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Abstract – The present work reports the effects of low power microwaves in the frequency range 
of 2.20-2.50 GHz with an incident power range of 0-400 mW on the growth rate of the bacterial 
species Pseudomonas aeruginosa and Staphylococcus aureus. Since culture temperatures were 
maintained constant (37°C) during irradiation, these effects can be considered as non-thermal. A 
continuous recirculating experimental structure was used for the purpose. It is very difficult to 
find a mathematical correlation between the observed effects and radiation power or frequency. 
Copyright © 2012 Praise Worthy Prize S.r.l. - All rights reserved. 
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I. Introduction 
One of the main risk factors connected with the 

assumption of foods is the microbiological one, due to 
pathogenic organisms (or to different kinds of toxins), 
which can come into contact with foods because they are 
normally present in the environment, or as a consequence 
of inadequate hygienic production and conservation 
systems; in many cases, the microbiological risk can be 
due to the voluntary addition of grafts (natural or 
graded), as different species and biotypes are an integral 
part of many fermented foods, improving edibility and 
conservability characteristics. Thus, both the need to 
have an acceptable level of food safety and the 
continuous launch of new food products on the market 
need to make technological innovation more and more 
rapid and important in terms of investment consistency. 
Furthermore, in recent years an increasingly greater part 
of food production has focused on slightly treated foods, 
similar as far as possible to fresh ones, subject to just 
mild treatment and with (possibly) no additives or 
preservative substances: thus, microbial growth has to be 
controlled and limited below harmful thresholds while 
aiming at preserving, at the same time, the nutritional 
and organoleptic properties of foods. This is the context 
in which the present work is set, part of a wider study on 
the non-thermal biological effects of food irradiation 
with low power microwaves; here the influence of 
microwaves, ranging from a frequency of 2.20 to 2.50 
GHz with power in the range between 0 and 400 mW, on 
the Pseudomonas aeruginosa and Staphylococcus aureus 
species is considered. The use of electric fields in food 
treatments has been reported ever since 1935 when 
Getchell [1] made alternating current pass through some 
milk with heat generation, thereby deactivating the 
microorganisms present. 

Nowadays, food preserving technologies based on 
strong pulsed electric fields seem to be more and more 
promising with the increase in demand for commercial 
food products similar to fresh ones [2], [3]. As regards 
food irradiation with ionizing radiations, both gamma 
(with a higher penetration depth) and X (with a lower 
penetration depth) rays are used, however these cause the 
loss of liposoluble components and essential fat acids, 
while some foods, like dairy products, are not suitable 
for treatment with ionizing radiations due to the 
development of a rancid taste [4]. Instead, UV rays 
(limited to particular applications due to their small 
penetration depth) and microwaves are used as non-
ionizing radiations. 

Microwaves are widely diffused as dielectric heating 
technology, by which materials are heated due to the 
very quick vibrational movement of dipolar molecules 
(in particular those of water, but it can also interest 
lipids, proteins and sugars) induced by alternating 
magnetic fields; if the material dimensions are small, 
heating may be quite uniform [5]. Consequently, in 
industrial applications, microwaves can be used in order 
to obtain volumetric heating: this is more rapid and 
selective, especially for materials which are bad heat 
conductors; more attention needs to be paid if the food 
structure is heterogeneous, since heating velocity can 
vary in different parts. 

In food processing, microwaves are used for 
operations like cooking, drying, pasteurization and 
sterilization. The use of microwaves implies greater 
electric energy consumption with respect to conventional 
heating techniques, but the more efficient heating 
process allows a saving of primary energy, thus an 
integration between conventional and microwave heating 
should also be promoted [4]. Having said this, the 
possible existence of non-thermal effects, besides being 
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of great importance from the scientific point of view, 
could lead to innovative food treatments not based (or 
not based alone) on thermal heating, with certain 
qualitative advantages, since the nutritional and 
organoleptic properties of treated foods could be better 
preserved, thereby leading to the possibility of obtaining 
products more similar to the corresponding fresh ones: if 
the same effects as conventional thermal pasteurization 
can be obtained by using small doses of ionizing 
radiations [6], but with fewer effects on organoleptic 
properties, these properties could be reasonably even less 
damaged by using non-ionizing radiations; furthermore, 
potential economic advantages could arise. The reference 
context of this hypothesis has been made in many 
previous findings. The first point of view to be 
considered is a strictly chemical one. In fact, among the 
methods which promote and control chemical reactions, 
the use of magnetic fields has always been the least 
considered [7]: this could be due to the small quantity of 
energy that can be supplied to the reactants even by very 
high intensity magnetic fields, which can be several 
orders of magnitude smaller than the amount necessary 
for the chemical reaction [8]. Nevertheless, not just the 
absolute value of energy should be considered, but also 
the spin angular momentum of reactants electrons and 
nucleus. In fact, all chemical reactions are spin-selective, 
meaning that they are possible only under some spin 
conditions and not possible with others: identical 
chemical reactants can have completely different 
reactivities depending on spin conditions, and reactions 
with unfavourable spin conditions cannot develop in 
spite of the favourable energy conditions [9]-[11]. The 
only interactions able to modify the reactants spin 
conditions, changing a non-reactive into a reactive status 
(and vice versa) are magnetic ones, in spite of the fact 
that they do not supply energy to the reaction [12], [13]. 
The principle can be summarized in the conservation of 
the total spin in elementary chemical reactions, both in 
intensity and in orientation; for this reason, chemical 
reactions are spin-selective, and are not possible if the 
total spin were not maintained [14]. Of course, many 
chemical reactions with high biological relevance are 
also spin-selective, in other words, they are magnetic 
sensitive; an example of these are photosynthesis 
reactions, which show effects induced by the magnetic 
component of microwaves [5]. Furthermore, biological 
effects of electromagnetic fields can be due to the 
formation of free radicals as a consequence of magnetic 
field exposure [15], such as hydroxyl radical (·OH) [16]. 
It is worth saying that many bioeffects of magnetic field 
exposure on microorganisms are currently or potentially 
valuable in biotechnology and bioenergy applications 
[17], [18]. For example, it is now generally accepted that 
weak electromagnetic fields can activate DNA to 
synthesize proteins [19]-[21] or directly interact with 
electrons in DNA, sometimes leading to breaks in DNA 
strands [19]. In principle, the magnetic field can produce 

positive or negative effects on the growth and 
metabolism of living organisms [22]. 

The interest of scientists on the non-thermal effects of 
microwaves on biological tissues is relatively quite 
recent [23]-[26], but even so many researchers have 
already verified these kinds of effects. Webb and Dodds 
[27] and Webb and Booth [28] reported that Escherichia 
coli cells, grown in a culture medium and exposed to 
microwaves, showed a slower cell division and 
anticipated the inhibition of metabolic processes with 
respect to cell lifetime; at cell biology and enzyme 
chemistry levels, many observations of microwave 
associated magnetic field effects have been carried out, 
like those of [29]-[35]. It was also found that the 
microstructural heterogeneity proper to biological 
systems (whether at cell, organ or organism level) is of 
great relevance, as it has at least two important 
consequences. 

The first one is that heterogeneity produces a non-
homogeneous electromagnetic field distribution in the 
different structural elements, so its local amplitude can 
be much higher than its medium value, even at different 
orders of magnitude; the second one is that structural 
heterogeneity of cells and organs with respect to 
dielectric and conductivity leads to strongly non-
homogeneous field absorption, so both temperature and 
local ionic currents can exceed, even by far, their 
medium values [35]. As a result of this, even if they are 
local phenomena and interest a microscopic scale not 
perceivable by standard measurement methodologies, 
they can nevertheless strongly condition cell functions; 
consequently, these effects can show at cell activity and 
membrane levels, and then at the whole organism level; 
the latter concept, in the opinion of Buchachenko and 
Frankevich [5], seems to agree with many experimental 
determinations; for example, Akoev [36] found 
biological effects induced by electromagnetic fields only 
on systems characterized by microscopic level 
heterogeneity while no effects were found on systems of 
the same chemical nature but with a homogeneous 
structure [37]. Also water molecules, which play a 
critical role in biochemical and biological reactions, can 
be affected by magnetic and electromagnetic fields [38]-
[42]. 

One of the main difficulties in distinguishing between 
thermal and non-thermal effects is to maintain a constant 
temperature during microwave irradiation; this problem 
was faced by Kozempel et al. [43], who debugged a 
discontinuous process through which they reduced the 
bacterial count of Pediococcus sp. populations in sugary 
solutions maintaining a (nominal) temperature of 35°C 
for times up to nine minutes through an efficient heat 
exchange system. Another method with the same aim 
was set up by Sato et al. [44], who observed, at 45, 47.5 
and 50°C (but not at 35) an increase in the death rate of 
Escherichia coli bacteria exposed to microwaves 
compared to the death rate at the same temperatures but 
in absence of irradiation, thereby suggesting 
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modifications in microorganism protein secondary and 
tertiary structures, induced by quick electric field 
fluctuations, as the controlling mechanism. Geveke et al. 
[45] developed an experimental continuous microwave 
process in order to isolate non-thermal effects from 
thermal ones during a hypothetical “non-thermal 
pasteurization” operation of liquids; the process is based 
on a rapid thermal energy supply to the system by 
microwaves combined with a likely rapid system of heat 
removal by external exchange; the authors found that, at 
35°C and with exposure times between 3 and 8 minutes, 
no significant reduction of yeasts or bacterial count 
happened if microwaves were not coupled with a heat 
supply or with pH conditions unfavourable to 
microorganisms. Culkin and Fung [46] found that 
Escherichia coli and Salmonella typhimurium bacteria 
were destroyed if exposed to microwaves at the 
frequency of 915 MHz, and that cell death happened at 
lower temperatures and in shorter times with respect to 
conventional heating methods; besides, they noted 
different effects depending on the field intensity; the 
obtained results led them to suppose mechanisms that 
were justified not only by normal microwave thermal 
effect. 

A patent by Hofmann [47] explains that an alternating 
magnetic field couples energy in magnetic active parts of 
biological macromolecules with oscillations; in this way, 
when a certain number of magnetic dipoles is located in 
only one molecule, the energy transmitted to it can be 
high enough for a covalent bond breaking; such 
molecules can be vital for microorganisms, such as DNA 
or proteins, thus the interested microorganisms can be 
destroyed or at least simply rendered unable to 
reproduce. 

On the basis of this patent, Mertens and Knorr [48] 
tried to evaluate the effectiveness of microwave energy 
in killing bacteria in liquid foods at low temperatures, 
and to realize a process based on this mechanism, at the 
same time bringing thermal damage to food to a 
minimum; to pursue their aim, the two researchers 
studied the effect of microwaves on the Pediococcus sp. 

microorganism in a flux totally recirculating system. As 
regards Staphylococcus aureus, non-thermal effects were 
found by [49] and by [50]. It should be highlighted that 
S. aureus is a particularly strong microbial species since 
it has good heat resistance [51], it is not very sensitive to 
magnetic fields [15] and is able to grow even with very 
low water activity values and in environments with high 
(up to 7.5%) NaCl concentrations [52]. 

II. Materials and Methods 
In the authors’ opinion, in order to discriminate 

between thermal and non-thermal biological effects, the 
problem of the possible temperature rise in the medium 
and/or the cells becomes of primary importance. About 
the bacteria cells, a local temperature rise cannot be 
excluded, as it is not perceivable by standard 
measurement instruments, but this fact is limited if the 
applied electromagnetic field is weak and the medium 
temperature is lower than that of the microorganism 
cells, as the heat exchange from the cells to the culture 
medium is made easier. 

Having said this, first of all, only the use of low 
enough power, combined with an efficient temperature 
control system, can really allow the best conditions for 
discrimination between the supposed non-thermal effects 
and thermal ones, which are, on the contrary, well 
known. Consequently, the following apparatus was 
developed. 

II.1. Experimental Apparatus and Conditions 

The designed experimental structure allows the 
continuous circulating of bacterial suspensions under 
different irradiation conditions. 

The focus is a biological reactor positioned in the 
internal side of a steel plate closing a waveguide: this is 
the contact point between biological matter and the 
electromagnetic field in the desired experimental and 
safety conditions.

 

 
 
 
 

Fig. 1. Sketch of the experimental apparatus (1: container with the suspension to be irradiated; 
2: peristaltic pump; 3: reactor; 4: waveguide; 5: spectrophotometric analysis system) 
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The bacterial suspension is contained in a Pyrex bottle 
that has previously been filled with the culture medium, 
hermetically sealed and sterilized, and then inoculated 
with microorganisms; the bottle cap has four passages 
with the following functions: 
- insufflating of external air (previously filtered by a 

ceramic filter of 22 µm); 
- input of the bacterial suspension from the irradiated 

reactor; 
- output of the bacterial suspension to the reactor; 

output of the excess air. 
The suspension contained in the bottle can be 

maintained at the fixed constant temperature by a water 
thermostation, then it is sucked and circulated by a 
peristaltic pump with a flow rate of 40 ml min-1; the 
circuit was made of silicone tubes, since it is flexible and 
transparent to microwave material [53]. The 
experimental temperature was fixed at 37°C as it is a 
value near to the optimal one for most pathogenic 
examined, Pseudomonas aeruginosa and Staphylococcus 
aureus. This choice has another important (from an 
experimental procedure point of view) consequence: 
possible differences between microbial growth rates in 
the presence and absence of microwaves are enhanced 
with temperature in these conditions, though this is not 
itself a growth limiting factor; at the same time, the 
influence of possible experimental errors due to 
temperature control by the thermostatation is limited, as 
the sensitivity of the growth rate with respect to 
temperature in the optimal growth temperature zone is 
minimum. Furthermore, another important element 
should be considered: 37°C is the medium value of 
human body temperature, so it is the maximum 
temperature to which food is exposed in the passage 
from the mouth to the digestive system; as a 
consequence, carrying out food treatment at 37°C 
produces nutritional losses at least equal to those 
produced by its consumption. The fixed temperature is 
the same as that of the previous work by Carta and 
Desogus [54]. Information about microbial concentration 
was obtained at fixed times by measurements of optical 
density. 

II.2. Biological Materials 

The following culture mediums were used: 
- “Mueller Hinton Broth” (Microbiol®) at a 

concentration of 22 g/l for Pseudomonas aeruginosa; 
- “Brain Hearth Infusion Broth” (Microbiol®) at a 

concentration of 37 g/l for Staphylococcus aureus. 
Bacterial suspensions for inoculation were prepared 

in the following ways: 
- for Pseudomonas aeruginosa from a local strain, with 

bacteria previously made by adapting in MH at 37°C 
for 24-48 h; 

- for Staphylococcus aureus from an ATCC 25923 
strain, with bacteria previously made by adapting in 
BH at 37°C for 24-48 h. 

II.3. Microwave Apparatus 

The low power microwave generating apparatus, 
already presented by the same authors [54], is composed 
of the following electronic components: 
- Micro Lambda Wireless MLOM-0204 miniature 

permanent magnet YIG-Tuned (Yttrium Iron Garnet) 
oscillator; 

- DC Block (SuhnerVR 1100.01.A); 
- 6-dB fixed attenuator (JFW Industries 4AH-06); 
- rotary attenuator (JFW Industries 50R-248); 
- power amplifier (Herotek P/N AP271135); 
- insulator (RF & NC CI-200-172); 
- waveguide adapter (MEC P/N LA 40-30-CH WR430); 
- waveguide type WR430 (MEC P/N LA 160-30N). 
- Connections were made using RG316 cables with 

SMA type connectors; the incident power 
measurements were made using a power meter 
(Hewlett PackardVR 436A) with a power sensor 
(Hewlett PackardVR 8481A). 

II.4. Experimental Data Analysis 

To describe the kinetic behaviour of the examined 
microorganisms populations the equation of Monod [55] 
was chosen: 

 C S
M

M S

k C C
R

K C
⋅ ⋅

=
+

 (1) 

 
where RM is the growth rate as a function of 
microorganism concentration (CC) and of substrate 
concentration (CS) for a determined temperature (which 
significantly affects the growth rate constant), pH, 
aeration and carbon and other nutrient source conditions; 
k and KM are respectively the growth rate constant and 
the so called “Monod constant”. If S MC K>> , the 
growth rate is maximum (unlimited growth), so the 
following linear relationship can be considered: 
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It can be linearized as: 
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where t represents time and CC,0 is the concentration at t0, 
that is the time at which the exponential growth phase 
begins. The beginning of the exponential growth phase 
was empirically identified for each experimental run, as 
it depends on the length of the lag time which is 
difficultly determined beforehand; some researchers, like 
Baranyi [56]-[57], tried to foresee its length by stochastic 
models, but it is beyond the purposes of the present 
work. The growth rate constant, for each experimental 
run, can be obtained as the slope of the data regression 
line. To calculate the growth rate constants for the 
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examined bacterial species, experimental optical density 
data were obtained at a wavelength of 600 nm and with a 
5 minute interval. Experimental runs were performed at 
frequencies of 2.20, 2.30, 2.40 and 2.50 GHz and at 
incident powers of 100, 200, 300 and 400 mW, as well 
as in the absence of irradiation. 

III. Results 
For each power level, a number of runs sufficient to 

provide 21 giving growth rate constants close enough to 
each other were performed; about 85-90% of runs gave 
an acceptable result, that is, a growth rate constant with a 
maximum deviation of 5% from the medium value and 
obtained with a regression coefficient (linear regression 
made by equation 3) not lower than 0.999; a maximum 
deviation of 5% was assumed taking into account the 
high inaccuracy (not improvable) levels of many 
variables (radiation power and frequency, specific 
adsorption rate, reacting mixture flow rate into the 
circuit, mixture volume, nutrient concentration, initial 
physiological state of cells, etc.) and the possibility of 
occurrence of external origin contamination.  

Furthermore, the acceptability of results from optical 
density measurements was checked by performing some 
withdrawals and following the bacterial counts on plates: 
as well as revealing the real consistency of bacterial 
populations, it also made it possible to show (or exclude) 
the occurrence of external contamination. 

Fig. 1 and 2 report the medium values of the growth 
rate constants for Pseudomonas aeruginosa and 
Staphylococcus aureus species in the different 
experimental conditions. As can be deduced from the 
data in Fig. 1 and 2, precise evidence of non-thermal 
microwave effects on the examined bacterial species can 
be found with difficulty, in particular for Pseudomonas 
aeruginosa, since variation of growth rate constants with 
respect to the correspondent value in the absence of 
irradiation are relatively small. 
- 
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Fig. 2. Growth rate constants for Pseudomonas aeruginosa for different 
values of incident power (P) and frequency (F); error of ±5% 
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Fig. 3. Growth rate constants for Staphylococcus aureus for different 
values of incident power (P) and frequency (F); error of ±5% 

 
Nevertheless, the presence of some non-thermal 

effects can likewise probably not be refused, in particular 
for Staphylococcus aureus, since variations are greater 
and all negative with respect to the reference value 
obtained in the absence of radiation. In both cases a 
relationship between microwave power and frequency 
and the size of their effects on the examined bacterial 
species cannot be identified. 

However, the latter statement does not express a 
dissatisfied necessity, as different literature evidence 
reports similar results (absence of correlation between 
experimental conditions and measured effects) and 
“window effects”: a very interesting fact is that a good 
part of the experimental results suggests that the degree 
of non-thermal effects is almost independent of the 
absorbed power, and this is also demonstrated by the 
presence of “window effects”, like those identified by 
[58] concerning cell growth rate and by [59]-[63] 
regarding Ca2+ ion efflux; in other words, from a 
theoretical point of view, some effects may be 
demonstrated in particular experimental conditions but 
may not show in different, even if only slightly different, 
experimental conditions. With regard to the presented 
results, it could be considered a “window effect” the 
behaviour of Pseudomonas aeruginosa species at 400 
mW of power (apparent greater sensibility to frequency 
with respect to other power values) and the response of 
Staphylococcus aureus species to 300 mW of power and 
2.40 GHz of frequency (the growth rate constant is much 
lower than those obtained for other frequencies and than 
the reference value obtained in the absence of radiation). 

IV. Conclusion 
From the obtained experimental results, possible 

microwave non-thermal effects on the growth rate of 
Pseudomonas aeruginosa and Staphylococcus aureus 
bacterial species, in the frequency range of 2.20-2.50 
Ghz and incident power of 100-400 mW should be 
highlighted; however, the size of these effects cannot be 
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directly related to microwave frequency or power; one 
possible explanation could be the showing of “window 
effects”. As an obvious consequence of what has been 
discussed previously, the study needs to be continued 
and extended: radiation frequency and power ranges will 
be extended by modifying the microwave generating 
apparatus and other bacterial species will be studied; 
furthermore, the use of different culture mediums could 
be of interest, especially those more similar in their 
characteristics to foods subject to possible 
contamination, or even real liquid foods themselves. 
Obviously, no information regarding biological 
mechanisms induced or influenced by microwaves can 
be obtained from macroscopic kinetic information alone, 
and these mechanisms should also receive further 
investigation in order to better explain (if possible) 
kinetic behaviour. 
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