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Abstract: Microwaves are a highly utilized electromagnetic wave, used across a range of industries 8 

including food processing, communications, in the development of novel medical treatments and 9 
biosensor diagnostics. Microwaves have known thermal interactions and theorized non-thermal 10 
interactions with living matter; however, there is significant debate as to the mechanisms of action 11 
behind these interactions and the potential benefits and limitations of their use. This review 12 
summarizes the current knowledge surrounding the implementation of microwave technologies 13 
within the medical industry. 14 
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 16 

1. Introduction 17 

Microwaves are a section of the electromagnetic (EM) spectrum (Figure 1; [1]): this spectrum ranges 18 
from radio waves to gamma rays. The EM spectrum can be expressed as frequency, which is 19 
measured in Hertz, wavelength and energy. Shorter waves with a higher value of energy such as 20 
ultraviolet are classed as ionizing as they generate sufficient energy to produce ions at a molecular 21 
level, causing damage to DNA and proteins. Whilst longer waves such as visible light are classified 22 
as non-ionizing, these can still cause thermal damage, however, this damage is not caused through 23 
ions. Microwaves are a type of electromagnetic radiation with free-space wavelengths ranging from 24 
1 meter to 1 millimeter, with the frequency ranging between 300 MHz and 300 GHz, respectively [2]. 25 
The most common microwave frequency used is centered at approximately 2.45 GHz, which lies 26 
within the Industrial Scientific and Medical (ISM) radio band and is reserved for such purposes [3]. 27 
In recent years, microwave energy has been successfully exploited within medicine to treat diseases 28 
such as cancer and microbial infections via ablation therapy. However, there is now increased interest 29 
in using a range of microwave frequencies other than 2.45GHz in treatment of diseases; however, 30 
there is still limited understanding of the mechanisms of action of microwaves which induce 31 
biological changes in organisms. In this review, we focus primarily on microwave interactions at a 32 
cellular level with bacteria as model organisms. Herein we examine current literature regarding the 33 
functionality, current and prospective uses of microwave energy across a range of frequencies to 34 
demonstrate state of the art microwave advances in the medical industry (Figure 2) [4,5].  35 

2. Electromagnetic Fields  36 

An electromagnetic field consists of both a magnetic and an electric field produced by positively or 37 
negatively charged particles (Figure 3;[2]). An electric field is generated when particles gain a charge, 38 
either positive or negative via the transfer of electrons. If the electrically charged particles start to 39 
move, they produce an electric current; this current produces a magnetic field around the electric 40 
current. The electric field does not have to be moving in order to produce a magnetic field, if the 41 
charge of the electric field is fluctuating then a fluctuating magnetic field will be induced. Due to their 42 
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coupled nature, if the correct balance is achieved, the fields can sustain each other and once sustained, 43 
an electromagnetic field emits directional electromagnetic waves as the fields fluctuate [6].  44 

Both magnetic and electric fields are bound by laws of attraction which state that opposite charges 45 
always attract while ‘like’ charges repel. The strength of the attraction or repulsion is negatively 46 
proportional to the distance of the charges. One of the best examples of these laws is the chemical 47 
bonding between atoms via charged electrons and protons, these interactions can be described 48 
mathematically with Coulomb’s law [7]. Magnetic fields are produced by the presence of two charges 49 
that create field lines, where these lines intersect is described as poles, an example of this is the Earth’s 50 
North and South pole, such magnetic charges can only exist as dipoles, not monopoles. Mathematical 51 
equations such as Maxwell’s equations prove the model for electromagnetism, furthermore these 52 
equations describe how fluctuating electric and magnetic fields (Figure 3) travel at a constant speed 53 
[8]. Electromagnetic fields can act as waves and particles simultaneously; the waves travel outwards 54 
from their source and can move through a medium or through a vacuum. In a vacuum, the wave 55 
travels at the speed of light, similarly the air in our atmosphere is thin enough not to affect the 56 
propagation of the wave, however when travelling through media the refractory index of the media 57 
will affect the waves movement. For media such as water there are other factors that alter the 58 
propagation; the high permittivity and electrical conductivity of water greatly increases the angle of 59 
refraction [9, 10]. Another factor to consider is the microwaves ability to interact with polar molecules; 60 
water molecules are polar and so as the microwave passes through the water as a medium it also 61 
interacts with it. Polar molecules rotate when exposed to microwaves as they attempt to align with 62 
the waves’ fluctuating charges; the rotation produces heat and is the basis of microwave heating [11].  63 

3. Thermal Interactions with Bacteria 64 

Microwaves are commonly used to heat food whilst reduce the microorganisms found within. 65 
Microwave heating reduces the number of microorganisms within food via direct thermal killing of 66 
cellular targets that render the bacteria either dead or inactive and therefore unable to replicate [12]. 67 
The microwave heating process relies on the interaction between polar molecules and the 68 
microwaves; in a 2.45GHz microwave oven, the microwaves’ frequency is strong enough to cause 69 
water molecules in food to rotate at a speed which generates heat to cook food safely (Figure 4) [13].  70 

Bacterial walls, capsules and the media in which the bacteria are cultured within contain polar 71 
molecules that will rotate and produce heat when exposed to microwaves [14, 15]. Direct thermal 72 
killing results in the death of the bacterial cell by an increase in temperature which in turn severely 73 
damage the peptidoglycan wall. In Staphylococcus aureus the cell loses D-alanine from the teichoic 74 
acids, this results in the cell’s inability to perform certain metabolic processes. Proteins are directly 75 
damaged by heating as the bonds holding them together are destroyed, this can damage enzymes 76 
and structural proteins that result in a loss of functionality [16, 17, 18]. Heat can also affect the 77 
integrity of many cellular aspects causing the cell to become inactive, in Gram negative bacteria the 78 
outer membrane is damaged by heat and becomes sensitive to lysozyme and hydrophobic antibiotics 79 
[19]. Due to the dependency microwave heating has with polar molecules, dried samples are not 80 
affected due to the lack of polar molecules, while those in the presence of water are able to reach 81 
lethal temperatures [20]. There is debate that the non-thermal effects could contribute to the 82 
mechanism of destruction, as at sub lethal temperatures enzyme activity is altered in S. aureus and in 83 
turn, could result in a change in bacterial functionality [21].  84 

4. Non-thermal Interactions with Bacteria 85 

Electroporation is one of the non-thermal effects believed to be caused by microwave irradiation. In 86 
this concept the microwaves at sub-lethal temperatures induce the formation of pores in a cellular 87 
membrane due to their interaction with polar molecules. Although this is yet to be fully understood, 88 
current theories suggest that the polar molecules in the cell membrane rotate and create reversible 89 
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pores; once the microwave is removed the pores close and returns to the original structure [22, 23, 24, 90 
25]. These pores allow the cellular contents to leak outside, including substances such as DNA that 91 
are not normally able to cross the cell membrane. These released components from the cell are fully 92 
intact at sub lethal temperatures and once purified can be used for further research and pure DNA 93 
separated from other cellular content can be used for identification [26]. Cells have shown to initially 94 
shrink after non-lethal microwave exposure, however, once the pores close, within 30 seconds the 95 
cell has been observed to return to its original size [21, 26]. Utilising electroporation in the 96 
development of medical treatments and diagnostics is desirable due to its speed and low cost. Many 97 
researchers have found that electroporation is a viable tool for identification, DNA extraction and as 98 
a delivery system for molecules into cells, some of these developments and methods are discussed 99 
below. 100 

5. Healthcare Developments  101 

Microwaves have a wide variety of uses within and outside of healthcare. In the 1950’s microwaves 102 
were developed for communication and later for navigation with the use of relay links and satellites 103 
utilizing their properties as electromagnetic waves [27,28]. However it is the interactions with polar 104 
molecules in substances that has led to the development of many uses within the healthcare setting. 105 
The thermal interactions have been adapted for sterilization, sample preparation and ablation of 106 
cancerous cells, the rapid heating and thermal killing induced by the microwaves interactions with 107 
polar molecules makes this viable and effective. While the non-thermal interactions with polar 108 
molecules are being exploited for microwave imaging and extraction of intracellular components for 109 
rapid diagnostics, the permittivity of the wave and mechanism of electroporation make these uses 110 
practical although not yet perfected [29, 30].  111 

Sterilisation via microwave exposure has been developed through microwave heating and a series of 112 
treatments. Microwaves between 225MHz to 100GHz are primarily suited for sterilisation: the 113 
primary microwave used for heat sterilization of food in this range is 2.45GHz [31]. 2.45GHz 114 
microwaves have also proven to be able to sterilise glass and plastics in as little as 180 seconds, this 115 
too requires the presence of water within the microwave to act as a heat sink and interact with the 116 
electromagnetic waves. This method of sterilisation can be used on both laboratory and medical 117 
equipment in place of an autoclave [32, 33].  118 

Another use that makes use of thermal interactions is Microwave Metal Sample preparation through 119 
microwave digestion. Microwave digestion is a technique to dissolve heavy metal in the presence of 120 
organic matter. This process exposes samples to strong acids and then raises the temperature using 121 
focused microwaves. This method can be used for environmental samples to measure for 122 
contaminants that could affect human health, such as lead. In order for samples of soil to be analysed 123 
they must be transformed into liquid samples through microwave digestion. The samples can then 124 
be analysed via Inductively coupled plasma mass spectrometry (ICP-MS) for trace metals or flame 125 
atomic absorption spectroscopy (FAAS) for major elements [34]. Microwave digestion and the 126 
subsequent spectrophotometry can be used to analyze trace metals in human tissue such as hair, nails 127 
and gallstones. Gallstones have trace amounts of metal that are associated with bilirubinate and black 128 
pigmented gallstones, thus by determining the amounts and variety of metals within gallstones their 129 
origin of these metals may be determined [35,36].  130 

Ablation therapy is a state of the art treatment and destructive tool for abnormal tissues via heating 131 
by radiowaves or microwaves [37]. Microwave ablation is a method of thermal tumour ablation 132 
where tumours are heated in order to damage the cells structure and proteins. As tumours have a 133 
higher water content than healthy tissues, the microwaves induce rapid heating via interacting with 134 
the polar water molecules within the tumour cells. Due to the microwaves ability to propagate 135 
through media, it can pass through and heat various tissues making it an applicable thermal ablation 136 
therapy for a variety of tissues [4, 5, 38, 39]. Microwave ablation therapy for hepatocellular carcinoma 137 
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is being viewed as a potential first line treatment for tumours on the liver surface, in which the 138 
tumour is exposed to a 2.45 GHz microwave with a wattage of 80-100 (Figure 5) [5, 40]. Microwave 139 
ablation therapy has not only been successful within the liver, clinical studies have also shown 140 
complete ablation of tumours within the kidneys, lungs and bone, the majority of studies have 141 
resulted in no recurrent tumours [41]. Despite the success of microwave ablation the use of this 142 
treatment is not as widely practiced as expected, this is partly due to the expertise and equipment 143 
needed to perform the therapy, alongside competing ablation therapies, such as radiofrequency 144 
ablation therapy [42, 43, 44]. Radiofrequency ablation yields similar successful tumour ablation 145 
results, however there are advantages to microwave ablation, microwaves produce higher 146 
temperatures with shorter ablation times and a smaller heat sink effect [45, 46]. Ablation therapy is a 147 
key development in the treatment of tumours, allowing the destruction of them without the need for 148 
surgery, the increased usage of both ablation techniques could reduce the cost and time needed to 149 
treat small tumours [47, 48]. 150 

Microwaves can play a role in both the detection and treatment of breast cancer. Microwave imaging 151 
has been researched as an alternative to X-rays and ultrasound screening which have a variety of 152 
limitation [5, 49]. Microwave imaging is an appropriate alternative as it is low cost, harmless and 153 
potentially easier to preform compared to current methods with high sensitivity. Imaging techniques 154 
rely on the knowledge of the permittivity and conductivity of malignant, benign and healthy breast 155 
tissue. Due to the higher water content in cancer cells the dielectric properties of the tissue differs 156 
when exposed to microwaves [50]. Despite the nearly 40 years of research into microwave breast 157 
imaging there are still many limitations that prevent a commercially available device which includes 158 
inappropriate algorithms and sensors; however, with wider clinical trials a viable microwave 159 
imaging system may be feasible in the near future [39, 40]. Microwave ablation has also been trialed 160 
for the treatment of breast cancer and so far has proved to be successful in thermal ablation [51,52]. 161 

Other than ablation and rapid heating, treatments for damaged and keratinized cells have been 162 
researched and developed with controlled heating. The Swift® microwave is an approved state of 163 
the art treatment for plantar warts caused by the human papilloma virus (HPV). Directly exposing 164 
the wart to 8GHz microwaves at 8 Watts for 2 seconds causes the wave to interact with the keratinized 165 
skin and result in controlled heating of the tissue. There is also the suggestion that microwaves 166 
enhance the cross-presentation of dendritic cells that are key for the immune defense against HPV 167 
[53, 54]. A similar method has been developed for the potential treatment of actinic keratosis (AK). 168 
The Swift 8GHz® microwave is used to expose the ulceration to 4W for hyperkeratotic AK or 3 Watts 169 
for nonhyperkeratonic AK for 3 seconds repeated in triplicate with a 20-second time gap between 170 
pulses. This treatment has resulted in the clearance of actinic keratosis with brief pain and minimal 171 
long term adverse side effects in 90% of applied sites [55]. Following this the use of microwaves to 172 
treat benign cancerous and precancerous lesions caused by high-risk HPV has been investigated. 173 
High-risk HPV results in an increased expression of 2 viral oncoproteins; E6 and E7. When in vitro 174 
grown tumors were exposed to microwaves for 10 seconds both tumor cell death and a reduction in 175 
E6 and E7 in the treated zone and transition zone were observed. This reduction suggests that 176 
microwave interactions can reverse the cancerous phenotype caused by HPV; and that once an 177 
effective and proven method is developed it could provide a less invasive treatment for HPV benign 178 
tumors [56, 57]. 179 

State of the art microwave-based molecular diagnostics that incorporate the non-thermal effects of 180 
microwaves are currently under development in order to tackle the delays and complexities of 181 
current methods; these include microwave assisted metal enhanced fluorescence and nanotube 182 
assisted microwave electroporation. Microwave assisted metal enhanced fluorescence (MAMEF) is a 183 
rapid diagnostic method being developed to detect bacterial infections at point of care. MAMEF 184 
combines the use of silver nanoparticles deposited on microscope slides which are impregnated with 185 
anchored DNA sequences specific to the target sequence- such as a bacterial species [58, 59]. Low 186 
power microwave heating kinetically accelerates the hybridisation of the target DNA and a 187 
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fluorescent DNA target (usually a conserved region of bacterial genomic DNA) is excited and 188 
detected by the process. This method is currently crude and not yet manufactured for wider 189 
laboratory use [60]. If commercialized appropriately and manufactured into an integrated device, 190 
MAMEF would be a useful point of care diagnostic due to its speed, specificity, low cost and 191 
simplicity [61].  192 

Lyse-It is advertised as a rapid “single step” process that lyses cells and causes DNA/RNA 193 
fragmentation. It uses a glass slide with gold nanolayers deposited in a “bow-Tie” shape. Using a 194 
sticky silicone isolator (Sigma Aldrich), the sample is placed on the slide in the centre of the gold bow 195 
and microwaved in the centre of a conventional 2.45 GHz microwave oven for lysis. The theory is 196 
that the gold focuses the microwaves to release the fragmented DNA [62]. This method of lysing 197 
DNA is much quicker than the current diagnostic DNA extraction methods and could be 198 
incorporated into point of care diagnostics. However, crucially there are currently no benefits in 199 
sensitivity as the samples are contaminated by the microwaved gold, and currently due to the cost of 200 
the Lyse It Slides this method is not yet suitable to be used as a common DNA extraction method 201 
within diagnostic laboratories [63, 64].  202 

MAMEF and Lyse-It are not the only devices exploiting the proposed non-thermal effects of 203 
microwaves as a method of DNA extraction for molecular diagnostics. Methods using micro 204 
centrifuge tubes as an alternative to the expensive Lyse It slides are being researched, however these 205 
processes are still somewhat time consuming due to the required centrifuge and wash procedures 206 
[65]. Development of other rapid diagnostic devices that utilize microwave-based DNA extraction 207 
and fragmentation as a first step to sample processing are in the early stages of development [66].  208 

Microwaves are also being used in DNA extraction outside of a healthcare setting, in environmental 209 
samples such as sediment and soil; these ecosystems are hard to culture due to the diversity of 210 
organisms and growth conditions, therefore genetic typing is the primary form of identification. 211 
There are limitations with current enzymatic lysis methods as the high molecular weight genomic 212 
DNA required for further research needs to be relatively pure, whereas the DNA from environmental 213 
samples have a variety of contaminants. Through implementing a microwave based thermal shock 214 
lysis method in which environmental samples are exposed to 2.45GHz, 600-700W microwaves for 45 215 
seconds, a relatively large amount of good quality DNA (20-23kb) can be extracted; in a sample size 216 
of 300 μl of activated sludge, up to 50 μg of DNA was extracted via microwave thermal shock 217 
compared to the 30 μg extracted via enzyme based protocols. After the lysis of the environmental 218 
samples, appropriate washing and amplification can be performed for identification of the 16S 219 
ribosomal gene. The same thermal shock method can be used to extract RNA, followed by an 220 
alternative suitable washing and amplification step can be used for further identification of the 16S 221 
rRNA gene. This method of lysis is not only cost effective and quicker at identifying environmental 222 
samples but could be developed and implemented to detect infectious microorganisms within stool 223 
samples in patients in a healthcare setting once these methods have been proven to be robust [67, 68]. 224 

Diagnostic and identification methods that do not rely on the extraction of intracellular components 225 
have also been researched. Nanotube assisted microwave electroporation (NAME) is a method that 226 
utilises electroporation, NAME however aims for visual identification rather than DNA extraction 227 
[69]. This technique can be applied to not only extract the contents of a bacterial cell, but to act as a 228 
transport system to deliver molecules such as biosensors into the cells (Figure 6). In this method, 229 
carbon nanotubes are used as an antenna for coupling microwave energy; this localizes the 230 
electromagnetic field that induces bacterial electroporation in the cellular wall to the areas around 231 
the nanotube. This enhanced electroporation to specific areas (caused by the nanotubes) allows for 232 
the delivery of intracellular probes that consist of double stranded nucleic acid targeting specific 233 
bacterial 16S rRNA and fluorophores, enabling the identification of Escherichia coli, Klebsiella 234 
pneumoniae and Pseudomonas aeruginosa for example at the single-cell level. An individualized probe 235 
was designed for each bacterial species. Bacterial samples of E. coli, K. pneumoniae and P. aeruginosa, 236 
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after appropriate washing steps and the addition of the nanotube solution, were exposed to a 237 
2.45GHz microwave for 10 seconds, enabling electroporation and probe delivery. Once the probe was 238 
delivered into the bacterial cell via NAME the samples were mounted onto glass slides for 239 
observation under a fluorescent microscope; cells that were fluorescent were accurately identified. 240 
This delivery and identification method can be used directly on samples, and the whole process from 241 
the initial sample to microscopic identification can take as little as 30 minutes. NAME can identify 242 
pathogens such as those mentioned previously at a single cell level enabling accurate quantification 243 
via cell counts of fluorescent cells under the microscope, however further instrument development is 244 
required before this method can be clinically evaluated [70, 71].  245 

When comparing the state of the art microwave based DNA extraction methods with current 246 
commercially available DNA extraction kits, the overall opinion is that microwave methods are more 247 
efficient, cost effective and simpler, so could be implemented without the need for specialised 248 
training [62, 72]. The quantity and quality of DNA extracted by both techniques appear to be similar 249 
for cultured samples, while microwave techniques on specific samples such as blood can have 250 
varying results. If techniques and instruments are appropriately developed, microwaves have 251 
significant potential to enhance rapidity and development of point of care diagnostic devices, for 252 
example to tackle global healthcare challenges such as antimicrobial resistance [73]. The future 253 
perspectives of microwave use throughout the medical industry are increasingly positive. Microwave 254 
ablation has been approved as an effective treatment for a range of cancers with promising results to 255 
be implemented for use . If development of methods and equipment continue then this could be a 256 
cost effective, minimally invasive method of treating a variety of sized and shaped tumours [39, 74]. 257 
Although positive the development of such techniques are not without challenges, controlling the 258 
direction and reflection of the wave is important in all treatments in order to not damage healthy 259 
tissue as well as the size of the delivery antennas [75]. Utilising microwaves for diagnosing breast 260 
cancer is in need of further research to refine the understanding of the dielectric properties of 261 
cancerous tissues and the required equipment. If these developments are made microwave imaging 262 
could be pain free, harmless and quicker than current screening methods such as mammography and 263 
X-ray [76].  264 

6. Wider Impacts of Microwave Use 265 

The impact of microwaves is widespread across medicine and has clear economic benefits; for 266 
example, the cost of cancer treatments could be reduced by thousands of dollars per person [77]. 267 
Another example is microwave sterilisation which, when compared to chemical sterilisation for 268 
medical equipment, has a variety of economic and environmental impacts. The production of 269 
microwaves responsible for sterilisation is expensive, but is a one-time cost other than routine 270 
equipment maintenance and the running cost of electricity needed for microwave sterilisation is also 271 
not small, however, environmental impact is limited in correlation to the production and power 272 
supply of the microwaves. Chemicals for sterilisation are cheaper to purchase in small quantities, 273 
however, this is no more expensive than microwave use on a larger scale. Moreover, the 274 
environmental impacts are high throughout the manufacturing process, use and disposal of the 275 
chemicals [78, 79].  276 

The same economic and environmental effects of microwave use can be applied throughout all 277 
microwave developments. The cost of producing the microwave is high due to the resources, 278 
equipment and power required and therefore the environmental impact is high due to these resources 279 
being often non-renewable.  280 

The disposal of microwaves is one of the greatest sources of environmental impacts in the process if 281 
disposed of incorrectly, however, due to the Waste Electrical and Electronic Equipment recycling 282 
(WEEE) directives a wide array of microwaves are recycled safely [80]. The environmental and 283 
economic impacts created from microwaves and point of care technology is always changing and 284 
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generally reducing due to advances in consumer electric drives; as new technology is developed the 285 
parties involved will be actively attempting to reduce their environmental footprint and act 286 
sustainably [81].Table 1: Summary of Microwave Applications in Medicine 287 

 288 

 289 

7. Conclusion 290 

Microwaves are a versatile electromagnetic wave with a variety of uses within and beyond medicine. 291 
Currently 2.45 GHz microwaves are primarily used for heating and sterilisation within the food 292 
industry and the thermal methods of this process are relatively well known. These microwaves have 293 
also been adapted for medical treatments, microwave ablation therapy is available for a variety of 294 
cancers and reduces both the cost and length of treatment. The 8GHz microwave frequency has 295 
recently been utilised for the treatment of viruses and reduces the need for antimicrobial drugs. There 296 
are many areas in which microwaves are in development within medicine both in diagnostics and 297 
treatments, however despite all these advancements in the uses of microwaves, the knowledge 298 
behind the mechanisms as well as the impact microwaves have are limited. There is no clear 299 
mechanism behind the non-lethal interactions between microwaves and bacteria due to the limited 300 
control over the temperature and direction of microwaves there are still many risks involved with 301 
current treatments, as microwaves interact with all polar molecules. The mechanism is not the only 302 
knowledge gap that needs to be filled, limited studies regarding the environmental and economic 303 
impacts of microwave use hinder the appropriate development of microwave technology. Despite 304 
these limitations, the diverse applicability to human healthcare will improve the equality and 305 
longevity of life for many, with a reduced burden on economy.  306 

Microwave Energy 

Application 

Method Example(s) Ref. 

Sterilisation Thermal Energy.  

225MHz to 100GHz; 2.45GHz  

Food, Glass, 

Plastics 

[31-33] 

Heavy Metal Digestion Thermal Energy 

2.45GHz 

Metals, 

Gallstones 

[34-36] 

Ablation Therapy Thermal Energy 

8GHz, ~2.45GHz 

Oncogenic 

Tumors,  

Keratinised cell, 

Plantar Warts 

(HPV) 

 

[38-40] 

[42-44] 

[53-57] 

Diagnostics Non Thermal Energy 

Microwave Accelerated Metal 

Enhanced Fluorescence 

(MAMEF) 2.45 GHz 

Bacterial 

pathogens  

 

[58-62] 

 

Lysis Thermal Energy 

2.45GHz 

Bacterial 

Pathogens 

[63,64] 

Electroporation Non Thermal Energy 

2.45GHz 

Bacteria at single 

cell level 

[69] 
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 308 

8. Figures  309 

 310 

Figure 1. Electromagnetic spectrum. A depiction of the range of frequencies and wavelengths in the 311 
electromagnetic spectrum and the sub ranges, as the wavelength increases the energy of the wave 312 
decreases [1]. 313 

 314 

 315 
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Figure 2: Summary of Topics Covered within Microwave Energy in Medicine. Diagram depicts key 316 
themes described in this review. 317 

  318 

Figure 3: Electromagnetic wave diagram. Showing the direction of the wave, the direction and 319 

oscillation of the electric field and the direction and oscillation of the magnetic field. Each runs 320 

perpendicular to another; direction travelling along the X axis, electric along the Y axis and magnetic 321 

along the Z axis [1].   322 

 323 

 324 

Figure 4: Water molecules rotation to align with an oscillating electric field. The electric field in a 325 
microwave oscillates between positive and negative polarity, the water molecules negative oxygen 326 
and positive hydrogen particles rotate to abide by the laws of attraction. This rotation generates 327 
thermal energy. 328 

 329 
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Figure 5: Microwave ablation schematic. The microwave antenna is made up of a applicator shaft that 330 
has temperature monitoring in order to combat shaft heating. Shaft heating occurs due to reflection 331 
of the microwave and a cooling system is installed along the shaft to prevent burning. The antenna is 332 
most often needle shaped but can have a variety of designs including monopole, dipole and slotted 333 
antennas. The antenna design determines the tissue heating pattern and therefore impacts the ablation 334 
zone size and shape [38, 39]. 335 

 336 

Figure 6: Nanotube assisted microwave electroporation (NAME) for single cell pathogen 337 
identification. Multiwall carbon nanotubes induce localized electroporation for the delivery of 338 
multicolour double stranded molecular probes for multiplex 16S rRNA detection [70] 339 

Author Contributions: All authors contributed equally to this review article. 340 

Funding: This research received no external funding  341 

Conflicts of Interest: The authors declare no conflict of interest. 342 

References 343 

[1] Sapling Learning, (2020). Electromagnetic Spectrum. Available at: 344 
<https://sites.google.com/site/chempendix/em-spectrum> [Accessed 13 June 2020]. 345 

[2] Tang, J. Unlocking Potentials of Microwaves for Food Safety and Quality. Journal of Food Science 2015, 80(8), 346 
pp.E1776-E1793. https://doi.org/10.1111/1750-3841.12959 347 

[3] International Telecommunication Union. 19 October 2009. 1.15. industrial, scientific and medical (ISM) 348 
applications (of radio frequency energy): Operation of equipment or appliances designed to generate and use 349 
locally radio frequency energy for industrial, scientific, medical, domestic or similar purposes, excluding 350 
applications in the field of telecommunications. 351 

[4] Rosen, A., Stuchly, M. A., Vorst, A. V. Applications of RF/Microwaves in Medicine. IEEE Transactions on 352 
Microwave Theory and Techniques. 2002, 50(3), pp. 963-974. DOI: 10.1109/22.989979 353 

[5] Lantis II, J., Carr, K., Grabowy R., Connolly, R., Schwaitzberg, S. Microwave applications in clinical 354 
medicine. Surgical Endoscopy. 1998, 12, pp. 107-176. DOI: 10.1007/s004649900623 355 

[6] Yeap, K.H, Hirasawa, K. Introductory Chapter: Electromagnetism. In Electromagnetic fields and waves. 356 
IntechOpen: 2019; 12. DOI: 10.5772/intechopen.85155 357 

[7] Li, Z. Physics Essay: The Nature of Charge, Principle of Charge Interaction and Coulomb's Law. Applied 358 
Physics Research. 2015 1;7(6):52. doi:10.5539/apr.v7n6p52 359 

https://doi.org/10.1111/1750-3841.12959


Biosensors 2020, 10, x FOR PEER REVIEW 11 of 15 

[8] Watanabe, Y., Nitta, S. A Study on Characteristics of Electromagnetic Waves Propagation Through the Spce 360 
Between Overlapped Metal Plates. IEEE Transactions on Electromagnetic Compatibility. 2016. 58(1): 54-65. 361 

[9] Pieraccini, M, Bicci A, Mecatti D, Macaluso G, Atzeni C. Propagation of large bandwidth microwave signals 362 
in water. IEEE transactions on antennas and propagation. 2009, 4;57(11):3612-8. DOI: 10.1109/TAP.2009.2025674 363 

[10] Kivshar, Y.S. Control of electromagnetic waves in metamaterials: From microwaves to optics. International 364 
Kharkov Symposium on Physics and Engineering of Microwaves, Millimeter and Submillimeter Waves 2013 23 (pp. 30-365 
30). IEEE. DOI: 10.1109/MSMW.2013.6621992 366 

[11] Tu, Z.C, Hu, Y.M, Wang, H, Huang X.Q, Xia S.Q, Niu P.P. Microwave heating enhances antioxidant and 367 
emulsifying activities of ovalbumin glycated with glucose in solid-state. Journal of food science and technology. 368 
2015, 1;52(3):1453-61. https://doi.org/10.1007/s13197-013-1120-x 369 

[12] Fung DY, Cunningham FE. Effect of microwaves on microorganisms in foods. Journal of Food Protection. 370 
1980. 43(8):641-50. https://doi.org/10.4315/0362-028X-43.8.641 371 

[13] Cebrián G, Condón S, Mañas P. Physiology of the inactivation of vegetative bacteria by thermal 372 
treatments: mode of action, influence of environmental factors and inactivation kinetics. Foods. 2017. 6(12):107. 373 
https://doi.org/10.3390/foods6120107 374 

[14] Bowman, G., Lyuksyutova, A., Sharpiro, L. Bacterial Polarity. Current Opinion in Cell Biology. 2011. 23(1): 375 
71-77. 376 

[15] Bajaj, H., Gutierrez, S., Bodrenko, I., Malloci, G., Scorciapino, M., Winterhalter, M., Ceccarelli, M. Bacterial 377 
Outer Membrane Porins as Electrostatic Nanosieves: Exploring Transport Rules of Small Polar Molecules. ACS 378 
Nano. 2017. 11(6): 5465-5473. 379 

[16] Russell, A. Lethal Effects of Heat on Bacterial Physiology and Structure. Science Progress. 2003. 86(1-2): 115-380 
137. 381 

[17] Mitsuzawa, S., Deguchi, S., Horikoshi, K. Cell structure degradation in Escherichia coli and Thermococcus sp. 382 
Strain Tc-1-95 associated with thermal death resulting from brief heat treatment. FEMS Microbiology Letters. 383 
2006. 260(1): 100-105. 384 

[18] Ebrahimi, A., Csonka, L., Alam, M. Analyzing Thermal Stability of Cell Membrane of Salmonella Using 385 
Time-Multiplexed Impedance Sensing. Biophysical Journal. 2018. 114(3): 609-618. 386 

[19] Chipley JR. Effects of microwave irradiation on microorganisms. In Advances in applied microbiology 387 
1980 Jan 1 (Vol. 26, pp. 129-145). Academic Press. https://doi.org/10.1016/S0065-2164(08)70333-2 388 

[20] Dreyfuss MS, Chipley JR. Comparison of effects of sublethal microwave radiation and conventional 389 
heating on the metabolic activity of Staphylococcus aureus. Applied and environmental microbiology. 1980 390 
1;39(1):13-6. 391 

[21] Shamis Y, Taube A, Mitik-Dineva N, Croft R, Crawford R.J, Ivanova EP. Specific electromagnetic effects of 392 
microwave radiation on Escherichia coli. Applied and Environmental Microbiology. 2011 1;77(9):3017-22. DOI: 393 
10.1128/AEM.01899-10 394 

[22] Neumann E, Rosenheck K. Permeability changes induced by electric impulses in vesicular membranes. The 395 
Journal of membrane biology. 1972. 1;10(1):279-90.  396 

[23] Sustarsic, M., Plochowietz, A., Aigrain, L., Yuzenkova, Y., Zenkin, N., Kapanidis, A. Optimized delivery of 397 
fluorescently labeled proteins in live bacteria using electroporation. Histochemistry and Cell biology. 2014. 142(1): 398 
113-124. 399 

[24] Calvin, N., Hanawalt, P. High-efficiency transformation of bacterial cells by electroporation. Journal of 400 
Bacteriology. 1988. 170(6): 2796-2801. 401 

https://doi.org/10.3390/foods6120107


Biosensors 2020, 10, x FOR PEER REVIEW 12 of 15 

[25] Bhattacharjee, D., Sorg, J. Factors and Conditions that Impact Electroporation of Clostridium difficile Strains. 402 
American Society for Microbiology. 2020. 5(2): e00941-19. 403 

[26] Rougier C, Prorot A, Chazal P, Leveque P, Leprat P. Thermal and nonthermal effects of discontinuous 404 
microwave exposure (2.45 gigahertz) on the cell membrane of Escherichia coli. Applied and environmental 405 
microbiology. 2014 15;80(16):4832-41. DOI: 10.1128/AEM.00789-14 406 

[27] Carr, J. (1997). Microwave & wireless communications technology. Boston: Newnes. ISBN: 0750697075  407 

[28] Lassiter, E. (1975). Navstar Global Positioning System: A Satellite Based Microwave Navigation System. 408 
MTT-S International Microwave Symposium Digest. 409 

[29] Porcelli, M., Cacciapuoti, G., Fusco, S., Massa, R., d’Ambrosio, G., Bertoldo, C., Rosa, M., Zappia, V. Non-410 
thermal effects of microwaves on proteins: thermophilic enzymes as model systems. FEBS Letters. 1997. 402(2-411 
3): 102-106. 412 

[30] Jacob, J., Chia, L., Boey, F. Thermal and non-thermal interaction of microwave radiation with materials. 413 
Journal of Materials Science. 1995. 30: 5321-5327. 414 

[31] Jeng D.K, Kaczmarek K.A, Woodworth A.G, Balasky G.L. Mechanism of microwave sterilization in the dry 415 
state. Applied and Environmental Microbiology. 1987. 1;53(9):2133-7. 416 

[32] Sanborn MR, Wan SK, Bulard R. Microwave sterilization of plastic tissue culture vessels for reuse. Applied 417 
and environmental microbiology. 1982. 1;44(4):960-4.  418 

[33] Yezdani, A., Mahalakshmi, K., Padmavathy, K. Orthodontic instrument sterilization with microwave 419 
irradiation. Journal of Pharmacy and Bioallied Sciences. 2015. 7(1): s111-s115.agtennant 420 

[34] Okorie A, Entwistle J, Dean J. The optimization of microwave digestion procedures and application to an 421 
evaluation of potentially toxic element contamination on a former industrial site. Talanta. 2010. 88(2) pp 1421-422 
1425. DOI: https://doi.org/10.1016/j.talanta.2010.07.008 423 

[35] Sahuquillo A, Rubio R, Ribo J, Ros E, Vela M. Application of focused-microwave wet digestion to the 424 
determination of trace metals in human gallstones by ICP/AES.  Journal of Trace Elements in Medicine and 425 
Biology. 2000. 14(2) pp. 96-99. DOI: https://doi.org/10.1016/S0946-672X(00)80038-3 426 

[36] Ishak I, Rosli FD, Mohamed J, Mohd Ismail MF. Comparison of Digestion Methods for the Determination 427 
of Trace Elements and Heavy Metals in Human Hair and Nails. The Malaysian Journal of medical sciences. 2015. 428 
22(6) pp. 11-20. 429 

[37] Irving, J., Mario, C., Francisco, V. and Geshel, G. Microwave ablation: state-of-the-art review. OncoTargets 430 
and Therapy. 2015. 8, p.1627. 431 

[38] Lubner M. G, Brace C. L, Hinshaw J. L, Lee F. T. Microwave Tumor Ablation: Mechanism of Action, 432 
Clinical Results and Devices. Journal of vascular and interventional radiology. 2010. 21(8), S192-S203. DOI: 433 
10.1016/j.jvir.2010.04.007 434 

[39] Masoud H, Tehrani M, Soltani M, Kashkooli F, Raahemifar K. Use of microwave ablation for thermal 435 
treatment of solid tumors with different shapes and sizes—A computational approach. PLoS ONE. 2020. 15(6): 436 
e0233219. https://doi.org/10.1371/journal.pone.0233219 437 

[40] Wang T, Lu XJ, Chi JC, Ding M, Zhang Y, Tang X.Y, Li P, Zhang L, Zhang X.Y, Zhai B. Microwave ablation 438 
of hepatocellular carcinoma as first-line treatment: long term outcomes and prognostic factors in 221 patients. 439 
Scientific reports. 2016. 13;6:32728. https://doi.org/10.1038/srep32728 440 

[41] Aldhaeebi MA, Alzoubi K, Almoneef TS, Bamatraf SM, Attia H, M Ramahi O. Review of Microwaves 441 
Techniques for Breast Cancer Detection. Sensors (Basel). 2020. 20(8):2390. doi:10.3390/s20082390 442 

https://doi.org/10.1371/journal.pone.0233219
https://doi.org/10.1038/srep32728


Biosensors 2020, 10, x FOR PEER REVIEW 13 of 15 

[42] Poulou, L., Bosta, E., Thanou, I., Ziakas, P., Thanos, L. Percutaneous microwave ablation vs 443 
radiofrequency ablation in the treatment of hepatocellular carcinoma. World Journal of Hepatology. 2015. 18(78): 444 
1054-1063. 445 

[43] Lee, K., Wong, J., Hui, J., Cheung, Y., Chong, C., Fong, A., Yu, S., Lai, P. Long-term outcomes of 446 
microwave versus radiofrequency ablation for hepatocellular carcinoma by surgical approach: A retrospective 447 
comparative study. Asian Journal of Surgery. 2017. 40(4):301-308. 448 

[44] Tan, W., Deng, Q., Lin, S., Wand, Y., Xu, G. Comparison of microwave ablation and radiofrequency 449 
ablation for hepatocellular carcinoma: a systematic review and meta-analysis. International Journal of 450 
Hyperthermia. 2019. 36(1): 264-272. 451 

[45] Glassberg, M., Ghosh, S., Clymer, J., Qadeer, R., Ferko, N., Sadeghirad, B., Wright, G., Amaral, J. 452 
Microwave ablation compared with radiofrequency ablation for treatment of hepatocellular carcinoma and 453 
liver metastases: a systematic review and meta-analysis. OncoTargets and Therapy. 2019. 12: 6407-6438. 454 

[46] Han, Y., Shao, N., Xi, X., Hao, X. Use of microwave ablation in the treatment of patients with multiple 455 
primary malignant tumors. Thoracic Cancer. 2017. 8(4): 365-371. 456 

[47] Loveman, E., Jones, J., Clegg, A., Picot, J., Colquitt, J., Mendes, D., Breen, D., Moore, E., George, S., Poston, 457 
G., Cunningham, D., Ruers, T., Primrose, J. The clinical effectiveness and cost-effectiveness of ablative 458 
therapies in the management of liver metastases: systematic review and economic evaluation. Health 459 
Technology Assessment. 2014. 18(7): 1-283. 460 

[48] Astani, S., Brown, M., Steusloff, K. Comparison of procedure costs of various percutaneous tumor ablation 461 
modalities. Radiology Management. 2014. 36(4): 12-7. 462 

[49] Moloney B, O’Loughlin D, Elwahab S, Kerin M. Breast Cancer Detection—A Synopsis of Conventional 463 
Modalities and the Potential Role of Microwave Imaging. Diagnostics. 2020. 10(2), 103. 464 
https://doi.org/10.3390/diagnostics10020103 465 

[50] Modiri, A., Goudreau, S., Rahhimi, A., Kiasaleh, K. Review of breast screening: Toward clinical realization 466 
of microwave imaging. American Association of Physicists in Medicine. 2017. 44(12): 446-458. 467 

[51] Yu, M., Pan, H., Che, N. et al. Microwave ablation of primary breast cancer inhibits metastatic progression 468 
in model mice via activation of natural killer cells. Cell Mol Immunol. 2020. https://doi.org/10.1038/s41423-020-469 
0449-0 470 

[52] Dooley, W.C., Vargas, H.I., Fenn, A.J. et al. Focused Microwave Thermotherapy for Preoperative 471 
Treatment of Invasive Breast Cancer: A Review of Clinical Studies. Ann Surg Oncol. 2010. 17, 1076–1093. 472 
https://doi.org/10.1245/s10434-009-0872-z 473 

[53] Zhou W, Zha X, Liu X, Ding Q, Chen L, Ni Y, Zhang Y, Xu Y, Chen L, Zhao Y, Wang S. US-guided 474 
percutaneous microwave coagulation of small breast cancers: a clinical study. Radiology. 2012. 263(2):364-73. 475 
doi: 10.1148/radiol.12111901. Epub 2012 Mar 21. PMID: 22438362. 476 

[54] Bristow I, Lim WC, Lee A, Holbrook D, Savelyeva N, Thomson P, Webb C, Polak M, Ardern-Jones MR. 477 
Microwave therapy for cutaneous human papilloma virus infection. European Journal of Dermatology. 2017. 478 
1;27(5):511-8. https://doi.org/10.1684/ejd.2017.3086 479 

[55] Bristow I.R, Webb C, Ardern-Jones MR. The successful use of a novel microwave device in the treatment 480 
of a plantar wart. Case Reports in Dermatology. 2017; 9(2):102-7. https://doi.org/10.1159/000477377 481 

[56] Jackson DN, Hogarth FJ, Sutherland D, Holmes EM, Donnan PT, Proby CM. A feasibility study of 482 
microwave therapy for precancerous actinic keratosis. British Journal of Dermatology. 2020. 483 
https://doi.org/10.1111/bjd.18935 [57] Epifano I, Conley MJ, Stevenson A, Doorbar J, Graham SV. Microwaves 484 
can reverse the tumour phenotype of human papillomavirus type 16 (HPV16)-positive keratinocytes in 3D cell 485 

https://doi.org/10.3390/diagnostics10020103
https://doi.org/10.1111/bjd.18935


Biosensors 2020, 10, x FOR PEER REVIEW 14 of 15 

culture models: a novel therapy for HPV-associated disease? Access Microbiology. 2020. 1;2(7A):593. 486 
https://doi.org/10.1099/acmi.ac2020.po0495 487 

[58] Melendez, J., Huppert, J., Jett-Goheen, M., Hesse, E., Quinn, N., Gaydos, C., Geddes, C. Blind evaluation of 488 
the microwave-accelerated metal-enhanced fluorescence ultrarapid and sensitive Chlamydia trachomatis test 489 
by use of clinical samples. Journal of clinical microbiology. 2013. 51(9): 2913-20. 490 

[59] Aslan, K., Geddes, C. Microwave-accelerated and metal-enhanced fluorescence Myoglobin detection on 491 
silvered surfaced: potential application to myocardial infarction diagnosis. Plasmonics. 2006. 1(1): 53-59. 492 

[60] Tennant S.M, Zhang Y, Galen J.E, Geddes C.D, Levine M.M. Ultra-fast and sensitive detection of non-493 
typhoidal Salmonella using microwave-accelerated metal-enhanced fluorescence (“MAMEF”). PLoS One. 2011, 494 
8;6(4):e18700. https://doi.org/10.1371/journal.pone.0018700 495 

[61] Zhang Y, Agreda P, Kelley S, Gaydos C, Geddes CD. Development of a microwave—accelerated metal-496 
enhanced fluorescence 40 Second,< 100 cfu/mL point of care assay for the detection of Chlamydia Trachomatis. 497 
IEEE Transactions on Biomedical Engineering. 2010. 12;58(3):781-4. https://doi.org/10.1109/TBME.2010.2066275 498 

[62] Joshi LT, Mali BL, Geddes CD, Baillie L. Extraction and sensitive detection of toxins A and B from the 499 
human pathogen Clostridium difficile in 40 seconds using microwave-accelerated metal-enhanced fluorescence. 500 
PLoS One. 2014. 27;9(8):e104334. https://doi.org/10.1371/journal.pone.0104334 501 

[63] Santaus, T.M., Li, S., Ladd, P., Harvey, A., Cole, S., Stine, O.C. and Geddes, C.D. Rapid sample preparation 502 
with Lyse-It® for Listeria monocytogenes and Vibrio cholerae. PloS one, 2018, 13(7), p.e0201070. 503 
https://doi.org/10.1371/journal.pone.0201070 504 

[64] Santaus, T., Zhang, F., Li, S., Stine, O., Geddes, C. Efects of Lyse-It on endonuclease fragmentation, 505 
function and activity. PLoS One. 2019. 14(9): e0223008. 506 

[65] Rao RG, Ravichandran A, Dhali A, Kolte AP, Giridhar K, Manpal S. A rapid microwave method for 507 
isolation of genomic DNA and identification of white rot fungi. bioRxiv. 2018, 1:307066. doi: 508 
https://doi.org/10.1101/307066 509 

[66] Imtiaz A, Lees J, Choi H, Joshi LT. An Integrated Continuous Class Mode Power Amplifier Design 510 
Approach for Microwave Enhanced Portable Diagnostic Applications. IEEE Transactions on Microwave Theory 511 
and Techniques. 2015, 16;63(10):3007-15. doi: 10.1109/TMTT.2015.2472417. 512 

[67] Orsini M, Romano‐Spica V. A microwave‐based method for nucleic acid isolation from environmental 513 
samples. Letters in applied microbiology. 2001, 33(1):17-20. https://doi.org/10.1046/j.1472-765X.2001.00938.x 514 

[68] Camel, V. Microwave-assisted solvent extraction of environmental samples. Trends in Analytical Chemistry. 515 
2000. 19(4): 229-248. 516 

[69] Giersig M, Firkowska I, Trosczcunsky J, Correa Duarte M. A, Rojas-Chapana J. A. Novel electroporation 517 
System for both Gram-negative and Gram-positive Bacteria Assisted by Multi-Walled Carbon Nanotubes. 518 
MRS Online Proceedings Library. 2004. 854, pp. 145-150. DOI: https://doi.org/10.1557/PROC-845-AA5.21 519 

[70] Gao J, Li H, Torab P, Mach KE, Craft DW, Thomas NJ, Puleo CM, Liao JC, Wang TH, Wong PK. Nanotube 520 
assisted microwave electroporation for single cell pathogen identification and antimicrobial susceptibility 521 
testing. Nanomedicine: Nanotechnology, Biology and Medicine. 2019. 1;17:246-53. 522 

[71] Zhang, D., Hao, Z., Qian, Y., Huang, Y., Bizeng, Yang, Z., Qibai, W. Simulation and measurement of 523 
optimized microwave reflectivity for carbon nanotube absorber by controlling electromagnetic factors. 524 
Scientific Reports. 2017. 7:479.  525 

[72] Port, J., Nguetse, C., Adukpo, S., Velevan, T. A reliable and rapid method for molecular detection of 526 
malarial parasites using microwave irradiation and loop mediated isothermal amplification. Malaria Journal. 527 
2014. 13: 454. 528 

https://doi.org/10.1099/acmi.ac2020.po0495
https://doi.org/10.1371/journal.pone.0201070
https://doi.org/10.1046/j.1472-765X.2001.00938.x


Biosensors 2020, 10, x FOR PEER REVIEW 15 of 15 

[73] O’Neil J. Antimicrobial resistance: tackling a crisis for the health and wealth of nations. 2014. [https://amr-529 
review.org/ ] Accessed 19 August 2020 530 

[74] Yu, J., Liang, P. Status and advancement of microwave ablation in China. Iternational Journal of 531 
Hyperthermia. 2016. 33(3): 278-287. 532 

[75] Mays, O., Neira, L., Luyen, H., Wilke, L., Behdad, N., Hagness, S. Advances in microwave ablatioin antennas 533 
for breast tumour treatment. IEEE. 2016. 10th European Conference on Antennas and Propagation (EuCAP), 534 
Davos, pp. 1-3. 535 

[76] Kwon, S., Lee, S. Recent Advances in Microwave Imaging for Breast Cancer Detection. International 536 
Journal of Biomedical Imaging. 2016. p.26  537 

[77] Astani SA, Brown ML, Steusloff K. Comparison of procedure costs of various percutaneous tumor ablation 538 
modalities. Radiol Manage. 2014. 1;36:12-7. 539 

[78] Prabhakar H, editor. Essentials of neuroanesthesia. Academic Press; 2017 Mar 24. 540 

[79] Goel, K., Gupta, R., Solanki, J., Nayak, M. A comparative Study Between Microwave Irradiation and 541 
Sodium Hypochlorite Chemical Disinfection: A Prosthodontic View. Journal of Clinical and Diagnostic Research. 542 
2014. 8(4):42-46. 543 

[80] Gallego-Schmid A, Mendoza JM, Azapagic A. Environmental assessment of microwaves and the effect of 544 
European energy efficiency and waste management legislation. Science of The Total Environment. 2018 Mar 545 
15;618:487-99. https://doi.org/10.1016/j.scitotenv.2017.11.064 546 

[81] Li J, Zeng X, Stevels A. Ecodesign in consumer electronics: Past, present, and future. Critical Reviews in 547 
Environmental Science and Technology. 2015. 18;45(8):840-60. https://doi.org/10.1080/10643389.2014.900245 548 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 549 
affiliations. 550 

 

© 2020 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 551 

https://doi.org/10.1080/10643389.2014.900245

