up with a picture, 
the artist originally painted the picture on odd shaped pieces of 
canvas and later assembled them to produce his picture. The cell, 
like the artist, paints whole pictures and does not manufacture little 
pieces of them and subsequently assemble them into a molecule or 
molecular complex. We will take up these considerations again in 
the following chapter. 

As far as the use of microwave absorption in biological studies is 
concerned, it appears it may be of value (a) in the development of 
new and rapid methods of identifying cells, (b) in gaining a better 
understanding of in vivo metabolic processes and their control and (c) 
if our observations regarding the loss of tumorgenicity can be sub
stantiated, in the development of new methods to control cancer and 
similar diseases. These are, of course, if and but types of statements; 
nevertheless, the use of microwaves does seem to open a large, per
haps important, new field of endeavor to biologists and biophysicists. 
We hope the inclusion of our initial data will stir the imagination 
of colleagues and, perhaps, entice some of them into similar kinds of 
experimentation. · 
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