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1. Introduction and Objectives of the Meeting 

 

Radiation technology has emerged as an effective tool for the decontamination of biohazards. It has 

been instrumental in improving the quality of human life through its proven effectiveness in 

wastewater/sludge treatment, sterilization of medical and healthcare products, and in improving food 

safety. Still, there have been continuous requests from Member States to transfer knowledge and 

experience with regard to removing biohazardous pollutants.  

 

The Coordinated Research Project (CRP) F23033 was established to collect and share with Member 

States information on the inactivation of biohazards and treatment of wastewater, sludges, and other 

wastes using radiation techniques for biohazard mitigation. The Research Coordination Meetings 

(RCMs) are periodically organized so that all participants meet and discuss their research objectives and 

plans, issues and challenges they have experienced, and their most up-to-date results. They also provide 

recomendations to the IAEA regarding the current CRP as well as relevant related activities. 

 

The 3rd RCM was the final one in the series for the CRP F23033 and the participants provided the 

results of four years of work. They also discussed the possible ways of disseminating the results, and 

they considered futureactivities. 

 

2. Highlights of the Member States Presentations 

 

Fifteen groups participated in this CRP, twelve of which (from Argentina, Brazil, Canada, Germany, 

Hungary, Kuwait, Malaysia, Poland, Portugal, Tunisia, Turkey and USA) were able to attend this virtual 

RCM (see Annex I). During the first three days, the teams presented their work results covering a broad 

range of topics ranging from basic science to wastewater and sludge hygenization, as well as viral, 

bacterial, and fungal decontamination. Each presentation was followed by questions and suggestions 

from other teams. The last two days were dedicated to the discussion of important technical issues to 

consider and the future steps (see Annex II). 

 

Different teams explored different biohazards and different matrices. In addition, they used different 

irradiation modalities as well as different equipment for post-irradiation analysis. To better understand 

the results, a summary table was created (see Annex III). Brief summaries of the teams’ results are 

presented below. More detailed country reports can be found in Annex IV. 

 

ARGENTINA 

Millions of animals for experimentation are used every year around the world. These animals generate 

a significant amount of waste, composed mainly of the bedding material wastes. This amount of waste 

raises serious concerns about the overall environmental impact of using animals for scientific purposes. 

Bedding waste is accompanied by health risks that can cause unwanted effects for both humans and 

animals. There are few studies on the environmental consequences of this waste, but evidence 



demonstrates that their use and disposal contribute to pollution. Hazardous wastes containing biohazards 

are generally incinerated. Vermicomposting is one of the most commonly used methods for the recovery 

and transformation of organic waste, and it results in the transformation of waste into an organic 

amendment, which is something with a beneficial impact on the environment.  

The inactivation of inoculated and naturally occurring microorganisms in rat bedding waste (RBW) was 

studied with gamma irradiation (20 kGy/h) to determine D10 values. Then, the RBW was used as a 

substrate for a vermicomposting process. Irradiated RBW (10 kGy / 30 kGy) was mixed with domestic 

wet organic waste, and then Eisenia fetida worms were added to catalyze the degradation process. After 

15 weeks of vermicomposting, no ammonium was detected in the residues, the microbial count was 2-

3 x 109 CFU/g, and the worms were removed. The material was then used as a substrate for plant 

development. The growth parameters evaluated in the seedlings of Calendula officinalis at 3 months 

(number of leaves, length, and dry weight of the aerial part) showed greater growth in plants with 

irradiated RBW compared to the non-irradiated sawdust control (ANOVA p < 0.01).  

 

Future work plan  

- Study the toxicity in plants seeds and Daphnia magna of the residue irradiated with 10 kGy of the 

material during the vermicompost process.  

- Characterization of liquid effluents of animal origins with biohazards.  

 

BRAZIL 

Vehicular air filters can be recyclable and reusable as a circular product, thereby preventing solid waste 

generation, since air filters must be replaced frequently, creating large amounts of waste in landfills and 

taking decades to decompose. Nonetheless, air-conditioning systems can be contaminated by particles 

and dust, and their filters may be colonized by different microorganisms such as bacteria and fungi. 

Ionizing radiation is an important technology to be used during the cleaning and disinfection of vehicular 

air filters. The possible use of ionizing radiation to control fungi in vehicular air filters was investigated. 

A wide diversity of fungi was detected in all untreated filter samples (68 samples), and gamma radiation 

application drastically reduced the initial contamination. DNA sequencing techniques were used for the 

confirmation of fungi which survived irradiation (15 kGy). Aspergillus genera was predominant, 

followed by Non-sporulated Fungi, NSF, and Cladosporium spp, for unirradiated samples. The last 

portion of samples were submitted to a combined cleaning processing with vaccum cleaning, followed 

by chemical sanitizer application and 17 kGy, respectively. This combined method achieved 80% of 

fungi inactivity. Two samples demonstrated only the growth of yeasts (not pathogenic fungi). No 

mycotoxigenic fungi such as Aspergillus, Penicillium, and Fusarium genera were detected in irradiated 

samples using combined methods. Feasibility studies are planned for the near future in order to 

demonstrate the importance of these techniques for local solid waste management strategies in São Paulo, 

Brazil. More than 19 million cars are circulating in the state of São Paulo,6.2 million of which are in 

São Paulo the Capital, excluding taxis. The previous cleaning filters processing will be conclusive for 

lowering radiation dose and goals achievment.  

 

CANADA 

The objectives of the research done in this CRP was to compare the efficiency of X-ray and gamma ray 

to inactivate insects (S. oryzae), molds (Aspergilus niger) and bacteria (E. coli, Salmonella, B. cereus, 

L. monocytogenes). The resistance of each organism was measured using D-10 values. Different doses 

rates were compared (0.08, 4.58, 10.46 kGy/hr) for Gamma ray and 0.76 kGy/hr for X-ray. Synergistic 

effect of the use of irradiation in combination with natural antimicrobials were also evaluated. We have 

shown that essential oils (EOs) can act as potential bio-pesticides but also as antimicrobials against wide 

varieties of microorganism due to their phytochemical diversity. In all cases, irradiation in presence of 

EOs showed increased efficacy compared with irradiation alone. The results also showed that, the RS 

of γ-ray irradiation was higher against the bacteria evaluated, whereas with X-ray showed higher RS 

against the fungus. There was no consistent positive or negative relationship between dose rate and RS. 

The synergistic effect of cranberry juice (CJ) and commercial citrus extract (CE) against FCV-F9 viral 

titer in-vitro in combination with γ-irradiation was also demonstrated. A in situ test was also done on 

Iceberg lettuce. The antiviral properties of cranberry juice (CJ), ozone (O3) and -irradiation alone or in 

combination against FCV-F9 virus present on the surface of iceberg lettuce was investigated. Results 



showed a higher viral radiosenzitization in presence of CJ.  Optimum doses of treatments on iceberg 

were found to be 5 ppm for 7.5 min for O3, CJ-0.25%, and -irradiation at 1.5 kGy when each treatment 

was executed alone. The combination of the three treatments showed the highest reduction of 2.15 log 

TCID50/mL from initial inoculated viral load on lettuce (~ 6 log TCID50/mL). The treatment of lettuce 

alone with -irradiation (1.5 kGy) reduced by 3 log CFU/g the total flora, however, the combination of 

CJ (0.25%), 5 ppm for 7.5 min of O3 with irradiation (1.5 kGy) reduced by ~ 6 log CFU/g UFC g-1 and 

no bacterial count was detected during 13 days of storage at 4 °C. The texture, the color and the sensorial 

quality of the treated lettuce with the combined treatment were not affected, but chlorophyll increased 

by 3.81 g/mL after 10 days of storage at 4 °C.  

 

EGYPT 

The objective of the work was to evaluate the microbial decontamination of dry food and health care 

products using gamma and electron beam radiation and gamma radiation. Establishment of the 

Sterilization dose and  determination of the verification dose for commercialized health care products 

as face mask was studied and compare the efficacy of both Gamma and EB treatments through the ISO 

method VD max SD (ISO/TS 13004 - 2013)..The face Mask  samples used in sterility test were randomly 

selected and irradiated at the verification dose obtained from ISO/TS 13004, according to the average 

bioburden which was determined separately for 30 FM. The results obtained of bioburden estimation, 

and sterility test radiation sterilization dose of 20 kGy (VDmax20) was determined and  used for FM 

according to ISO/TS 13004 - 2013.The verification dose for the product isfor the product is estimated 

to be 5.0 kGy. Evaluation the potential use of gamma and  EB irradiation for reducing and inactivating 

bacterial and fungal populations in naturally contaminated dried food like parsley. The research was 

conducted also to determine the radiation resistance of Salmonella and Staphylococcus spp. on 

artificially inoculated into free microbial  dried parsley by  measuring the decimal reduction dose (D10 

value). Applying a dose of 6 kGy resulted in a reduction of initial log count from 7.38, 7.55 and 7.58 to 

3.54, 4.08 and 3.93 log CFU/g for samples treated by gamma and EB  using  (2mA) and (3mA), 

respectively. Also, the percentage reduction of SFB is calculated to be  77.7, 75 and 82.77 for samples 

irradiated by gamma and EB using  2 and 3 mA, respectively, at dose 2 kGy compared with the non-

irradiated samples (control). Applying a dose of 6 kGy resulted in a 3.5, 2.6 and 3.17 log reduction in 

the total M&YC for dried parsley samples irradiated with gamma and EB 2mA and 3 mA, respectively 

The D10-values of Salmonella and Staphylococcus spp. in dried parsley treated with gamma rays were 

0.50 and 0.60 kGy, respectively, which were differ from those treated by EB at 2 mA (0.60 and 0.70) or 

at 3 mA (0.55 and 0.60) respectively. The D10-value for the tested two pathogen obtained by E- beam 

irradiation was higher than that using gamma irradiation source, which means that, gamma irradiation 

was more effective than E-beam irradiation in reducing viability of the test pathogens. Comparative 

Effects of Gamma-rays and Electron Beams on viability of Bacillus sp injected with a population of 

2x102 /0.1 ml onto sterile medical dressing products was investigated.  Gamma and E-beam irradiation 

effectively reduced the population of Bacillus sp. Irradiation with gamma and  E-beam at dose of 4 kGy 

reduced bacillus counts to less than 10 cfu /sample, with reduction of 98.60 % and 95.70 %, respectively. 

No viable counts were detected for the samples exposure to gamma or E-beam at 6 kGy. Local isolate 

of Bacillus sp. strain was tested for radiation resistance D10 values. One ml aliquots of bacterial 

suspension (4 x106 cfu/ml) were assayed for viability after exposure to different doses (2-10 kGy) of 

gamma irradiation or electron beam irradiation. The D10-value for the tested Bacillus sp isolate obtained 

by E- beam irradiation was higher than that using γ-irradiation source, which means that, gamma 

irradiation was more effective than electron beam irradiation in reducing viability of the test pathogen. 

The D10- values were 2 and 2.6 kGy for γ- and E-beam irradiation respectively.  

GERMANY 

The aim of the research project was to investigate the potential of low-energy electron beam (LEEI) 

accelerator technology from 150 to max. 300 keV for the inactivation of biological contaminants. The 

penetration depth of low-energy accelerated electrons is limited to a few hundred micrometers. The 

limitation in electron range is a major challenge in using this technology. On the other hand, LEEI 

generates only small amounts of X-rays, so no complex radiation shielding is required. This makes 

integration into laboratories and GMP-production facilities economically feasible. In addition, LEEI is 

outstanding as a chemical-free process with high energetic efficiency and low process times.   



 

Since many biological processes occur only in aqueous environments, a technological concept setup for 

the irradiation of small and medium volumes was developed, which allowed for sterile handling. The 

irradiation setup enabled a reproducible and homogeneous irradiation of thin liquids films with low-

energy accelerated electrons. An irradiation technology was developed to perform automated LEEI 

irradiation of liquids with higher throughputs.  the treatment of liquids. Upscaling to larger volumes was 

planned and achieved.   

 

The inactivation kinetics of various bacteria and viruses in suspensions was investigated to generate a 

broader knowledge of the potential of LEEI for the decontamination of biohazards. After irradiation 

with different doses, the killing- and inactivation-curves for different bacteria (such as Escherichia coli, 

Bacillus subtilis, and Staphylococcus warneri), and viruses (such as DNA-virus Influenza A (H3N8), 

RSV, and Polio virus) were investigated. D10-values for bacteria were determined. Irradiation with low-

energy accelerated electrons led to complete inactivation of these pathogens.  

 

The use of LEEI as a method to attenuate or inactive microorganisms for the use as vaccines was 

investigated. The influence of the matrix on the inactivation was investigated by adding substances.  The 

precise monitoring of the absorbed dose within the liquids is crucial for process control. In addition to 

the use of conventional film dosimeters, two novel liquid dosimetry systems have been developed for 

research purposes. With these dosimeters, dose values ranging from Gy to kGy could be investigated.  

 

HUNGARY 

Control strategies against the spread of antibiotic resistance should be considered in wastewater 

treatment plants. It is important to understand how resistant bacteria behave in the presence of trace 

amounts of antibiotics, in order to implement appropriate measures. In our work, we examined the 

population dynamics of resistant/sensitive Staphylococcus aureus co-cultures. On one hand, we gained 

insight into the effect of trace amounts of antibiotics (piperacillin and erythromycin) on bacteria in 

different wastewater matrices, and on the other, we studied the applicability of electron radiation to 

eliminate the antibacterial effect. Based on our results, trace amounts of antibiotics act on the resistant 

strain. Presumably, it triggers biological processes in resistant bacteria that do not provide a competitive 

benefit but are instead a disadvantageous expenditure of activity compared to the sensitive subtype, 

because the trace level of the antibiotic present does not appear to affect the sensitive strains. The effect 

of these conditions on population dynamics is reduced with the use of treatment with accelerated 

electrons, presumably due to the fact that the decomposition products of the components of the effluent 

matrix (such as humic acid) also contribute to the chemical transformations. Furthermore, it has become 

apparent that the presence of trace amounts of antibiotics, on the one hand, initiates biochemical 

processes in the resistant subtype, and on the other hand, sensitizes bacteria to the attack of free radicals 

generated during electron beam treatment. It is clear that better understanding is needed on the effects 

of trace level of antibiotics in environmental waters on the cellular response and population behavior of 

resistant bacterial cultures.  

 

SOUTH KOREA 

Recently, it was reported that about 80 different types of antibiotics were included in the stream and soil 

in Korea, which cause disturbances of the ecosystem and various environmental problems due to the 

indiscriminate use of antibiotics. The introduction of antibiotics into soil, surface water, and 

groundwater can cause serious problems, for example by developing mutagenic multi-antibiotic 

resistant viral, bacterial, and fungal strains, or by developing antibiotic-resistant pathogens. Furthermore, 

the antibiotics also could not be removed naturally once introduced into the environment, since 

antibiotics were usually quite stable. The conventional wastewater treatment system did not work 

properly, since a lot of antibiotics were found in ground waters, stream, and so on. Therefore, the 

development of a new technique for the removal of antibiotics is required. In this study, we have 

conducted a new technique to determine the degradation method of antibiotics using electron beam 

irradiation, as well as using an analytical method to detect them.   



As a result, we have established analysis conditions using HPLC, and we found that all antibiotics tested 

(panmycin, deoxycycline hyclate, rifampicin, gatifloxacin, and sparfloxacin) were broken down by 

electon beam irradiation of up to 10kGy, depending on their structures.   

  

Future work plan:  

• To break down the other antibiotics, not tested, using gamma irradiation as well as E-

beam and   

• Kinetic study to find optimal condition for depredating antibiotics tested.  

 

KUWAIT 

Kuwait's treated municipal wastewater is mainly used to irrigate fodder crops and landscaping. The 

effluents from some treatment plants can, however, be of poor quality, particularly during the winter 

months, due to an excessive growth of filamentous bacteria or due to operational issues. Further, a recent 

study showed that wastewater treated in Kuwait contains significant concentrations of 

estrogen. Therefore, the purpose of this study was to examine how electron beam irradiation can be 

applied to enhance the quality of municipal wastewater treated in Kuwait, with regard to the 

concentrations of physical and chemical pollutants (e.g. TSS, BOD, TN, TP), bacterial pollutants (e.g. 

E. coli, F. coli, Salmonella) and estrogens (E1, E2, EE2, E3). The primary goals of the study were to 

determine the effectiveness of E-beam irradiation in inactivating pathogens and eradicating estrogens, 

as well as to determine the optimum dose for irradiation. The concentration of conventional pollutants 

and estrogens in the effluents of Kuwait's four main wastewater treatment plants has been determined 

and statistically analyzed. Since Kuwait does not possess an E-beam facility, it was proposed that 

irradiation tests be conducted on synthetic wastewater at the CNSTN in Tunisia. Unfortunately, the 

proposed tests have not been conducted as a result of the COVID-19 pandemic and other issues at 

CNSTN. Upon completion of the irradiation tests, the effects of E-beam irradiations on the quality of 

real wastewater will be extrapolated from the results of the tests on synthetic wastewater, and then a 

final report will be prepared.  

 

MALAYSIA 

The sewage water treatment system in Malaysia is successful throughout the country, and itsprimary 

aim is focused on reuse and recycling. The sewage is channeled directly to a treatment plant via 

underground closed drainage system. Upon the removal of large objects via a screening process, the 

wastewater is subjected to a series of processes such as primary treatment, secondary treatment, bio-

solid handling, tertiary treatment, disinfection and sludge treatment. Finally, the treated affluent is 

channeled back into the environment after successful removal of suspended solids and harmful 

contaminants. The removal of contaminants from sewage samples comprised of a series of processes 

whereby the expected end product, clean water, will be generated. However, sludge as the by-product 

of sewage treatment will also be generated, abundantly. The ultimate goal of centralized sludge 

management policy in Malaysia is to reduce the amount of sludge generation, to produce safe and 

hygienic material, and to reuse the sludge for other applications. The natural characteristics of sewage 

sludge, such as organic composition, along with plant nutrients and several trace elements, which are 

micro-nutrients for plants, brands it a valuable resource for soil fertilization applications. However, 

various pathogenic microorganisms such as pathogenic bacteria, viruses, and pathogenic protozoa are 

usually found in sewage sludge. Therefore, effective disinfection techniques could minimize the 

potential risk to public health from pathogens that may be present in the sewage sludge, which could 

impose risks towards public health and the environment. Radiation technology is one the most promising 

techniques for sludge sewage hygienization processes, and is being used widely on a large scale across 

the world. The radiation treatment of sewage sludge brings forth numerous advantages. It can reduce 

pathogens to a safer level efficiently and is also capable of oxidizing toxic and hazardous organic 

pollutants. This study reports specifically on the inactivation of pathogenic protozoa and viruses present 

in sewage sludge by electron beam irradiation at different energy and dose rate. It is essential to create 

a database on the inactivation of specific microbial pathogens under e-beam irradiation conditions of 

different energy and dose rates.  

  

 



POLAND 

Sewage sludge, formed by the bacteria grown and bacteria used for organic pollutants reduction, is a 

by-product of the wastewater treatment process. Wastewater delivered to Wastewater treatment plants 

(WWTP) is thickened to about 2–4% dry mass, which consists of primary sludge, and then the water 

phase from the thickening process is purified in an aerobic biological reactor, from which the excess 

sludge is then taken from. Due to the origin of sewage sludge, it can be considered as a source of a great 

variety of microbiological threats, such as viruses, pathogenic bacteria, parasites (helminths as well as 

protozoa) with their eggs, and fungi. Irradiation can be used as part of the sewage sludge hygienization 

process. The destructive effect of ionizing radiation on living cells is well known and causes DNA 

damage by direct or indirect effect. A number of sewage sludge samples from different sources were 

tested using different radiation doses from an electron acccelarator. To test the influence of irradiation 

of sewage sludge on the anaerobic digestion (AD) process, experiments on a laboratory scale were 

performed.  The irradiation of sludges was implemented in three different ways: the use of an 

Elektronika 10/10 accelerator (10 MeV) and conveyor, where samples of sludge were sealed in plastic 

bags and transported under the accelerator with a set conveyor speed to achieve the desired dose; the 

use of a custom made aluminium cassette allowing the irradiation of 100 mL of liquid at once under an 

ILU-6 accelerator (1,7 MeV); and the use of a flow irradiation installation set custom built in INCT 

coworking with the ILU-6 accelerator. Beside pathogenic species content, measured parameters were as 

follows: total solid (TS), volatile solid (VS), carbon to nitrogen ratio (C/N), soluble chemical oxygen 

demand (SCOD). Dossimetry measurements were carried out using: alaniane pellets, CTA stripes, PVC 

stripes, Harwell Amber 3042 dosimeters (irradiation under Elektronika 10/10  ora ILU-6 with alumnium 

cassette) or alanine 0,2M solution  (flow irradiation installation). To test total biogas yield and kinetics 

of the process, laboratory scale eudiometric sets according to DIN 38414/8 norm were used. Irradiation 

of sewage sludges can give several advantages, like disintegration or pathogen removal, whch allows 

for later agricultural use. Electron accelerator seems to be a good solution in this case , but on the other 

hand, such a device requires high amounts of electric energy to operate. That energy can be produced 

from biogas or biomethane in a cogeneration process. It is possible to build a self-sufficient installation 

which is in fact a biogas plant equipped with electron accelerator. Electric energy produced froma  

biogas driven generator can be used to power the accelerator, which is used for the hygienization of 

digestate, making it suitable for agricultural use. Another option is to irradiate sludge before the AD 

process for disintegration, resulting in a shorter retention time in the bioreactor.The doses do not exceed 

5 kGy.The feasibility study concerning industrial plant design is under development. 

PORTUGAL 

Environmental virology is an essential area of research because of public health concerns. Normally, 

viruses exist in the environment and acquire a certain capability to endure conventional treatment 

processes. Subsequently, they become pollutants in environmental waters, resulting in human exposure 

through contaminated drinking water and recreational waters, as well as through foods. Human 

adenovirus (HAdV) and hepatitis A virus (HAV) are prevalent enteric virus in waters worldwide due to 

their environmental stability, which leads to public health concerns. Mitigation strategies are therefore 

required. Ionizing radiation has emerged as an alternative method to ensure the safety of drinking water 

and to reduce the wastewater-linked contamination of fresh food products. 

Our studies have been focusing on the inactivation response of human adenovirus and hepatitis A virus 

by e-beam irradiation in comparison with other physical disinfection methods, such as autoclaving and 

germicidal UV radiation. Molecular based methodologies were developed to assess the mechanistical 

patterns of viral inactivation by the studied processes. 

Viral suspensions in different liquid matrices (Cell culture media, phosphate-buffered saline and 

domestic wastewater) were treated by electron beam at a dose range between 3 and 22 kGy. The viral 

genome, the abundance and antigenicity of capsid structural proteins, and the virus infectivity were each 

evaluated. In all assays performed, the effect of electron beam irradiation was found at the highest doses 

of radiation (13 – 22 kGy), regardless of the substrate used. Regarding genome alterations, for human 

adenovirus it was possible to visualize that e-beam treatment at doses ≥ 5 kGy have a degrading effect 

on viral genome, possibly resulting in fragments higher than 10 kbp.  For hepatitis A virus, it was 



evidenced that Reverse Transcription quantitative Polymerase Chain Reactition method (RT-qPCR) by 

itself was not able to distinguish infectious from non-infectious virions and assess the inactivation by 

irradiation, but the developed integrated cell culture and RT-qPCR (ICC/RT-qPCR) provided a better 

correlation with infectivity data after 7 days post infection. It was observed that viral structural proteins 

have different sensitivities to electron beam, but generally demonstrated a high radioresistance (> 13 

kGy). The antigenicity of the viral structural capsid proteins was maintained up to 13 kGy. The studied 

viruses followed linear inactivation kinetics to electron beam radiation in the different matrices; however, 

a substrate effect was detected, indicating a protective effect of the organic matter present in the 

substrates against e-beam inactivation. According to the obtained results, it is suggested that the decrease 

in virus infectivity by e-beam is an additive effect related to genome damage and to capsid protein 

alteration. 

In summary, electron beam irradiation at a range dose of 13-22 kGy is capable of reducing enteric virus 

titers by more than 99.99% (4 log UFP/mL) in liquid matrices, indicating that this type of technology is 

effective for viral wastewater disinfection and may be used as a tertiary treatment in water treatment 

plants. 

 

TUNISIA 

The main objective of this study is to evaluate the effect of irradiation by gamma and electron beam 

irradiation on naturally occurring microorganisms shed in healthcare wastewater issued from a multi-

specialty hospital. We examined the susceptibility of naturally occurring total indicator bacteriophages 

towards gamma rays and electron beam irradiation to evaluate their appropriateness as viral indicators 

for healthcare wastewater quality control.  The effects of e-beam and gamma irradiation on naturally 

occurring somatic coliphages, F-specific coliphages yeasts and bacteria were examined in wastewater 

collected from a hospital. Results showed:  

• Healthcare wastewater is a rich matrix containing pathogenic waterborne viruses, 

antibiotic resistant bacteria, molds and yeasts, as well as spores of Clostridium perfringens.  

• After e-beam irradiation, naturally occurring bacteria in healthcare wastewater showed 

lower resistance patterns as those obtained after gamma irradiation  

• Spores of Clostridium perfringens were the most resistant assayed microbes after either 

e-beam or gamma irradiation of water samples.  

• Our results corroborate the use of bacteriophages to survey the viral quality of 

healthcare wastewater before their discharge in the urban sanitation network.   

• D10 value analysis showed that bacteria and bacteriophages inactivation by e-beam 

irradiation required lower doses than those required for their inactivation using gamma 

rays.  

 

TURKEY 

Radiation technology has been applied to environmental issues since 1960. However, public awareness 

surrounding it has only arisen in the last two decades. In particular, wastewater treatment by gamma 

irradiation has been accepted and applied more widely.  One of the relevant issues is the treatment of 

hospital wastewater by gamma irradiation, which is accepted as a promising solution to pollution 

problems and health risks.  

The aim of this study was to determine the microbial content and the effect of dose and different dose 

rates on the inactivation rate of microorganisms in hospital wastewater. First, analyses of Total Aerobic 

Mesophilic Bacteria, Enterococci, Pseudomonads, Coliform, E.coli, Staphylococcus aureus, and 

Salmonella spp. were carried out to determine the microbial load of the hospital wastewater sample. 

After an incubation period, the suspicious colonies were isolated from each group bacteria analyzed. 

Then, the wastewater sample was irradiated using a gamma irradiator at doses of 0, 1.0, 2.0, 3.0, 4.0, 

and 5.0 kGy for the determination of its radiosensitivity. After the irradiation treatment, the most radio-

resistant bacteria were isolated. Additionally, the sample was irradiated with gamma rays, at doses of 0, 

0.50, 1.0, 1.50, 2.0, 2.5, 3.0, and 3.5 kGy for the comparison of radio sensitivity at the different dose 

rates of 1078 Gy/h and 257 Gy/h. As a result, Total Aerobic Mesophilic Bacteria, Enterococci, 

Pseudomonads, Coliform, and E.coli counts were found to be as 6.08 log CFU/mL, 3.57 log CFU/mL, 

4.0 log CFU/mL, 5.04 log MPN/mL, and 2.87 log MPN/mL respectively. However, Salmonella spp. 

and Staphylococcus aureus (coagulase+) were not detected in the sample. D10 value was found to be 1.3 



kGy for the total mesophilic aerobic bacteria. The results showed that the irradiation treatment was a 

powerful tool for inactivating microorganisms in the hospital wastewater.   

  

USA 

Ionizing radiation doses from an electron beam (eBeam) source are effective at destroying microbial 

biohazards. Microbial pathogens, however, exhibit differing responses to eBeam sources. Bacterial, 

viral, and protozoan pathogens exhibit different sensitivities to eBeam doses. Protozoan pathogens are 

the most sensitive, followed by bacterial pathogens. Viruses are the most resistant to inactivation to 

ionizing radiation primarily because of the small molecular weight of their nucleic acids. As a rule, there 

is no significant difference between the inactivation kinetics when comparing D-10 values of eBeam 

and gamma sources such as cobalt-60. However, there is a general lack of side-by-side comparisons of 

how eBeam dose rate and eBeam energies have on microbial inactivation.   Though there appears to be 

consensus that there is no dose rate effect on the survival of bacterial cells the jury is still out in terms 

of a definite conclusion to this question. Many of the studies have been performed at doses well above 

the D-10 value of the target organisms. Studies in my laboratory have resulted in a mixed result. In a 

2007 study comparing 100 keV and 10 MeV doses on Bacillus spp. spores on aluminum coupons, the 

results suggested that there were differences in the D-10 values (Urgiles et al., 2007). In a more recent 

study, however,  (Hieke and Pillai, 2015) there were no statistically significant differences in the D-10 

values of Salmonella spp. when exposed to eBeam doses at varying energies and similar dose rates. In 

this same study, there were statistically significant differences in the D-10 values of E.coli and 

Salmonella spp  when exposed to ionizing radiation of various energies. Comparing the effect of energy 

on microbial inactivation is a technically challenging endeavor since varying equipment have varying 

dose rates corresponding to varying energies. In the Hieke et al study, we did detect statistically 

significant differences in the D-10 values of two different E.coli strains. There are distinct differences 

in how the cell wall/membranes of some bacteria respond compared to specific cyanobacteria namely, 

Microcystis aeruginosa. Similarly, there are distinct differences in the transcriptomic responses of 

Salmonella spp., between eBeam and gamma irradiation. There are unique features of the metabolome 

of ionizing-radiation inactivated cells as compared to the untreated cells. Studies in my laboratory have 

investigated the structural integrity of bacterial cell membranes after exposure to lethal eBeam doses in 

Salmonella, Clostridium perfringens and toxigenic E.coli. In all three of these organisms, the cell 

membrane is intact even after exposure to lethal eBeam doses that can achieve at least 6-log inactivation 

of the target bacteria. However, this is not the case with the cyanobacterium, Microcystis aeruginosa. 

In this prokaryote even at very low doses (2 kGy), the cell wall degrades (Folcik et al., 2021) However, 

the degradation is not immediate and there is a time delay between exposure to eBeam doses and the 

degradation of the cell wall. Immediately after exposure to lethal doses of ionizing radiation (4.9 kGy), 

the cells remained structurally intact though there was a slight discoloration of the cells of the cells. 

When imaged at 24 hours, the cells had undergone lysis with the free chlorophyll being liberated out of 

the cell. The response of the algal toxin to eBeam doses is vastly different than the response of another 

toxin such as aflatoxin to eBeam doses. In the case of the algal toxin, microcystin (MC-LR), even doses 

as low as 290 Gy resulted is 85% reduction of concentration from an initial concentration of 0.5 mg/L. 

There needs to be more comprehensive side by side studies of the sensitivity of a variety of microbial 

toxins to eBeam doses using similar dose ranges and dosimetry. There is now conclusive evidence that 

even though bacterial multiplication is eliminated at lethal eBeam doses, bacterial pathogens exhibit 

metabolic activity for an extended period of time post eBeam exposure. 

 

Cited References 

1. Folcik, A. 2021. Electron beam technology for the removal of the cyanotoxin, Microcystin-LR and 

the cyanobacteria Microcystis aeruginosa in contaminated waters 

 

2. Hieke, A-S, C. and S.D. Pillai (2015) Attenuation of 10 MeV electron beam energy to achieve low 

doses does not impact Salmonella spp. Inactivation kinetics. Radiation Physics and Chemistry 110: 

38-41 

 



3. Urgiles, E., J. Wilcox, O. Montes, S. Osman, K. Venkateswaran, M. Cepeda, J. Maxim, L. Braby 

and S.D. Pillai (2007) Electron beam irradiation for microbial reduction on spacecraft components. 

Proceedings of the IEEE Aerospace Conference 

3. DISCUSSION 

 

3.1. This meeting was conducted virtually from January 31 to February 4, 2022. Twelve groups 

from Argentina, Brazil, Canada, Egypt, Germany, Hungary, Kuwait, Malaysia, Poland, 

Portugal, Tunisia, Turkey, and USA were attending via the Microsoft Teams platform, and the 

groups covered a variety of radiation technology applications including basic science, 

wastewater and sludge hygenization, and viral, bacterial, and fungal decontamination. 

3.2. Many presentations discussed fundamental research, but several also covered real-life 

applications and scenarios including irradiation of dried food, hospital and healthcare 

wastewater, sewage sludge, inactivation of biohazardous liquids, animal waste, and air filters).  

3.3. It was emphasized that the types of pathogens in different matrices (liquids, solids, additives, 

aerosols, chemicals, etc.) have a remarkable influence on the inactivation kinetics and 

efficiency. Such matrices represent multi-parametric systems which are not trivial to describe 

and understand. Therefore, it is important to collect all investigated data to build up an overview 

for future experiments. 

3.4. Energy efficient irradiation processes or energy recovering processes will be important in the 

future to effectively transfer the technology to industry. For example, the “zero-energy” process 

for sewage sludge irradiation in combination with bio-gas production, presented by the group 

from Poland, will be an important step in this direction. The importance of such a transition 

from basic research to a commercial endeavor was once again emphasized. 

3.5. The availability of feasible electron accelerators is an important point for technology transfer 

to industry. Cost benefit analysis, which would include both capital and operational costs (i.e., 

energy consumption and service costs) is essential to help transfer the technology to industry. 

3.6. There are still significant gaps in knowledge about radiation technology (especially in in 

environmental topics) at the level of decision makers and governmental authorities. We should 

enhance the knowledge transfer by promoting and demonstrating the irradiation possibilities. 

 

4. CONCLUSIONS 

 

4.1. There is a growing social concern about environmental safety and protection worldwide. This 

momentum provides a good opportunity to propose the advantages and possibilities of 

irradiation technologies to reduce environmental risks together with a high efficiency.  

 

4.2. This CRP brings together scientists with varying expertise and access to different radiation 

sources, energies, dose rates, matrices, and target biohazards (bacteria, viruses, fungi, protozoa, 

etc). The breadth of the work done under this CRP can contribute to the improved public and 

environmental health as well as potentially increasing agricultural productivity. Improvements 

in food safety, food quality, water quality, animal and human health, reduction of food wastes 

are also envisioned. 

 

4.3. The results from this CRP shall be disseminated, for example, by being published as an IAEA 

TECDOC. Complementing activities of other CRPs, such as Emerging Organic Pollutants 

F23034, and technical cooperation activities (e.g., ARG1029 and RER1019), should be taken 

into account while preparing this publication. 

 

4.4. The CRP members will also consider writing a critical review article that focuses on the new 

database they want to build up for D10 values depending on the dose rates, matrices, and type 

of irradiation.  

 

 

5. RECOMMENDATIONS 

 



5.1. Because of the global concern about environmental problems, the knowledge transfer must be 

enhanced. One option will be a special session at the next ICARST meeting (August 2022), 

but national workshops for local stakeholders adjusted to local regulatory are also important. 

 

5.2. All of the CRP information should be disseminated via publications. These might include an 

IAEA TECDOC, a review article, or an additional chapter at a main book for environmental 

engineering, “Wastewater engineering, treatment and re-use” by Metcalf and Eddy. In 

addition, a special talk at a conference related to environmental engineering could connect 

with the interested audience.  

 

5.3. It would be helpful to promote environmental irradiation technologies by a special technical 

or consultancy meeting related to industrial equipment (e-beam accelerators, mobile units), 

which could be used for irradiation of liquids, solids, and gases. 
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Annex III 

Table I. Summary of irradiation modalities as well as different 

equipment for post-irradiation analysis 



 

 
Country Biohazard Chemical 

pollutants 
Matrices Radiation 

sources 
Dosimetric 

system 
Dose 
rate 

Analytical 
methods 

Microbiological 
methods 

Toxicology 
methods 

Potential 
environmental 

application 

Dose for 
achievement 

Argentina Biohazards 
of 
importance 
in human 
and animal 
health 

- Rat 
bedding 
waste 

Gamma 
multipurpose 
facility 

Alanin 20 kGy/h - Conventional 
culture methods 

Vermicompo
sting assay, 
seed 
germination 
and plant 
growth 

Organic soil 
amendment 

For 10 log 
reduction: 2.0 
kGy -16 kGy 
for inoculated 
yeast, bacteria 
and spores; 
6.2 kGy and 
10 kGy for 
aerobic and 
aerobic 
bacteria. 5.8 
kGy and 6.8 
kGy for fecal 
coliforms and 
E. coli 

Brazil Airborne 
fungi 

- Air filters Gamma 
multipurpose 
facility 

PMMA 
Harwell Red 

5.5 kGy/h - Conventional 
culture methods; 
Morphology; 
DNA 
Sequencing 

- Safety reuse and 
reduction of solid 
residues 

 

Canada E. coli, 
Salmonella,, 
Listeria, 
Pseudomonas 
,Brochothrix, 
Lactic acid 
bacteria, 
molds (ex: 
Aspergilus 
niger) 
 

 Meat, fruit, 
vegetable 
products  

Gamma ray 
 
X-ray 
 
 

Piranha RTI 
657 Alanine 
Pellet 
Harwell 
Gammachro
me 
 
YR perpex 

Gamma 
0.085 
and 10 
KGy/hr 
X-ray 
from 0.3 
to  
8.4 kGy / 
hr 

 Conventional 
culture media 
methods 

 Food safety From 0.5 to 
1.5 for fruit 
and vegetable 
 
From 1.5 to 3 
kGy for meat 

Egypt Salmonella 
Streptococcu
s 

- Dry food; 
Medical 
devices 

Gamma 
e-beam 

Alanine 
dosimeter 
FWT-60-00 
radiochromic 

1.1 kGy/h 
Gamma 
 
1.1 
kGy/min 

- Conventional 
culture methods 

- Food safety; 
Sterilization of 
medical devices 

 



film 
dosimetry 
 

E beam 

Germany Influenza 
A/equine/Mia
mi/2 
/63 (H3N8) 

60->30% 
sucrose 
gradient for 
centrifugatio
n 
(NTC); 
20% 
sucrose 
cushion for 
ultracentrifu
ga 
tion (PBS) 

NTC or PBS KeVac 
System, Linac 
Technologies, 
Orsay, 
France (200 
kV/5 mA) 

Risø B3 
dosimeter 

20 
kGy/s 

Quantitative 
Real-Time 
PCR, 
RNA 
Isolation 
and 
Bioanalyzer; 
ELISA 

- Hemagglutinat
ion 
Assay, 
Immunization 
and Challenge 
(mice), 
Virus 
Neutralization 
Assay 

Vaccines, 
Waste inactivation, 
Patient sample 
inactivation  

 

30 kGy 

Hungary S. aureus - synthetic 
wastewater 
matrix: 7 
ppm humic 
acid (44% 
carbon 
content), 
105 ppm 
NaHCO3; 
inorganic 
constituent
s  

e-beam 
(Tesla linac 
LPR-4 
accelerator, 
4 MeV, pulse 
20 – 40 Gy) 

Alanin, 
Chloro 
benzene 

500 
kGy/h 

HPLC 
analysis of 
antibiotics 

Conventional 
culture methods 

- Wastewater 
treatment 

4-200 kGy 
(wastewatera
matrix + 
antibiotic) 
 
0.2 - 10 kGy 
(wastewaterm
atrix, 
antibiotic, 
bacteria) 

Kuwait E. coli, F. 
Coli, 
Salmonella 

Estrogens Synthetic 
Municipal  
Wastewate
r 

e-beam -- 0.5 to 10 
kGy 

APHA2017 Conventional 
Culture Methods 

--- Quality 
enhancement of 
poorly treated 
wastewater 

 

Malaysia Salmonella 
Enterica, 
Salmonella 
Bongori, 
Enterococci
, 
E.coli, 
Norovirus 
GI, 
Norovirus 

Metal ions 
such 
V,Cr,Mn,C
e,Ni,Cu,Zn,
As were 
identified  

Sewage 
sludge. 

Samp. 
Point: 
A- After 
SBR 
Reaction 
Tank 
(return 
sludge) 
 
B-Before 
belt press 

e-beam 
(EPS 3000) 

Energy:  
1-3MeV 
Current: 
2- 20mA. 
Dose: 
5 & 10 kGy 
 

CTA film 0.494 to 
2.089 
kGy/sec 

COD, 
TOC, 
Nitrate; 
Phosphate 
content. 

APHA 9620 
APHA 9260 
APHA 9221 
q-PCR  

MICROTO

X® 
 

Fertilizer for non-
food crops. 

D10 were 
achieved at 
energy; 3 
MeV, Current; 
20 mA, dose; 
10 kGy and 
dose rate; 
1.978 kGy/sec 
 



GII, 
Adenovirus
, Giardia 
Lamblia, 
Cryptospori
dium spp. 
 

for water 
removal  

Poland Salmonella 
sp., Helmiths 
eggs 

- Sewage 
sludge 

e-beam  
(ILU-6 – 1.7 
MeV or 
Elektronika 
10/10 – 
10MeV) 

Alanine, 
CTA films; 
PMMA 
Harwell 
Amber 

1 kGy/s  GC, 
photometri
c tests for 
SCOD,  
volatile 
solid 
content, 
dry mass 
content, 
carbon to 
nitrogen 
ratio 

Conventional 
culture methods 

- Sewage sludge 
hygienization for 
obtaining fertilizer 

 

Portugal Enteric 
viruses 
(human 
adenovirus, 
hepatitis A 
virus) 

- Tap water 
and 
wastewater 

e-beam 
(LINAC; 10 
MeV) 

Radiochromi
c films FWT-
60 

25 kGy/h COD 
TSS 

Cell culture 
assays (plaque 
assay, TCID50); 
Molecular 
biology 
techniques 
(ELISA, western 
blot, Long-range 
PCR, ICC/RT-
qPCR) 

- Wastewater 
treatment; 
Tap water 
disinfection 

13 – 22 kGy to 
achieve 4 Log 
reduction of 
enteric viruses 

Russia            

South 
Korea 

Antibiotics in 
water waste 

Antibiotics Water Gamma ray 
(470kCi) 
e-
Beam(10Me
V and 
2.5MeV) 

B3000 film 1~100kG
y 

HPLC 
analysis of 
antibiotics 

Disk Paper 
Assay 

MTT assay Wastewater 
treatment 

10kGy E-
beam for 
degradation of 
antibiotics 



Tunisia Staphylococ
cus spp. 
Enterococcu
s spp.  
Spores of 
Clostridium 
perfringens, 
Pseudomon
as spp. and 
E. coli,  
Somatic 
coliphages 
(SOMCPH), 
F specific 
RNA phages 
(F-RNAPH) 
Bacterial 
biofilms 

 Healthcare 
wastewater 

Gamma 
 
 
e-beam (10 

MeV-5kW) 

PMMA Harwell 
  
 
B3 
radiochromic 
film dosimetry 

1.85kGy/
h 
 

PCR and 
Sequencin
g RGA 
 
FTIR for 
bacterial 
biofilms 
 

Conventional 
culture method;  
 
ISO 10705-1 
and ISO 10705-
2 for phages 
 
 
 

 Healthcare wastes 
and wastewater 
treatment  
 
Wastewater 
treatment  
  
Water safety 
 

2KGy for 
bacteria 
7 KGy for 
phages 
10 kGy for 
spores 

Turkey Salmonella, 
E. coli, 
Coliform, 
Pseudomon
as, 
Enterococci, 
Total 
Aerobic 
Mesophilic 
Bacteria, 
S. aureus, 
Sulfite 
reducing 
bacteria 

Drug, 
ECDs 
Biocides 

Hospital 
wastewater 

Gamma 
e-beam (0.5 
MeV) 

Harwell 
Amber AB 
(G) 
FWT-60 and 
Riso B3 film 
dosimeter 
(EB) 
 

1.16 
kGy/h 
(G) 

LCMSMS 
(EPA 
1694) 
GCMSMS 
(InLab 
Method) 

FTIR microbial 
identification, 
TimsToF 
microbial 
identification, 
Conventional, 
culture methods 

Microtox 
Algea and 
Daphnia 
magna kit 

Hospital 
wastewater 
treatment 

6 kGy for total 
bacteria,  
10 kGy for 
Enterococci 

USA            
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TRANSFORMATION OF HAZARDOUS WASTE FROM ANIMALS INTO A SAFE 

MATERIAL WITH IONIZING RADIATION 

 

M.V. VOGT1, B.M. BORDA, M.C. CINGOLANI1, J. PACHADO1, L. PARODI2 

1Radiation Science and Applied Technology Management, CAE – CNEA, Ezeiza, Argentina.                          
2Animal Laboratory Facility, CAE – CNEA, Ezeiza, Argentina. 

 

Abstract 

The treatment with ionizing radiation allows to eliminate the pathogenic microorganisms present in this dangerous 

material. Laboratory animal waste is composed mainly of sawdust and animal feces, once irradiated they were used 

for a vermicomposting process and later as a substrate for plant growth. The growth parameters evaluated in the 

seedlings (number of leaves, length, and dry weight of the aerial part) showed significant differences between the 

irradiated residues and the non-irradiated sawdust control (ANOVA p < 0.01). 

 

1. OBJECTIVE 

The main objective of this report is to evaluate the use of radiation-treated rat bedding waste (RBW) as a 

substrate for a vermicomposting process and then for plant development. 

 

2. INTRODUCTION 

Despite the growing public concern and the increasing availability of alternative methods for animal 

testing, millions of animals are demanded for scientific purposes all over the world. Mice and rats comprise 

the vast majority of lab mammals used in research [1]. This large number of animals generate an important 

amount of waste, composed not only by the remains of the animals, but also by the bedding material wastes. 

This means amount of trash raises serious concerns about the overall environmental impact of using 

animals for scientific purposes. Bedding waste is accompanied by health risks that greatly depend on the 

contaminants which the bedding may contain. The animals have their own microbial flora that is 

transferred to and contaminates the bedding, and their faecal wastes contain high amounts of intestinal 

bacteria. The microbial population in bedding waste may or may not grow, but these microbes may include 

species that cause unwanted effects for the health to both humans and animals [2]. There are few studies 

on the environmental consequences, but evidence demonstrates that their use and disposal, contribute to 

pollution [3].  

This work evaluates the use of ionizing radiation to inactivate the microorganisms present in the waste, 

and its use as a substrate for vermicomposting and then for the growth of plant species. 

 

3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Rat bedding waste (RBW): was obtained from laboratory rat species Rattus rattus, strain wistar and 

BDIX grow in captivity. The material was extracted from the cages after being in contact with the animals 
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and feces for 3-5 days. The animals were healthy, and no antibiotics or other medications were used during 

animal husbandry. They were obtained between November and December 2019 from the animal facility 

of the Ezeiza Atomic Center (CAE). 

3.1.2. Wood shaving: was used as a material for animal bedding. It was obtained from a by-product of pine 

(Pinus spp.) or non-resinous woods in timber industry. 

3.1.3. Eisenia fetida: was used in the vermicomposting tests. The earthworms were obtained from local 

organic compost producers. These annelids feed on decomposing vegetation and reproduce very quickly. 

3.1.4. Calendula officinalis: seeds were used in plant pot assay. They were commercially acquired from 

the selector "La Germinadora". It has the following indications: cultivation with a sowing depth of 0.5 cm, 

sowing time: summer, autumn and winter. 

3.2. Methods 

3.2.1. Irradiation of RBW: RBW in polyethylene bags were irradiated with a source of cobalt-60. The 

installed activity is 820 kCi. The doses were 10 kGy and 30 kGy. The dose rate was 20 kGy/h. To determine 

the absorbed dose, alanine dosimeters were used and analyzed by the CAE High-dose Dosimetry 

Laboratory. 

3.2.2. Characterization of the RBW 

- Microbiological analysis: RBW sterility controls were carried out after being irradiated. For this, 10 

g of the material was incubated with 200 mL of trypticase soy broth (TSB-OXOID) at 37 °C for 7 

days. After incubation, 1 mL of medium was added to 10 mL of TSB to verify the presence of viable 

microorganisms. A count of microorganisms present in the vermicomposted material was made. The 

sample was serially diluted 1/10 in peptone water, and counts were made for mesophilic aerobic 

bacteria in trypticase soy agar (OXOID) using surface seeding and incubated at 32 °C for 48 h. The 

results were expressed as colony forming units (CFU)/g. 

- Ammonium quantification: The sample was diluted in distilled water and mixed with phenol and 

hypochlorite in alkaline medium to produce indophenol blue in presence of ammonia. The 

quantification was performed by spectrophotometer colorimetry at 540 nm, using a concentration 

calibration curve. 

- pH: Five g of dry sample were mixed with 45 mL of distilled water. The solids were allowed to settle, 

and pH was measured with a pH meter. 

3.2.3. Vermicomposting test: was performed in containers using as follow: 

1. Wood shaving  

2. RBW + 10 kGy 

3. RBW + 30 kGy 

The samples (550-1000 g) were placed in 20 L plastic containers. Household organic waste composed of 

fruits and vegetables in the same amount (w/w) was added as a wet organic material to promote the 

decomposition of the samples. After 4 weeks, earthworms were added to speed up the degradation process 

and hummus formation. The vermicomposting process was performed for 15 weeks. After that, the 

earthworms were removed, the material was distributed in plates and sundried to eliminate the remains 

earthworms and their eggs. The pH was measured at the beginning and at end as indicated above.  

3.2.4. Plant pot assay: the vermicomposted material was treated as an organic amendment and mixed with 

the same amount of soil (v/v).  The following mixtures were prepared: 

1. Vermicomposted wood shaving - Soil (1:1) 

2. Vermicomposted RBW 10 kGy - Soil (1:1) 
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3. Vermicomposted RBW 30 kGy - Soil (1:1) 

A soil control (100%) was also included. 

Ten plastic pots of 500 cc were filled with 500 g of each mixture and 6 seeds of C. officinalis were placed. 

The pots were incubated outdoors with 10-10.5 h of light a day and a temperature range of 3 °C to 23 °C. 

After 15 days 3 plants were left per pot. The pots were repositioned periodically to minimize variability in 

growth of the plants. The pots were large enough to allow normal growth until 21 weeks. The plants were 

watered twice a week. 

3.2.5. Plant growth analysis: After 21 weeks from the beginning of the plant pot assay, 3 pots were taken 

per treatment (9 plants) and the following observations were made: length of aerial part, count of the 

number of leaves and dry weight of the aerial part.  

3.2.6 Statistic analysis: The results obtained were analyzed descriptively (x̅ ± SD) and through analysis of 

variance (ANOVA) with comparisons between the means of the treatments using the Tukey post hoc test 

(p <0.01). 

 

4. RESULTS AND DISCUSSION 

During the production and breeding of laboratory animals they are placed in cages on clean and generally 

sterile bedding material [4]. Bedding is used to absorb, dilute, and / or limit the animal’s contact with its 

excreta and is used for nest building; provides insulation and therefore allows the animal to thermoregulate; 

can serve to provide environmental enrichment; minimizes the growth of microorganisms; and in some 

cases, it reduces the accumulation of intracage ammonia [5].  

Dirty animal beddings are considered biomedical waste as defined by many worldwide hazardous waste 

regulations, and even though animals have not been administered chemical or biological agents, the 

bedding waste have the presence of infective microorganisms capable of producing disease in humans and 

other animals. There is no information on the amounts of waste that RBW represents, but as an example, 

1-2 dm3 / week of bedding is used per cage with about 3 rats of 60 g – 70 g per week. Which means large 

volumes of waste generated annually [3, 6]. 

Waste is made up of wood shaving, feces, urine, food scraps, and animal hair. Figure 1 shows the species 

of rats that generated the residues used in this study, the RBW and the macroscopic components. 

 

FIGURE 1: Rattus rattus species from the wistar (A) and BDIX (B) strain, RBW (C) compose of wood 

shaving (D) and animal feces (E). 

In this study, the RBW was irradiated to eliminate the microorganisms. Sterility controls performed at 

RBW with doses of 10 kGy and 30 kGy confirmed the absence of microorganisms with the ability to 

reproduce. The ammonium concentration after irradiation was evaluated and result are in figure 2. 
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FIGURE 2: Ammonium concentration in RBW (control and irradiated) and wood shaving. 

Figure 2 shows the ammonium concentration in the RBW without irradiation and irradiated with        10 

kGy and 30 kGy, and in wood shaving. The RWB samples presented ammonium in concentrations in a 

range between 6.1 g/kg and 9.0 g/kg. The ammonium in the RBW is provided by the excreta of the animals. 

The highest concentration was observed in the RBW without irradiation (8 ± 1 g/kg). When the RBW was 

irradiated the ammonium concentrations decreased slightly to 6.7 ± 0.5 g/kg and 7.35 ± 0.08 g/kg when 

treated with 10 kGy and 30 kGy respectively. Ammonium ions are generated when urea from the urine of 

rats degrades. In wood shaving control, the ammonium is almost not present (0.05 ± 0.03 g/kg). 

Hazardous waste containing biohazards is generally incinerated. Recovery and transformation into 

something with a beneficial impact on the environment is proposed. For organic waste disposal, 

vermicomposting is one of the most used methods. This process allows the transformation of organic 

matter into an organic amendment, which is a "substance or mixture of substances of a mineral or organic 

nature, incorporated into the soil that favorably modifies its physical-chemical characteristics, without 

considering its value as a fertilizer" [7]. These organic inputs provide energy and nutrients to soil leading 

to a considerable change in the environment which becomes appropriate for crops, plants, and proliferation 

of microorganism. Among its benefits are being a source of essential macronutrients for plant growth and 

provision of micronutrients; enhancement of soil carbon levels; increased soil microbial activity; improved 

soil aggregation; reduced soil bulk density and compatibility; improved soil permeability; greater root 

exploration of soil; improved water-holding capacity; more resilience against erosive forces of wind and 

water [7]. 

The RBW's proposed recycling process consists of 3 steps. The first step is the elimination of 

microorganisms by ionizing radiation. Then a pre-composting is carried out, where the material is mixed 

with humid household plant wastes to allow its decomposition with bacterial and fungal enzymes. The 

final step consists of the addition of E. fetida earthworms. Daily feeding rate of earthworm varies from 

100 to 300 mg/g of earthworm body weight, they have high reproduction rate and high efficiency in the 

vermicomposting process.  

The following figure shows the changes in the vermicomposting process that was carried out during 15 

weeks of the wood shaving and the irradiated RBW. 
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FIGURE 3: Vermicomposting assay of wood shaving, RBW + 10 kGy and RBW +30 kGy in different 

weeks. 

The previous figure shows the evolution of the vermicomposting processes up to week 15 of wood shaving 

and irradiated RBW. In week 1, the humid organic residues of fruits and vegetables were observed. In 

week 3 the humid organic material practically was disintegrated and was almost indistinguishable in the 

sample. Between weeks 4-5 the earthworms were added and began to circulate in the substrates. Requiring 

3 days in the RBW, but more days in the wood shaving. At 6 weeks the earthworms were observed 

circulating throughout the substrate in all the containers. In week 10, the presence of hummus was already 

visible on the surface, and earthworm cocoons were presented within the material. At the end of week 15, 

the wood shaving was still present, but with an abundant number of earthworms and hummus throughout 

the substrate, mainly in the RBW. 

Figure 4 shows the variation of the pH in the substrates at the beginning of vermicomposting (RBW) and 

at the end of the process in the wood shaving, the RBW and the soil used. 

 

FIGURE 4: pH of wood shaving, soil, and RBW + 10 kGy and RBW + 30 kGy at the beginning and end 

of vermicomposted assay. 

It was observed that the pH of the samples is almost neutral or slightly alkaline with pH values between 

6.8 and 8.5. The pH of the RBW irradiated with 10 kGy presented a pH of 8.5, with a small decrease after 

the vermicomposting process, reaching a pH of 8. In the case of RBW irradiated with 30 kGy, pH changed 

from 8.3 to 8.5, keeping little variation during the process. On the other hand, the wood shaving at the end 

of the process presented a pH of 7.6 and the soil used in the pot tests had a pH of 6.8, closer to neutral pH. 

The following figure shows the count of microorganisms at the end of the vermicomposting test of the 

wood shaving, the irradiated RBW and the soil. 
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FIGURE 5: Total mesophilic aerobic bacteria count in composted products and in soil. 

All samples had a microorganism count higher than 107 CFU/mL. When wood shaving is compared with 

RBW, an increased in microbial activity can be seen that is especially important to maintain the diversity 

of soil microorganisms and promote plant development. The count in the wood shaving was 9x107 

CFU/mL and in the RBW it increased to 2-3 x 109 CFU/mL for the RBW with 10 and 30 kGy, respectively. 

However, the RBW had a lower concentration of microorganisms than the soil where the count was 5 x 

1011 CFU/mL. 

Eisenia fetida earthworms are phytophagous, therefore if the substrate is pretended to be used for plant 

development earthworms and cocoons must be completely extracted. Also, vermicompost should be mixed 

with soil to incorporate nutrients from the soil. For the assay, the potted mix were sown with C. officinalis 

seeds a to evaluate the use of the amendment as plant substrate. Calendula officinalis species is commonly 

called “calendula”. Belong to the Asteraceae family, and it is a grass of little height (30 or 60 cm). This is 

an annual plant that grown all over the world and its flowers are used both from an ornamental point of 

view and for the preparation of products in the pharmaceutical and cosmetic industries. This plant is 

associated with increased abundance of bees and other arthropod groups pollinators, an increase in fruit 

production and a reduction in the total damage to the leaf crop by pests in horticultural crops. The flowers 

are discoidal, yellow to deep orange, and very showy. They have the following pharmacological properties: 

healing, anti-inflammatory, antibacterial and tranquilizing, which makes it a natural raw material of interest 

for the pharmaceutical and cosmic industry. The following figure shows a diagram of the C. officinalis 

plant, its seeds, flowers, and the germinated seedlings after 15 days. 

 

FIGURE 6: Calendula officinalis plants (A), seeds (B), flower (C) and germinated seedlings after 15 

days (D). 

The pots remained outdoors for 21 weeks with regular watering, and after this time the growth of the 

seedlings in each plant substrate was observed as follows:  
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FIGURE 7: Calendula officinalis 21 weeks old plants grown on different substrates. 

In the previous figure the development of the plants is observed after 147 days. In all substrates the seeds 

germinated and remained healthy, presenting in most of the treatment’s abundant quantity of leaves and at 

the end of the incubation the formation of inflorescences was observed. The plants grown with the soil-

RBW + 10 kGy and soil-RBW + 30 kGy substrates appear to have a growth, similar to the plants developed 

in the soil control. On the other hand, the seedlings developed with vermicomposted wood shaving show 

less foliar development. 

The following figure shows the length of the aerial part of the seedlings. 

 

FIGURE 8: Aerial length in C. officinalis plants with different growth substrates. 

All the seedlings developed their aerial part to different degrees. The length for the 4 substrates used was 

found in the range of 8 to 20 cm. The greatest average length was observed in the substrate with the RBW 

treated with 10 kGy, with a value of 17 ± 3 cm. In decreasing order of average height is the ground control 

with a length of 15 ± 2 cm. Third is the RBW + 30 kGy, with a height value of the aerial part of 15 ± 3 

cm. Finally, the treatment with the lowest height was that of the sawdust control with 10 ± 2 cm of aerial 

part.  

ANOVA analysis was carried out and allowed to identify the existence of significant differences         (p 

<0.01) between the aerial parts of the seedlings developed on the different substrates. The performance of 

a post hoc Tukey test identified that the substrates of RBW + 10 kGy; RBW +                 30 kGy and soil 

control did not present significant differences between them, while the length of the seedlings grown in 

the sawdust substrate presented a difference with the other 3 treatments. 
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FIGURE 9: Number of leaves in C. officinalis seedlings with different growth substrates. 

The seedlings of C. officinalis presented different number of leaves according to the substrate of their 

growth. The number of leaves in the substrates was found in the range of 6 to 23 leaves. The substrate in 

which the highest number of average leaves was observed was RBW + 10 kGy, with a value of 16 ± 4 

leaves. In decreasing order, the substrate RBW + 30 kGy is found with 15 ± 2. Third, the soil control is 

found with 12 ± 3. Finally, the treatment whose seedlings presented a lower number of leaves was the 

sawdust control with 8 ± 1 sheets. An ANOVA was carried out, which allowed to identify the existence of 

significant differences (p <0.01) between the number of leaves of the seedlings developed on the different 

substrates. The performance of a post hoc Tukey test identified that the substrates of RBW + 10 kGy; RBW 

+ 30 kGy and soil control did not present significant differences between them, while the number of leaves 

of the seedlings grown in the sawdust substrate presented a difference with the other 3 treatments. 

 

 

FIGURE 10: Dry weight of aerial length in C. officinalis seedlings with different growth substrates. 

When analyzing the dry weight of the aerial part of the seedlings, a greater dispersion of the results is 

observed. The highest dry weights were observed in the seedlings with the substrate RBW + 10 kGy (0.4 

± 0.1 g) and RBW + 30 kGy (0.4 ± 0.2 g). With a slightly lower dry weight is the ground control (0.3 ± 

0.1 g). These three treatments do not present significant differences detected by ANOVA (p < 0.01). On 

the other hand, the control sawdust treatment (0.05 ± 0.01 g) had a significantly lower dry weight in its 

aerial part than the other treatments. 

 

5. CONCLUSIONS 

The present research highlights the potential use of radiation technology to eliminate microorganisms in 

RBW and transform it into a substrate for plant growth. Laboratory animal husbandry facilities generate a 

large volume of hazardous material consisting primarily of animal bedding waste. These residues contain 

potentially dangerous microorganisms that can transmit diseases to other animals and to humans. Radiation 

can be used to eliminate microorganisms present in animal waste with RBW while facilitating the 

a 

b 

a 
a 
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degradation of its components and can subsequently be used as a substrate for vermicomposting processes, 

which are then used for germination and development of species. vegetables such as C. officinalis. In this 

way, a hazardous material that would end up incinerated can be transformed into a new/recycled product 

by means of radiation technologies. 

6. FUTURE PLAN OF RESEARCH 

- Study the toxicity in Lactuca sativa and Daphnia magna of the residue irradiated with 10 kGy of the 

material treated and vermicomposted. 

- Evaluate the viral sensitivity to radiation in the waste. 

- Characterization of liquids effluents of animal origins with biohazards. 
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DNA sequencing techniques 

The possible use of ionizing radiation to control fungi in vehicular air filters and to reuse them was 

investigated. A wide diversity of fungi was detected in all untreated filters samples. Gamma radiation 

application drastically reduced initial contamination and DNA sequencing techniques were used for the 

confirmation of fungi which survived irradiation (15kGy). Aspergillus genera was predominant, followed 

by Non-sporulated Fungi, NSF, and Cladosporium spp, for unirradiated samples. Last part of samples were 

submitted to a combined cleaning processing with vaccum cleaning, followed by chemical sanitezeir 

application and 17 kGy, respectively. This combined method achieved 80% of fungi inactivity. Two 

samples demonstrated only the growth of yeasts (not pathogenic fungi). No mycotoxigenic fungi such as 

Aspergillus, Penicillium, and Fusarium genera were detected in irradiated samples using combined 

methods. Feasibility studies are planned for the near future in order to demonstrate the importance of the 

techniques for local solid waste management strategies in São Paulo, Brazil. 

 

1. OBJECTIVE OF THE RESEARCH 

 
 

To apply ionizing radiation for controlling fungi and pathogenic microorganisms into automobile 

air conditioning system and achieve suitable conditions for one reuse. 

 
2. INTRODUCTION 

 
 

Vehicular air filters can be recyclable and reusable, preventing solid waste generation, if using a 

circular product. Since air filters must be often replaced, creating large amounts of waste to 

landfills and taking several decades to decompose, cleaning and disinfection techniques are 

desirable in this regard. Nonetheless air-conditioning systems can be contaminated by particles 

and dust, and their filters may be colonized by different microorganisms such as bacteria and 
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fungi [1, 2]. The microorganisms are able to survive dry environments for relatively long periods 

of time [3]. 

Cellulose filter media are commonly used in inlet air filters in motor vehicles and they are made 

of fibers with relatively large diameters, usually over 10 microns. New materials and 

combinations have been proposed for next air filter generation. To highlight the importance of 

cleaning and reuse such type of filters we can confirm that more than 19 million of cars are 

circulating in São Paulo State and 6.2 million are in São Paulo the Capital, excluding taxi [4]. 

 
For the case of this project, we used gamma radiation for reducing fungi from vehicular air filters 

collected in different regions of São Paulo State, Brazil, and after one period usage. The sampled 

filters revealed the presence of many fungi genus, including toxigenic Aspergillus, Penicillium 

and Fusarium. All control samples evidenced fungi contamination, totalizing 17 genera, such as 

Aspergillus, Alternaria, Cladosporium, Nigrospora, Fusarium, Trichoderma  and Penicillium. 

Another important step was the confirmations of radioresistent fungi species with DNA 

sequencing techniques [5]. 

 
After results interpretation, a tentative procedure was developed with combined cleaning methods 

in order to use relatively low radiation doses. Last results were based on the  application of gamma 

radiation (17 kGy), after mechanical process by air cleaning and chemical sanitizers as previous 

decontamination of vehicle air conditioning filters. 

 
3. MATERIALS AND METHODS 

 
Fungi: Isolation and Enumeration 

 

A standard plating regimen has been used for the initial examination of all isolates. Identification 

procedures were carried out without foreknowledge of genus or even their subkingdom. All 

technique was conducted in accordance with good laboratory practice and the material was 

manipulated in a laminar flow cabinet, according to the laboratory guide for the routine isolation 

and identification of common fungi designed [6]. 

 
Differential counting of various genera is often possible, and as mentioned for each fungal genus, 

the results were also expressed in percentage (%). Petri dishes were incubated for 7 days at 25 °C 

and they were stored in a standard Biochemical Oxygen Demand (BOD) incubator, for growth of 

fungal cultures. After incubation, the examination of fungal culture in the plates was carried out 

visually, and the total counting of infected fragments was expressed in results as a percentage [7]. 

 

DNA Extraction, Amplification and Sequencing: 
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For the second part we focused in the confirmation of results (radioresistance of surviving fungi) 

through the sequencing of genome of eight radiorresistant fungi detected in the first sampling of 

filters irradiated at 15 kGy, due to the risks to identify by classic methods of taxonomy. The 

radioresistant strains (n=8) were confirmed by sequencing of the ITS, β-tubulina and calmodulin 

gene regions of rDNA [8,9,10]. DNA was extracted and purified directly from fungal colonies 

grown on yeast extract sucrose agar at 25 °C in the dark for 3 days using the PrepMan Ultra® kit 

(Applied Biosystems, Carlsbad, CA, USA). DNA was quantified with the GeneQuant pro 

Calculator (Amersham Pharmacia Biotech, Cambridge, UK). 

 
A fragment of ITS region was amplified with the ITS1 (5′ TCCGTAGGTGAACCTGCG 3′)  and 

ITS4 (5′ TCCGCTTATTGATAT 3′) primer pairs. Part of the gene β-tubulin was amplified- 

primers T22(5′ TCTGGATGTTGTTGGGAATCC3′) and TUB-F(5′ 

CTGTCCAACCCCTCTTAGGGCGACT 3′). Part of the calmodulin gene was amplified using 

primers     CMD     42     (5′     GGCCTTCTCCCTATTCGTAA     3′)     and     CMD     637  (5′ 

CTCGCGGATCATCTCATC 3′). The PCR mixture contained 12.5 μL 2× PCR Master Mix 

(Promega, San Luis Obispo, CA, USA), 6.5 μL Milli-Q water, 2 μL DNA (40 ng), and 2 μL (20 

pmol) of each primer (Prodimol Biotecnologia, Minas Gerais, Brazil) in a final volume of 25 μL. 

The amplification program included an initial denaturation at 94 °C for 3 min, followed by 35 

cycles of denaturation at 94 °C for 1 min, annealing at 57 °C (ITS), 49 °C (β-tubulin), or 54 

°C (camodulin) for 1 min, and extension at 72 °C for 1 min. A final extension step at 72 °C for 5 

min was included at the end of the amplification. 

 
After PCR, the products were purified with the QIAquick PCR Purification kit (Qiagen, Hilden, 

Germany) and stored at −20 °C until the time of sequencing. The PCR products were sequenced 

using the same primers as those employed for amplification. The Big Dye® Terminator v3.1 

Cycle Sequencing kit (Applied Biosystems) was used. The reactions were run on a 3100 DNA 

sequence analysis (Applied Biosystems). Consensus sequences were obtained using the 

AutoAssembler program (Perkin Elmer-Applied Biosystems) and SeqMan software (Lasergene, 

Madison, WI, USA). The sequences were used in BLASTn searches (www.ncbi.nlm.nih.gov) in 

order to confirm preliminary identifications. 

 
Combined Cleaning Processing and Irradiation of Filters 

 
 

Vaccum cleaning and sanitezeir (Denatonium benzoate) were applied and part of samples were 

isolated for fungi analysis of control group. After cleaning part of the samples was irradiated at a 

Multipurpose gamma irradiator – 60Co. The samples were individually protected by an
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envelope and many of them were kept in a box during irradiation. Irradiated filters were treated 

with following radiation dose: 10, 15, 17 and 20 kGy in different period, and using dose rate from 

5 kGy/h up to 6 kGy/h. Dosimetry was carried out using a poly-methylmethacrylate (PMMA) – 

Harwell Red Perpex® . 

 

4. RESULTS AND DISCUSSION 

 
 

Diversity of fungi was determined in irradiated filters and it was also obtained pathogenic 

Aspergillus species such as Aspergillus section Flavi and Aspergillus section Nigri, as well as A. 

fumigatus, A. clavatus and A. ochraceus. In the two previous technical reports we presented the 

data based on the macromorphology and microscopy of fungi isolated from unirradiated air filters. 

All control samples were contaminated with fungi, with 17 genera, such as Aspergillus, 

Alternaria, Cladosporium, Nigrospora, Fusarium, Trichoderma and Penicillium (Figure 1). 

 

 

 

FIG. 1 Fungi Frequency (%) in non-irradiated samples (control group) 

 
 

Gamma irradiation completely reduced the fungal contamination in 38% of all samples. The 

irradiated samples where no fungi growth was observed were 3, 4, 5, 8, 12 and 13. However, 15 

kGy did not completely control the fungal burden in 11 samples (2, 6, 7, 9, 10, 11, 14, 15, 16, 17 

and 18). Although an important CFU reduction was obtained at 15 kGy some fungi growth was 

observed, Figure 2. 

Filamentous fungi that survived after15 kGy belong to the genera Cladosporium spp., 

Penicillium spp. and A. niger and Fusarium spp. (Figure 2a and 2b), in addition to Non- 
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Sporulated Fungi (NSF). Concerning yeasts radioresistance, it was noted mainly in Rhodotorula 

spp. 

 

 
FIG. 2 Filamentous fungi Aspergillus niger (a) and Fusarium spp. (b) from filters samples 

 
 

All filters samples (100%) were contaminated with different fungi genera during their usual 

utilization in private vehicles and Cladosporium spp. was the predominant genus, but we also 

detected Alternaria alternata, Trichoderma spp., Syncephalastrum spp., Rhizopus spp., 

Aspergillus fumigatus, Aspergillus niger, yeasts, Penicillium spp., Bipolaris spp. And Not 

Sporulated Fungi (NSF). After 20 kGy, the irradiated samples achieved drastic fungi 

decontamination (73%), but still positive for 27% of the samples. Even with a significant 

reduction of fungal CFU, as demonstrated in Figure 6, the fungi detected in irradiated samples 

were Cladosporium spp. (10 CFU), Penicillium spp. (1 CFU) and yeasts (1 CFU). 

 
The contigs obtained for those fungi that survived after 15kGy were presented in the second 

technical report and were obtained through DNA sequencing analysis. Those filamentous fungi 

that survived after 15 kGy were Cladosporium cladosporioides and Aspergillus niger. Among the 

yeasts, the radioresistant was observed mainly in Rhodotorula spp. After the fungal DNA 

sequencing, we confirm also the species Aspergillus flavus, Penicillium glabrum, Fusarium 

incarnatum-equiseti. 

 
Finally, the combination of cleaning processes were applied for the final group of collected 

samples. First step was a mechanical process by air cleaning, followed by chemical sanitizers and 

exposure and irradiation at17 kGy. Combined decontamination of vehicle air conditioning filters 

were performed in fifteen samples (n=15) at Microbiology Laboratory. From the obtained data in 

the first part of the project, 15 kGy showed important decrease in fungal contamination in 38% 

of samples (n=18), and diversity of radioresistant fungi.was observed. In the following 
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experiments 17 kGy and 20 kGy were tested and even after an efficient decontamination of the 

filters, achieving 73%. Complementary studies included combined methods with gamma 

radiation. 

 
According to Thakur and Singh (1995), the use of combined processes has been found to inhibit 

the development of undesirable changes caused by irradiation into substrate material. One way to 

prevent these changes is to reduce the radiation doses and use combined irradiation with heating, 

cryogenic temperature and modified atmosphere. The cost of irradiation at lowered absorbed 

doses may positively induce combined processes. In this study we tried also previous cleaning 

filters before irradiation, in order to use 17 kGy [11]. 

 
 

 

FIG. 3- Fungi growth in the unirradiated samples: control samples, after vaccum cleaning and 

after combining vacuum cleaning and sanitizer spray treatment 

 
Ten different fungi genera were detected in these samples before any treatment. The control group 

(0 kGy) revealed the presence of Alternaria alternata, Aspergillus flavus, Aspergillus fumigatus, 

Aspergillus niger, Aspergillus terreus, Cladosporium spp., Fusarium spp., yeasts, Penicillium 

spp., Phoma spp., Rhizopus spp., Rhodotorula spp. and Trichoderma spp. The vacuum cleaning 

samples showed 11 fungal genera, the same 10 genera found in control samples, but with two 

more such as Mucor spp. and Nigrospora spp. The cleaning and chemical treatment samples 

showed 10 fungal genera (with Phoma spp.). Non-sporulating Fungi (NSF) is that fungi that 

produce only hyphae under the microscope examination. It is necessary the production of spores 

to identify the fungal genera. In this case, the NSF can be any filamentous fungi. 

On the other hand, the combined methods in association with gamma radiation (17 kGy) showed 

the inhibition on fungal contamination in 80% of samples and three samples showed NSF 

(samples 6 and 11) and yeasts growth (sample 2), as demonstrated in Figure 4. 
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FIG. 4 - Number of fungal genera count in samples per treatment (radiation dose = 17kGy). 

 

Conclusion 

 

It is possible to confirm that Aspergillus genera was predominant, followed by Non-sporulated 

Fungi, NSF, and Cladosporium spp, for unirradiated samples. The vacuum cleaning treatment 

showed more fungal contamination in 46.6% of samples, comparing with control samples. 

However, the samples treated by vacuum cleaning and sanitizer spray showed the increase of 

fungal counting in ten samples (66.0%). The size and nature of fungal spores can contribute to 

their efficient long-distance dispersal in the air. Besides, fungal spores are hydrophobic in water, 

they are not easily wetted and tend to float on the water surface. The fungal growth was favored 

by high humidity conditions in samples that were sprayed with sanitizer, that did not inhibit the 

fungal contamination. 

 
The methods of vacuum cleaning and sanitizer spray (denatonium benzoate) were not efficient to 

fungal control, because of increase of Aw in filter samples, humidity caused an effect that 

stimulated the fungal growth, such as Aspergillus genera. The association with a dose of 17 kGy 

showed that 80% of samples were completely sterilized. Two samples demonstrated only the 

growth of yeasts (not pathogenic fungi). No mycotoxigenic fungi such as Aspergillus, Penicillium, 

and Fusarium genera were detected in irradiated samples using combined methods. 
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In order to establish a method for the control of fungi in air filters, the use of gamma radiation 

and sanitizer products showed that it is an efficient way to control mycotoxigenic or pathogenic 

fungi, using ionizing radiation to recycle the material against radioresistant species. 
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ABSTRACT  

The aim of the study was to evaluate the possible synergistic effect of CJ and commercial citrus extract against FCV-F9 viral 

titer in-vitro in combination with γ-irradiation in order to determinate the D10 values and radiosensitivity increase. A in situ test 

was then done on Iceberg lettuce. The antiviral properties of cranberry juice (CJ), ozone (O3) and g-irradiation alone or in 

combination against FCV-F9 virus present on the surface of iceberg lettuce was investigated. The lettuce leaves were 

inoculated with viral suspension at titers of ~ 6 log TCID50/mL and treated with CJ, O3, and g-irradiation alone or in 

combination and the quality of the lettuce was evaluated during storage at 4°C. Results obtained for the in vitro test, showed 

that when virus samples were treated with a formulation containing a mixture of citrus extract (CE) or cranberry juice (CJ), a 

D10 of 0.05 %-CE, 0.42 %-CJ and 1.34 kGy for the virus treated with the CE, the CJ and the irradiation alone, was respectively 

observed. Concentrations needed to reduce 6 log TCID50 mL-1 of viral titer were CE-0.3%, CJ-2.5% and 8.04 kGy. Irradiation 

combined with CE-0.01% against FCV-F9 virus showed a D10 value of 0.74 kGy and a viral radiosensitization of 1.28, whereas 

g-irradiation combined with CJ-0.1% showed a D10 of 0.72 kGy and a viral radiosensitization of 1.50. Results obtained for the 

in situ test showed a D10 values of 1.21 kGy, 2.23 %-CJ, and 14.93 ppm-O3 when samples were treated with various doses of 

irradiation, CJ, and O3, respectively. Optimum doses of treatments were found to be 5 ppm for 7.5 min for O3, CJ-0.25%, and 

g-irradiation at 1.5 kGy when each treatment was executed alone. The combination of the three treatments showed the highest 

reduction of 2.15 log TCID50/mL from initial inoculated viral load on lettuce (~ 6 log TCID50/mL). Also, the antibacterial 

properties of treatments and physico-chemical quality of lettuce were investigated during 13 days of storage at 4 °C. The 

treatment of lettuce alone with g-irradiation (1.5 kGy) reduced by 3 log CFU/g the total flora, however, the combination of CJ 

(0.25%), 5 ppm for 7.5 min of O3 with irradiation (1.5 kGy) reduced by ~ 6 log CFU/g UFC g-1  and no bacterial count was 

detected during 13 days of storage at 4 °C. The texture, the color and the sensorial quality of the treated lettuce with the 

combined treatment were not affected, but chlorophyll increased by 3.81 mg/mL after 10 days of storage at 4 °C.   
  

1. INTRODUCTION  

Fresh fruits and vegetables such as iceberg lettuce are potential sources for viral infections like 

human norovirus (NoV). NoV are among the top 10 infectious agents mainly responsible for foodborne 

diseases (Mattison et al. 2007). NoVs are non-enveloped viruses and are part of the Caliciviridae 

family. NoVs are stable and resistant to environmental degradation and to chemical inactivation 

processes (Widdowson et al. 2004). Cranberry extracts attracted much attention as they are known to 

exhibit a range of antibacterial, antiviral, and pharmacological properties (Côté et al. 2011; Zhao et al. 

2018; Kim et al. 2019). Citrus extracts contain organic acids including citric acid, ascorbic acid, and 

lactic acid (Methot et al. 2017). These acids are responsible for the acidity of the product and also aid 

in the stabilization and protection of anthocyanins (Caillet et al. 2011). Suzuki et al. (2005) 

demonstrated that ethyl acetate layer of Citrus unshiu peel extract could decrease viral HCV. 

Epigallocatechin-3-gallate (EGCG) has been identified as an inhibitor of HCV entry in the cell. Authors 

demonstrated that EGCG acts by blocking viral attachment to target cells (Ciesek et al. 2011).  

g-irradiation is a non-thermal process used to assure the food safety and to enhance the shelf-

life of food (Lacroix and Ouattara 2000).  g-irradiation acts directly on microbial DNA and can inhibit 

bacterial growth at doses range from 1-10 kGy (Severino et al. 2015).Viruses are more resistant to 

inactivation by ionizing radiation than bacteria, parasites, or fungi because of their small size and their 

nucleic acid (ssRNA), but it has been showed that foodborne viruses can be inactivated by g-irradiation 

at doses from 2.7 to 3.0 kGy (Bidawid et al. 2000). However, irradiation doses needed to eliminate 

viruses can affects the physico-chemical quality of fresh vegetables like lettuce (Diehl 1992). According 

to Feng et al. (2011), it is suggested that enveloped viruses (like VSV virus) are more sensitive to g-

irradiation than non-enveloped virus. NoV are non-enveloped viruses and possesses a highly stable 

capsid that protects their genetic material.     

mailto:monique.lacroix@iaf.inrs.ca
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Generally, NoV surrogates such as Feline Calicivirus (FCV) and Murine Norovirus (MNV) 

represent the best substitute during inactivation studies, because there is no animal or cell culture 

available for NoV propagation. Both, FCV and MNV have the same size and shape to the human NoV 

(Hirneisen et al. 2011). NoV are not enveloped virus and possess round viral particles with a diameter 

of 27 to 40 nm (Buckow et al. 2008). According to Cannon et al. (2006), NoV have a low infectious 

dose of 10-100 virus particles for infection.  

The present study aims to evaluate the possible synergistic effect of CJ and commercial citrus 

extract against NoV (FCV-F9 virus) viral titer in-vitro used in combination with γ-irradiation and to 

verify in situ, the possible effectiveness of CJ, O3 in combination with γ-irradiation to eliminate the 

viral load on the surface of iceberg lettuce.   

  

2. MATERIALS AND METHODS  

2.1 Cellular Culture of CRFK cells  

CRFK cells (ATCC-CCL94) were used as hosts for the virus and were maintained in 

Dulbecco’s minimum essential medium (DMEM: Fisher Scientific, Ottawa, Ontario, Canada) 

supplemented with 10 % fetal bovine serum (FBS, Wisent, Saint-Jean-Baptiste, Québec, Canada) and 

1 % Streptomycin-Penicillin antibiotic (Gibco, Fisher Scientific, Ottawa, Ontario, Canada). The 

medium was added in a 75 cm2 culture flasks and incubated at 37 °C, in a humidified incubator 

containing 5 % CO2 atmosphere. Cells were sub-cultured every 2-3 days.  
  

2.2 Preparation of FCV-F9 viral stocks  

CRFK cells (ATCC-CCL94) were grown to 90 % confluency in 25 cm2 culture flasks (Sarstedt, 

Montréal, Québec, Canada), then the culture medium (DMEM+ 10 % FBS) was aspirated out and the 

monolayer of cells adhered to the bottom of the flask was washed twice with Dulbecco’s Phosphate-

Buffered Saline (Ph 7.0) (DPBS) (HyClone, GE Healthcare Life Sciences, Utah, USA). Thereafter, 200 

µL aliquot of viral inoculum (FCV-F9 virus (ATCC VR-651)) was added to each flask and incubated 

at 37 °C under 5 % CO2 atmosphere for 90 min to allow viral adsorption. Subsequently, a quantity of 7 

mL of medium (DMEM+ 2 % FBS + 1 % strep-pen) was added in each flask and incubated for 16-18 

h at 37 °C in 5 % CO2 incubator that resulted in virus-induced destruction of nearly 90 % of the 

monolayer. Each virus-infected flask was first frozen at -80 °C for 5 min and then thawed at 37 °C for 

5 min and this cycle was repeated twice. The content was centrifuged at 1500 x g for 15 min to remove 

cell debris and the supernatant containing viruses was dispensed into 1 mL aliquot and stored at -80 

°C.  

  

2.3 Preparation of CJ and BS formulation   

Cranberry Juice Concentrate (CJ) 12100-5/ °BRIX (ATOKA, Manseau, Québec, Canada) was 

prepared in distilled water. Quantities of 0.1g, 0.25g, 0.50g, 0.75g and 1.0 g of CJ were respectively 

added in 99.90 mL (CJ-0.1%), 99.75 mL (CJ-0.25%), 99.50 mL (CJ-0.5%), 99.25 mL (CJ-0.75%) and 

99.0 mL (CJ-1%) of distillated water, respectively. Citrus Extract (CE) (Kerry, Woodstock, Canada) 

was also prepared in distilled water. Quantities of 0.005g (CE-0.005%), 0.01g (CE-0.01%), 0.025g (CE-

0.025%), 0.05 (CE-0.05%) and 0.1g (CE-0.10%) were respectively added in 99.995 mL, 99.99 mL, 

99.975 mL, 99.95 mL and 99.90 mL of distillated water, respectively.  

  

2.4 Treatment of virus   

A quantity of 100 µL of various concentrations of CJ or BS was mixed with 90 µL DPBS and 

10 µL virus stock in a 1.5 mL microtube. This mix was incubated for 2 h in an agitator (Forma Scientific 

Model 435 Orbital Shaker Incubator) at 37 °C, 150 RPM (0.31 x g) in order to reduce viral titer.  

  

2.5 lettuce inoculation and spraying treatment with the formulation  

Iceberg lettuce was purchased from local store IGA (Montréal, IGA, qc, Canada). Each lettuce 

sample (5 g) was washed with 200 ppm bleach water and dried for 60 min under UV-light in biosafety 

cabinet level 2. The samples were then placed on a sterile aluminum sheet and inoculated with 250 mL 

of viral suspension at titers of ~ 6 log TCID50/mL. All samples were left to dry for 45-60 min under 

sterile conditions. The formulation containing CJ was uniformly sprayed on lettuce in order to cover 

the surface of the leaf using an Air Spray Gun (MasterCraft), at a distance of 30 cm and an outlet air 
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pressure of 30 psi. Samples were left to dry for 1 h and stored overnight at 4 °C before microbiological 

analysis.  

  

2.6 Ozonation treatment.   

The lettuce samples (5 g) were inoculated with virus as above. Then the samples were transferred 

on stainless steel (SS) perforated plate and put into a SS O3 diffusion chamber. Ozonation treatment at 

5 ppm was performed using O3 generator (Ozone Innovations Inc., Drummondville, Qc, Canada) at 15 

standard cubic feet/h (SCFH) for 0, 2.5, 5, 7.5, 10, and 15 min. Samples were stored overnight at 4 °C 

before microbiological analysis.  

  

2.7 g-irradiation treatment  

In vitro test  

Viral samples (5-5.75 log TCID50 mL-1) of FCV-F9 virus were treated at doses from 0 to 3 kGy 

in order to determine the D10 value (kGy). Irradiation was also applied on pre-treated virus samples with 

BS-0.01%, BS-0.025%, BS-0.10% treated with doses ranging from 0 to 1.5 kGy for BS-0.01% and BS-

0.10% and doses ranging from 0 to 2.5 kGy for BS-0.025%. A treatment was also done with CJ-0.1% 

and CJ-0.5% on 5-5.75 log TCID50 mL-1 against FCV-F9 virus and treated at doses ranging from 0 to 

1.5 kGy in order to reduce viral titer and calculate the D10 values. The irradiation treatments were done 

at the Canadian Irradiation Center, in a UC-15 A (SS canister) underwater calibrator (Nordion Inc., 

Kanata, Ontario, Canada) equipped with a 60Co source and having a dose rate of 9.5 kGy h-1.   

  

  

  

Relative radiation sensitivity was determined using the following equation:  

Relative radiation sensitivity = (radiation D10 of control sample)/ (radiation D10 of sample treated in 

presence of antimicrobial compound). The D10 value (kGy) is defined as the radiation dose required 

reducing 90 % population (reduction by 1 - log TCID50 mL-1) of viable feline calicivirus in the CRFK 

cell. To calculate D10 value (kGy), viral titer counts (log TCID50 mL-1) were plotted against radiation 

doses, and the reciprocal of the slope of the trendline was extracted from the plot.  

  

In situ test  

Lettuce samples were inoculated with ~ 6 log TCID50/mL of FCV-F9 virus and irradiated with g-

irradiation doses from 0 to 2.5 kGy to determine D10 values. Irradiation was also applied from 0 to 1.5 

kGy on pre-treated lettuce with CJ-0.1%, CJ-0.25%, CJ-0.5%, and CJ-1.5% against FCV-F9 virus. 

Another treatment was performed with a combination of CJ-0.25%, O3 at 5 ppm for 7.5 min, and g-

irradiation at 1.5 kGy to evaluate the total flora and physico-chemical parameters of lettuce. g-

irradiation was carried out at the Canadian Irradiation Center, in a UC-15 A underwater calibrator 

(Nordion Inc., Kanata, Ontario, Canada) equipped with a 60Co source and having a dose rate of 9.5 

kGy/h. The D10 is defined as the radiation dose required for reducing 90 % population (reduction by 1 

log TCID50/mL) of viable feline calicivirus in the CRFK cell line. To calculate D10 value, viral titer 

counts (log TCID50 ⁄ mL) were plotted against radiation doses, and the reciprocal of the slope of the 

trend line was extracted from the plot. Relative radiation sensitivity was determined using the following 

equation: Relative radiation sensitivity = (D10 of control sample) / (D10 of sample treated in presence of 

antimicrobial compound).  

  

2.8 Viral analysis and infection of cells CRFK  

In vitro test  

The viral titer was measured with the endpoint dilution assay with Tissue Culture Infective 

Dose 50 (TCID50) in order to evaluate the FCV-F9 titer. This method of endpoint dilution quantifies the 

quantity of virus needed to infect 50 % of the cellular culture or to produce cytopathic effects in 50 % 

of cellular culture. To calculate viral titer (TCID50 mL-1) after infection (Hirneisen et al. 2011), the 

Spearman-Karber method was used (Brié et al. 2017).  

  

In situ test  
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Iceberg lettuce samples (5 ± 0.5 g) were homogenized for 2 min at 230 rpm in 24.75 mL of 

sterile peptone water (0.1 % w/v) with a stomacher 400-Circulator (Seward Laboratory Systems Inc., 

Davie, FL, USA). The homogenate was 10-fold serially diluted in Phosphate-buffered saline (PBS) 

using a 96 well plate with a round bottom. Infection of CRFK cells by FCV-F9 virus was made after 90 

% confluency was reached. The cells were washed twice with DPBS. The confluent CRFK cells were 

trypsinized with 1 mL of trypsin (concentration 1X, pH 7.2-8.0) (Fisher Scientific, Ottawa, Ontario, 

Canada) in 75 cm2 flasks. Cells were seeded in 96 well plates (flat bottom for adherent cell culture) with 

a density of 105 cells per well in 100 µl of DMEM + 10 % FBS + 1 % Pen/Strep and then incubated 

overnight in 5 % CO2 at 37 °C. Cells reached confluency of 80- 90 % after overnight incubation. Once 

viral dilutions were completed, 20 mL of each dilution was added into the corresponding wells in the 

microplate containing cells. The medium was removed before addition of diluted viral samples. The 

last 2 columns were kept as controls without virus. Microplates with flat bottom were incubated for 30-

60 min at 37 °C. A quantity of 150 µL of DMEM + 2% FBS was then added to the microplate. The 

microplate was incubated for 48 h in 5 % CO2 at 37 °C. Cytopathic effects were determined by visual 

inspection under the optical microscope.   

Analysis by TCID50.   

The viral titer was measured with the endpoint dilution assay with Tissue Culture Infective 

Dose 50 (TCID50) in order to evaluate the FCV-F9 titer. This method quantifies the quantity of virus 

needed to produce cytopathic effects in 50 % of cellular culture (Brié et al., 2017, Hirneisen et al., 

2011).  

  

2.9 Lettuce treatments and analysis  

Iceberg lettuce samples (25±1 g) were washed with 200 ppm of chlorine water and then dried 

on aluminum sheet under a biological hood under UV light. Samples were inoculated with 1 mL of 

Total mesophilic flors (TMF) at ~105 CFU/g and dried for 1 h. Treatments of O3 (Ozone Innovations 

Inc., Drummondville, QC, Canada) at 5 ppm for 7.5 min, spraying uniformly of CJ-0.25%, and g-

irradiation at 1.5 kGy were made alone or in combination. Samples were stored at 4°C in Whirlpak bags 

sealed under normal atmosphere. Five groups were tested (1) no treatment, (2) CJ-0.25%, (3) g-

irradiation at 1.5 kGy, (4) O3 at 5 ppm for 7.5 min and (5) combination of the three treatments.   

Color determination was carried out on 5 preselected locations on the surface of each lettuce 

sample using a Minolta Colorimeter Color reader CR10 (Konica Minolta Sensing, Inc, Mahwah, NJ, 

USA). L* (lightness, + = lighter, - = darker), a* (+ = redder, - = greener), b* (+ = yellower, - = bluer) 

and H*, hue angle° (difference in hue) were quantified in each sample. Chlorophyll content was 

determined at 1 preselected location on the surface of each sample according to Lichtenthaler and 

Welburn (1983). Texture analysis was carried out on the samples during the storage using a Stevens 

LFRA TA-1000 Texturometer (Texture Technology Corp., Scarsdale, NY, USA). Each sample was 

measured on 3 different parts of the leaf. The analysis was conducted with TA7 probe of 2 mm diameter. 

The distance through the sample was set at 10 mm. Color, chlorophyll and texture analysis was 

measured during storage on day 0, 2, 4, 6, 8, and 10 after all treatments.  

Sensory evaluation was carried out using a hedonic test in nine points scale (1 = dislike 

extremely; 5 = neither like nor dislike; 9 = like extremely) with three samples (combination of irradiated 

at 1.5 kGy, sprayed with CJ-0.25% and ozonated at 5ppm; sprayed with CJ-0.25% alone; and a control 

without any treatment) by 15 panelists during storage at days 1, 3, 5. For each panelist, 3 pieces of 

lettuce (~ 5 cm × 5 cm) were served to evaluate for the texture, the smell, the appearance, and the 

flavor.  

  

3. STATISTICAL ANALYSIS  

Each experiment was done in triplicate (n = 3) and for each replicate, three samples were 

analyzed. Analysis of variance (ANOVA), Tukey’s multiple range tests for equal variances and 

Tamhane's test for unequal variances were performed for statistical analysis using SPSS 18.0 software 

(SPSS Inc., Illinois, USA). Differences between means were considered significant when the 

confidence interval was lower than 5 % (P ≤ 0.05).  

  

4. RESULTS  
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Results showed that CJ-0.1%, CJ-0.5% and CJ-1% and CE-0.01%, CE-0.025%, CE-0.1% and 

CE-0.5% did not show any sign of toxicity against CRFK cells used in the present study.  

  

However, the FCV-F9 virus titer (TCID50 mL-1) is strongly affected by treatment with CE. The 

test in vitro showed that a treatment with CE-0.025% decreased the viral titer from 5.49 log TCID50 mL-

1 to 4.62 log TCID50 mL-1. A concentration of CE-0.05% and CE-0.1%, induced a significant (p ≤ 0.05) 

decrease of viral titer to 3.66 and 3.45 log TCID50 mL-1, respectively representing at least 2 log TCID50 

mL-1 reduction. The treatment with CJ also exhibited a strong reduction in FCV-F9 virus titer. The 

treatments with CJ-0.75% and CJ-1% reduced the FCV-F9 virus titer of 1.54 log (4.03 log TCID50 mL-

1) and 2.2 log (3.37 log TCID50 mL-1) TCID50 mL-1, respectively. The value of the D10 after treatment 

with different concentrations of CE and CJ were respectively 0.05 %-CE and 0.42 %-CJ. γ-irradiation 

treatment also induced the diminution of virus titer of FCV-F9. The D10 calculated when FCV-F9 was 

treated with irradiation was 1.34 kGy and the dose needed to eliminate 6 log TCID50 mL-1 was 8 kGy.  

The effect of combined treatment of g-irradiation with CE and CJ in vitro showed that the D10 

values of the samples treated with CE-0.01% and the D10 of the control were 0.74 and 0.95 kGy, 

respectively, meaning a relative radiosensitivity (RS) of 1.28. A 2 log TCID50 mL-1 reduction was 

observed at a dose of 1.5 kGy. Increasing the concentration of CE to 0.025% and 0.1% increased the 

resistance of the virus and showed a radioresistance (RR) of 1.65 and 3.88 respectively. Only 1 log 

TCID50 mL-1 reduction was observed. the D10 values of the samples treated with CJ 0.1% was 0.72 kGy 

showing a RS of 1.5. A 2 log TCID50 mL-1 reduction was observed at a dose of 1.5 kGy. Increasing the 

concentration of CJ to 0.5% increased by 52% the resistance of the virus and showed a RR of 1.31.  

Inoculated lettuce with initial viral load of FCV-F9 at 6.31 ± 0.05 log TCID50/mL and after 

irradiation at 0.5, 1.0, 1.5, 2.0 and 2.5 kGy, viral titers were reduced to 6.24 ± 0.0, 5.71 ± 0.05, 5.67 ± 

0.05, 4.56 ± 0.07, and 4.42 ± 0.02 log TCID50/mL, respectively, showing a 1.89 log TCID50/mL 

reduction after a treatment of 2.5 kGy. Inoculated lettuce with initial viral load of FCV-F9 at 5.70 log 

TCID50/mL were reduced to 5.12, 4.99, 4.99, 4.87, 4.85 to 4.80 log TCID50/mL with CJ-0.1%, CJ-

0.25%, CJ-0.50%, CJ-0.75%, CJ-1.0%, and CJ-1.5%, respectively. Inoculated lettuce with initial viral 

load of 5.54 log TCID50/mL showed a virus titer reduced to 4.99, 4.74, 4.62, 4.57, and 4.41 log 

TCID50/mL, after a treatment with O3 at 5 ppm for 2.5, 5.0, 7.5, 10 and 15 min respectively. A reduction 

of 90 % of initial viral load was observed on surface of iceberg lettuce after 15 min of contact with 5 

ppm O3.  

The D10 values (kGy) of lettuce samples irradiated in presence of CJ-1.5% and without CJ 

(control) were 2.08 kGy and 2.09 kGy, respectively, showing no RS. However, a high RS (1.5) was 

observed when combining CJ-0.25% and γ-irradiation with a D10 values of 0.72 kGy. An irradiation 

dose of only 2.66 kGy would be needed to eliminate the virus. Optimum doses of treatments were found 

to be 5 ppm for 7.5 min for O3, CJ-0.25%, and g irradiation at 1.5 kGy.  

When the iceberg lettuce was treated with CJ-0.25%, O3 at 5ppm for 7.5 min, and g-irradiation 

(1.5 kGy), a 2.15 log TCID50/mL reduction was observed after 10 days of storage. The level of TMF 

was also under the limit of detection during 12 days of storage. However, samples treated with 

irradiation alone showed a stable presence of  2 log UFC/mL during 12 days of storage. CJ and ozone 

alone were not efficient to reduce the level of TMF. The analysis of chlorophyll showed that this 

compound decreased during storage in all treated samples by more than 60%. However, in lettuce 

treated with the combined treatment, a 44% increase of chlorophyll was observed after 10 days of 

storage. All treatments did not affect the texture values and showed values from 1.15 to 1.43 in all 

samples. The color evaluation showed that CJ treatment increased significantly (p < 0.05) the lightness 

of the lettuce leaves showing a value from 55.85 to 62.35 after the treatment. Ozone and irradiation 

treatment applied alone significantly reduced the green color (p < 0.05) from -6.94 to -5.74 in samples 

treated with ozone and from -5.3 to -2.97 for irradiated samples. However, the combined treatments did 

not affect the green color of the lettuce leaves. The yellowness increased also after treatment with CJ 

or with the combined treatments. Values increased respectively from 23.49 to 27.90 and from 24.92 to 

29.54. Sensory analysis showed that the combined treatments gave similar values in treated samples 

with the combined treatments. Values varied from 7 to 8.    

Results showed that the combinations of CJ or CE with g-irradiation showed synergy against 

FCV-F9. Low concentration of CE or CJ gave higher RS value was. It is possible that the relative RR 
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observed with higher concentrations of natural extracts is explained by presence of polyphenols in the 

extracts who have high antioxidant properties.  
 

5. CONCLUSION  

 

The combined treatment is more efficient to eliminate Feline calicivirus (FCV) and to reduce microbial 

total flora than each treatment done alone. The combined treatments did not have any detrimental effect 

on the texture of the lettuce. A significant increase of the chloropphyll was observed after the combined 

treatment application. The combined treatment did not have any detrimental effect on the sensorial 

properties of lettuce.  
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Abstract:   

The goal of this proposed research project is the study of the use of Electron Beam technology 

in the energy range of 150 - 300 keV for inactivation of biohazards. Electrons accelerated with 

such a low voltage have a low penetration in matter (around 100 - 300 µm in water). However, 

this acceleration energies require low radiation protection in terms of complex shielding, and 

makes an easy integration in labs and GMP production-sites possible. As many biological 

processes only work as aqueous suspensions, a technological concept for the irradiation of 

liquids needs to be designed taking the challenge of low-penetration depths in account. 

Furthermore, dosimeter systems for liquids need to be established and evaluated.   

In this proposed research project, different of microbes have been investigated in more detail. 

During the project an experimental setup for the irradiation of liquids with low-energy 

accelerated electrons was developed. By using this experimental small-scale setup, the killing 

curves, the inactivation curves and the D10-values for each bacterium have been investigated.   
  

Background  

The content of the previous work was the development of the electron beam based inactivation of 

infectious agents for the production of highly active vaccines. The focus of the research was the 

preservation of antigens in a chemical-free process at a much higher level compared to commercially 

available vaccines. Furthermore, the development of an industrial applicable technology for vaccine 

production was investigated. The aim of the work was the complete inactivation of the pathogens as 

well as the reproducible antigen preservation of at least 80 %. The inactivated vaccines should thereby 

be more effective and show more protective immune responses than previously by chemical inactivated 

vaccines.  

An automated technology was developed to demonstrate the potential of low energy electron beam 

inactivation (up to 300 keV). Scalability of the technology in terms of up-scaling to larger volumes was 

planned and achieved. Part of this project was to define the requirements for vaccine production in 

terms of process volume, process safety and cost structure to investigate the potential of electron beam-

based inactivation for vaccine development and production compared to conventional methods.  

  

A particular challenge in the treatment of liquids with low-energy electron beams (LEEI) is the low 

penetration depth of LEEI. Therefore, a specially adapted handling regime had to be established for 

small and medium quantities of liquids, which furthermore ensures sterile handling of these liquids. 

Another challenge was the monitoring of the electron dose in liquids. Therefore, two liquid dosimeter 

systems for research purposes have been established. These dosimeters can be used to investigate 

different dose ranges in the kGy and Gy range.  

With the developed handling regime and using a new approach for dosimetry of irradiated liquids, 

different types of bacteria were irradiated, inactivated with low energy accelerated electrons, the 

inactivation kinetics and the D10-values were studied.   
 

Progress of actual research  

  

1. Final irradiation setup for sterile handling and homogenous irradiation of very small liquid 

amounts in petri dishes (“OPP-system”)  
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Figure 1: Established small scale irradiation set-up for LEEI. 

  

2. Novel liquid dosimeter-system, suitable for thin liquid film LEEI using tetrazolium salts (TTC) 

suitable for a dose range of 0-40 kGy. The proof of concept was made in the FEP research plant 

REAMODE with an acceleration voltage of 200 keV.  

  

Figure 2: TTC salt was used as a liquid dosimeter system; the graph shows the linear relationship of 

absorbance and applied dose. Calibration was performed against a certified reference dosimeter.  

  

3. Novel liquid dosimeter-system for research purposes in a dose range < 100 Gy, using coumarin3-

carboxylic acid. The proof of concept was made using the research plant ELLI 300 with an 

acceleration voltage of 200 keV. The plant ELLI is equipped with a modular design (bag module, 

liquid roll module).  
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Figure 3: Cumarin was used as a liquid dosimeter system; the graph shows the linear relationship of 

fluorescense and applied dose. The proof o concept was made using the bag module (Fertey et al. 

2020)  

4.  A vision of FEP is the generation of a scalable technology for the irradiation of greater volumes 

in a stirred tank reactor. The plant should enable a flexibility in the treatment of different volumes 

and allow a scalable, but yet compact design using low-energy electrons (< 80 keV). The 

advantages of the technology include comparatively low system costs and low radiation shielding 

requirements. The system could be used for virus inactivation, but also, for example, for in-place 

sterilization or biotechnological production processes, supported by LEEI.  
 

 
 
 

5. Studying the inactivation kinetics of biohazard   
 

A number of different viruses and bacteria have been inactivated using LEEI, e.g. Influenca A, Zika 

virus; RSV virus, Bacillus cereus, Rodentibacter pneumotropicus. The inactivation kinetics of E. coli, 

B. subtilis, and S. warneri was studied in more detail and the D10 values were determined.   

Different types of low-energy accelerators have been used (KeVac System, Linac; type EBA 300/270/4, 

ebeam Technologies, EB Lab-200 device) to perform the studies. The plants have been operated either 

with the “OPP-System” as irradiation set-up, or the bag-, or the continuous liquid roll module. The 

accelerators were mainly operated with an acceleration voltage of 200 kV and dose rate of 20kGy/s. 

The dose required for complete inactivation of the respective pathogen was dependent on the type of 

microorganism. For a comprehensive overview see Appendix.   
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Summary:   

  

The feasibility of inactivating pathogens in liquids by low-energy accelerated electrons has been 

demonstrated with high reproducibility. LEEI holds the potential for producing a wide range of 

inactivated vaccines for human and veterinary medicine. A well-defined liquid layer thickness is 

important for homogeneous irradiation and for effective inactivation. In order to use low-energy 

accelerated electrons as platform technology for vaccine production on an industrial scale, solutions are 

currently being developed to enable a liter-scale inactivation process. LEEI could also be very useful 

for other applications, such as diagnostics, where pathogenic microorganisms need to be inactivated 

quickly and reproducibly.  

The overall project objective was to generate a broader knowledge on the inactivation kinetics of 

different pathogens (viruses and bacteria in suspensions) using low energy electron irradiation (150 - 

300 keV). A broader knowledge on the decontamination of biohazard in liquids was achieved. This has 

potential to define new application fields for LEEI technology.   
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Abstract  

The aim of this study was to evaluate and validate the face mask (FM) sterilization using electron beam (EB) and 

gamma radiation. Moreover, a comparison between the efficacies of both treatments through the ISO method VD 

max SD (ISO/TS 13004 - 2013) was made. The FM samples used in sterility test (30 samples) were randomly 

selected from the highly contaminanted batch. The selected samples were irradiated at the verification dose 

obtained from table 6 (ISO/TS 13004, 2013) according to the average bioburden which was determined separately 

for 30 FM. Correction factor for recovery efficiency was performed for FM samples in order to compensate 

incomplete removal of bioburden. To estimate the actual average bioburden count for FM samples, the correction 

factor was applied using a technique based on ISO 11737-1 (ISO 11737-1 2018).  From the results obtained of 

bioburden estimation, and sterility test radiation sterilization dose of 20 kGy (VDmax
20) was determined and used 

for FM according to ISO/TS 13004 - 2013. 

1. Introduction 

Sterilization can generally be defined as any process that effectively kills or eliminates all 

microorganisms like fungi, bacteria, and viruses, spore forms except prions from a surface, equipment, 

food, medication, or biological culture medium. The effectiveness of every sterilization method depends 

on some factors like the type and the number of microorganisms, the type and amount of organic 

material that protect the microorganisms, the number and the size of cracks on the product or instrument 

that might be present during the sterilization of microorganisms (1). Sterilization can be used in many 

different fields of industry, medical and surgical fields. Radiation sterilization is based on the exposure 

of the materials to high-energy ionizing radiation such as gamma radiation, accelerated beam of 

electrons, or X-ray radiation (2).  Gamma rays and EB irradiation are produced by radioisotopes such 

as Cobalt-60 and a machine source based on electricity, respectively. Gamma radiation sterilization is 

an advanced technological method. It is a cold method; increase in temperature is so slight. But it has 

no dose flexibility and its dose rate is lower than electron beams. E-beam sterilization very safe method 

and has a high sterility assurance level (SAL). Control of the method is very easy that can be made only 

by the parameter of applied dose.  The objective of this study was to evaluate the validation sterilization 

of face mask by EB and gamma radiation by comparing the efficacy of both treatments through the ISO 

method VD max SD (3). 

 

 

 

2. METHEDOLOGY 

2.1. Procedure for Method VD max SD: 

There are two procedures of VD max SD for a single production batch and for multiple production 

batches (ISO/TS 13004 - 2013). They both include six stages with the same techniques applied. There 

are some minor differences such as sample size and choosing estimated bioburden. 

2.1.1. Stage 1: Obtain samples of product  
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The number of face mask (FM) samples used was 30 units selected from 3 different batches. Sample 

item portion (SIP) that is defined part of the SFM sample that was tested equal to 1 (the whole FM unit 

was used). Sterility Assurance Level (SAL) that is probability of a single microorganism occurring on 

an item after sterilization was recorded at level: 10-6. 

2.1.2. Stage 2: Determine bioburden 

To estimate the actual average bioburden count for FM samples the correction factor was applied. The 

techniques used in this stage were based on ISO 11737-1 (4).  

a- Organism removal technique:  

Bioburden was determined separately from the FM samples by Millipore membrane filter method. 

Selected samples were aseptically soaked in sterile saline solution (0.9% w/v) containing 0.1% of 

polysorbate 80, as neutralizing agent in flask. The flasks were shaken in orbital shaker for 5 minutes. 

Bioburden was determined separately from the SFM wash according to ISO 11737-1 (4) through 

applying the extraction and removal technique using sterile membrane filter holder system (Fig. 1). 

 

       

                        FIG. 1. Photographic image of membrane filter holder system 

Briefly, after shaking, the collected SFM wash solution was filtered through membrane filter (Millipore 

cellulose nitrate membrane, 0.45 µm) using sterile membrane filter holder system. Thereafter, the 

Millipore membrane filter was settled onto the surface of sterile Tryptone Soya Agar (TSA) plate 

(Oxoid medium, CM0131). The plates were incubated at 30 ± 1oC for 3 -5 days and inspected daily for 

any microbial growth. The total number of individual colonies growing in each plate was determined, 

and the average number of colony forming units (CFU) per SFM sample unit was estimated as follow:   

                    Average count / sample = Overall total count in 30 samples / 30  (1) 

b- Recovery efficiency of the removal technique: 

As per the requirements of ISO 11737-1:2018 (4) “Sterilization of medical devices - Microbiological 

methods - Part 1: Determination of a population of microorganisms on products” recovery efficiency 

shall be calculated in order to compensate incomplete removal of microorganisms form the medical 

device (repetitive recovery). 

c- Repetitive recovery method:  

Bioburden was determined separately for 5 FM samples through removal technique (extraction and 

filtration) as described before ISO 11737-1 (4). The above step of extraction and filtration was repeated 

4 times for each SFM sample. After forth wash, the washed sample was transferred to sterile TSA plate 

and surface of it was coated with TSA recovery medium. After solidification of medium the plates were 

incubated at 30 ±1oC for 3 -5 days, and inspected daily for any microbial count (agar overlay). The 
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bioburden was estimated for each sample and the percent removal by the first wash was calculated for 

each one. The average recovery by first wash was determined, and the correction factor (C.F) for the 

recovery efficiency was calculated by applying the following equation: 

Correction factor (C.F.) = 100 / average recovery % by first wash   (2) 

The results from equations (1) and (2) were used to estimate the natural sample bioburden as follow:   

Sample estimated bioburden = Average determined bioburden x C.F.   (3) 

2.1.3. Stage 3: Obtain the selected sterilization dose 

In obtaining the selected sterilization dose, values of average bioburden were used. From ISO/TS 

13004:2013 (3), the selected sterilization dose was obtained. In obtaining this dose, the average 

bioburden determined in Stage 2 shall be below or equal to the associated upper limit of the average 

bioburden given in the following table. 

Upper limit of average bioburden for selection of a given sterilization dose  

(ISO/TS 13004 (2013))  

Upper limit for average bioburden 

(SIP equal to 1,0) 

Selected sterilization dose 

(kGy) 

9.0 17.5 

45 20 

220 22.5 

5000 27.5 

23000 30 

100000 32.5 

440 000 35 

2.1.4. Stage 4: obtain VD max 20 

VDmax20 was obtained as sterilization dose in this study. The verification dose (VD) was obtained from 

ISO/TS 13004:2013 (3) according to the average bioburden. If the average bioburden is not given in 

Table-6, use the closest tabulated value greater than the average bioburden. 

2.1.5. Stage 5: perform verification dose experiment 

The SFM samples used in this experiment (20 samples) were randomly selected from the highly 

contaminant batch. Selected samples were irradiated at the dose obtained from stage 4 (verification 

dose, VD).  

For an SIP equal to 1,0, if the average bioburden is not given in the ISO/TS 13004: 2013 (3) , the closest 

tabulated value greater than the average bioburden was used as VD (3). After being irradiated, tests of 

sterility were carried out individually for each irradiated SFM samples according to ISO 11737-2: 2010 

(5) applying direct immersed the sample in flask containing sterile TSB. The flasks were incubated at 

30 ± 1oC for 14 days. The flasks were observed and read as growth (non-sterile) or no-growth (sterile). 

Number of negative and positive tests of sterility was recorded.   

2.1.6. Stage 6: Interpretation of results 

If there are no more than 1 out of 10 positive tests of sterility, the verification dose (VD) is accepted, 

and 20 kGy is substantiated as the VDmaxSD in this study. If there are two positive tests, a confirmation 

verification dose experiment should be performed.  If there are more than 2 positive tests, the 

verification dose is not accepted, and 20 kGy is not substantiated as sterilization dose. 
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2.2. Irradiation 

     Samples were irradiated at VD (kGy) using gamma and EB irradiation (Fig. 2). VD was obtained 

from ISO/TS 13004:2013 (4) according to the average bioburden. Irradiation was carried out at the 

National Center for Radiation Research and Technology (NCRRT), using 60Co gamma irradiation 

source of Indian Facility with a dose rate (1.3 kGy/h) at the time of experiments and 3 MeV EB 

accelerators with 3 mA beam. The sample exposure to EB was irradiated in single layer to avoid dose 

gradient within irradiated sample (Fig. 2). 

 

 

Fig. 2. Photographic image of actual irradiation of SFM using 3Mev accelerator. 

3. Results & Discussion 

3.1. DETERMINATION OF RECOVERY EFFICIENCY 

In this experiment correction factor for recovery efficiency was performed for FM samples in 

order to compensate incomplete removal of bioburden. Repetitive recovery method was used in this 

experiment using 5 FM samples (ISO 11737-1:2018). The bioburden was estimated for each sample 

and the percent removal by the first wash was calculated for each one. The average recovery by first 

wash was determined, and the correction factor (C.F) for the recovery efficiency was calculated. 

Results in Table 1 showed the removal of microorganisms from FM samples repetitive recovery 

method. The results showed that the removal % by first wash was ranged from 77.80% to 92.86% with 

average recovery   83.52%. By applying the equation C2 in Annex C presented in ISO 11737-1:2018 

(4), the C.F. for recovery efficiency in current study was 1.2.  So, the total average bioburden per sample 

should multiply by 1.2 in order to calculate the actual estimated bioburden. 

TABLE 1. Colony counts determined from repetitive treatment for replicates of FM samples. 

                         Samples 

          No. of wash 
1 2 3 4 5 

1 12 14 13 12 13 

2 1 2 1 2 1 

3 1 1 1 1 ND 

4 ND ND 1 ND ND 

Agar overlay ND 1 ND ND ND 

Total colony count 14 18 16 15 14 

Removal % by first wash 85.71 77.80 81.25 80 92.86 

Average recovery % by first wash  83.52    

Using average recovery % by first wash, the correction factor (C.F) for recovery efficiency:  

Correction Factor = 100 / 83.52 = 1.2 
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3.2. AVERAGE BIOBURDEN AND VERIFICATION DOSE OF FM 

From the results obtained of bioburden estimation for FM, validation of radiation sterilization dose of 

20 kGy (VDmax20) for FM used in this study was carried out according to ISO/TS 13004 - 2013.The 

numbers of uniformed samples tested for validation according to ISO standard was 30 from different 3 

batches. Bioburden was determined separately from the SFM wash according to ISO 11737-1 (2018) 

through applying the extraction and removal technique using sterile membrane filter holder system. 

The data presented in Table 2 and Fig. 3 showed that 443 bacterial isolates were obtained from the 

different batches of SFM. The average bioburden of the SFM samples observed was 13.9; 15.6 and 14.8 

CFU/sample for sample batches   FM /01, FM /02 and FM /03, respectively. The overall average 

bioburden for 30 samples was 14.78 CFU/sample. By multiplying 14.78 in the value of C.F. (1.2) the 

actual estimated bioburden was 17.72 CFU/sample (Table 2). According to ISO/TS 13004 – 2013, the 

actual overall average bioburden (17.72 CFU/sample) was used for calculation verification dose (VD), 

because the bioburden value for any batch average was ˂ 2 overall averages. The determined average 

bioburden is not given in the table 6 (ISO/TS 13004, 2013) so, the irradiated dose 5.0 kGy closest 

tabulated value (18 CFU/sample, table-6) greater than the average bioburden was used as VD ((ISO/TS 

13004, 2013).  

 
 

FIG. 3. Photographic images of plates of TSA showed some bacterial isolates appeared from different 

SFM samples. (A, B and C samples from batches FM/01, FM/02, and FM/03, respectively) 
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TABLE 2. Microbial load of randomly 30 FM samples selected from 3 different batches. 

          Batch no 

       Sample no FM /01 FM/02 FM /03 

1 13 17 14 

2 16 13 16 

3 14 16 18 

4 13 15 13 

5 15 18 15 

6 12 17 17 

7 16 14 12 

8 13 18 14 

9 12 13 13 

10 15 17 16 

Total count 139 156 148 

Average count/batch /sample 13.9 15.6 14.8 

Overall total count/sample  14.78  

Average count / sample x C.F (1.2)  17.72  

3.3. VALIDATION OF RADIATION STERILIZATION 

There are some difficulties of applying ISO 11137-1, a sterilization method for health care product (6). 

For method 1, a bioburden based method, two separate procedures for validation of RSD are provided: 

One for products with bioburden more than or equal to 1; another for bioburden from 0.1 to 0.9. Method 

2 (7) can be employed for validating a specific dose without relying on the product bioburden. However, 

it requires at least 360 samples. Consequently, method VD max SD was chosen in this study to 

substantiate VD max 20 kGy as the radiation sterilization dose for SFM. 

Twenty (20) SFM samples used in this experiment were randomly selected from the highly contaminant 

batch (second batch) and each 10 samples selected were used for sterility test. According to the 

determined average bioburden (17.72 CFU/sample, table 4) the samples were irradiated using gamma 

and EB irradiation with VD (5 kGy). After being irradiated, tests of sterility were carried out according 

to EN ISO 11737-2, 2010. The flasks were incubated at 30 ± 1oC for 14 days. Flasks were observed 

and read as growth (non-sterile) or no-growth (sterile). The data present in table (3) and showed that all 

irradiated SFM samples with the VD (5. kGy) were negative for growth. Hence, the VD was accepted 

and VD max 20 kGy was substantiated as the RSD at sterility assurance level (SAL) of 10-6 for the SFM.  

TABLE 3. Test of sterility for validation of VD (5 kGy) for FM 

               Sample no 

 

Radiation Type 

 

1 2 3 4 5 6 7 8 9 10 

Gamma -ve - ve - ve - ve - ve - ve -ve -ve -ve -ve 

EB -ve -ve -ve -ve ve -ve ve -ve ve -ve 

-ve = no-growth (sterile) 
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Abstract  

Control strategies against the spread of antibiotic resistance should be considered in wastewater 

treatment plants. It is important to understand how resistant bacteria behave in the presence of trace 

amounts of antibiotics, in order to implement appropriate measures. In our work, we examined the 

population dynamics of resistant/sensitive Staphylococcus aureus co-cultures. On the one hand, we 

gained insight into the effect of trace amounts of antibiotics (piperacillin and erythromycin) on bacteria 

in different wastewater matrices, and on the other hand, we studied the applicability of electron radiation 

to eliminate the antibacterial effect. Based on our results, trace amounts of antibiotics act on the resistant 

strain. Presumably, it triggers biological processes in resistant bacteria that do not provide a competitive 

benefit but disadvantage over the sensitive subtype, and the trace level of the antibiotic present does not 

appear to affect the sensitive strains. The effect of these conditions on population dynamics is reduced 

with the use of treatment with accelerated electrons, presumably due to the fact that the decomposition 

products of the components of the effluent matrix (such as humic acid) also contribute to the chemical 

transformations. Furthermore, it has become apparent that the presence of trace amounts of antibiotics 

on the one hand initiates biochemical processes in the resistant subtype and on the other hand sensitizes 

bacteria to the attack of free radicals generated during electron beam treatment. It is clear that better 

understanding is needed on the effects of trace level of antibiotics in environmental waters on the 

cellular response and population behavior of resistant bacterial cultures.   

  

Introduction  

Radiation sterilization has been developed as a safe and reliable technology and is widely used in the 

healthcare sector. By using it, the microbiological safety of food is improved and their shelf life is 

extended [1-2]. In addition, ionizing radiation has been admitted to be effective for reducing the 

bacterial load of wastewater and sewage sludge [3-6]. However, it should be contemplated that the 

species present in these diverse microbial populations show different sensitivities to irradiation [5]. 

Extensive DNA damage occurs in bacteria as a result of exposure to lethal radiation. These bacteria are 

unable to multiply. Some recent studies indicate that radiation-inactivated bacteria are still 

metabolically active. The mechanisms are different when heat sterilization is used [7-9]. Based on these, 

we assume that sensitive and resistant subtypes of the same bacteria may show different sensitivity to 

ionizing radiation. Therefore, we further investigated this issue and performed experiments with 

bacteria present during irradiation.  
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Experimental  

Four types of model systems were used in the studies. This provided step-by-step insight into, how 

different external stressors affect the composition of a mixed resistant / sensitive bacterial culture. In 

the first series of experiments, the model effluent matrix was irradiated with antibiotics (erythromycin 

and piperacillin (separately)). In the second series of experiments, irradiation was performed without 

the addition of antibiotics. Bacteria were added only after irradiation in the first two series. In this way, 

we obtained an idea of the effect of the components and degradation products of the wastewater matrix 

(especially humic acid, since it appeared to affect bacterial cultures when subjected to oxidative 

treatment [10, 11]) on the microbial community.  

In the first two series of experiments, for the irradiation, we prepared a solution that contained an 

antibiotic concentration 500x compared to a real sample, the other constituents were also concentrated 

500x to keep the kinetics of the free radical system similar to a real scenario. This was necessary to 

work in a convenient dose range. After the irradiation, the samples were pre-diluted to the appropriate 

level for the microbiological assay. The doses indicated in the measurement results refer to the 

concentrated solutions. Based on these, it is possible to estimate the actual dose required in the different 

systems, based on a 500-fold dilution factor.  

Finally, the last two sets of experiments (Fig. 1) were done in the presence of bacteria added to the 

wastewater matrix prior to EB treatment. In this case the original synthetic wastewater matrix was 

prepared with or without the antibiotic (non-concentrated samples).  

  

  

Fig. 1. Schematic representation of the model systems and the main processing steps applied in our 

study.  

The electron beam (EB) treatment was performed using a Tesla Linac LPR-4 type linear electron 

accelerator. We developed this microbiological assay previously [10-11].   

We selected sensitive and resistant Staphylococcus aureus (S. aureus) isolates (National Collection of 

Agricultural and Industrial Microorganisms, NCAIM, Szent István University) to monitor the change 

in antibacterial activity. In this test the dynamics of a mixed (sensitive/resistant) bacterial population 

gives information on the effects of antibiotics in a concentration well below the minimum inhibitory 

concentration (MIC). Inocula were prepared from an overnight culture (incubated at 37 °C) in the case 

of the sensitive strain, and in the case of the resistant one, the freshly innoculated cells were incubated 

for 72 h (at 37 °C) for the bacterial suspension preparation. This incubation time was sufficient to yield 

a culture containing dead cells with released genetic information, which is then available for the 

sensitive cells that may acquire resistance. The sensitive and resistant subtypes in a 1:1 ratio were added 

to the wastewater matrix prior to the advanced oxidation treatment. After the irradiation, the samples 

were incubated for 24 hours (at 30 °C). Colony counting was performed on trypto-casein soy broth 
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(CASO) agar plates. After spreading 100 µL samples evenly on the surface, the inoculated plates were 

incubated at 37 °C for 24 h and then the number of surviving colonies were counted.   

The total colony count (sensitive + resistant) was determined on unspiked agar plates, while resistant 

cells were counted on agar plates spiked with the corresponding antibiotic reaching a concentration well 

above the minimum inhibitory level.  

Only resistant cells grow on the surface of the agar plates containing the antibiotic above the MIC. Then 

the ratio of resistant colonies to the sensitive + resistant colonies was calculated.  

  

Results and discussion  

Using advanced oxidation treatment (here EB irradiation), the selective pressure on the bacterial 

population favouring the predominance of antibiotic resistant mutants can be eliminated. This is 

achieved when the fraction of resistant bacteria, within a statistically insignificant deviation, is the same 

as in the control sample (with no antibiotic added). In other words, the difference between the control 

sample and the sample containing the antibiotic (piperacillin) is no longer significant (based on 

statistical significance analysis using GraphPad Prism biostatistics software; multiple t-test analysis was 

applied assuming equal variances). A synthetic effluent wastewater was designed as a kinetically 

appropriate reflection of a real wastewater sample, spiked with antibiotics at environmentally relevant 

concentrations (2 μg L−1).  

  

Model wastewater matrix with antibiotics subjected to EB treatment  

In the applied microbiological test, the change of the fraction of resistant bacteria in the population is 

monitored in response to various environmental stressors (antibiotics, wastewater components and their 

degradation products following EB treatment). The effect of these stressors was examined on the basis 

of significance analysis, and the deviation from the control samples was taken into account when 

evaluating the results.  

In our present study, we examined low, environmentally relevant concentrations (and conditions, see 

Model System I in Figure 1), that are certainly below the minimum selective concentration. The results 

are shown in Figures 2 and 3 for erythromycin and piperacillin, respectively.   

Only limited information are available about the effect of this environmentally relevant concentration 

on the cellular response in bacterial cultures [12, 13, 14, 15].  

Fig. 2 shows an interesting phenomenon for untreated samples (0 kGy). Compared to the control sample 

(no antibiotic added), the fraction of resistant bacteria is significantly suppressed in populations 

containing trace amount of erythromycin and piperacillin (Fig. 2 and 3, respectively). Furthermore, the 

fraction of resistant bacteria in case of erythromycin increases following the EB treatment that is 

expected to degrade the antibiotic according to our previous studies [10, 11, 16].   

For erythromycin, a dose of 8 kGy is sufficient to eliminate the initial existing biological effects on the 

population (Fig. 2). In case of piperacillin (Fig. 3), a higher dose appears to be required to eliminate the 

biological effects on the bacterial culture (Fig. 3).  

We hypothesize that in this extremely low concentration range, the antibiotic has practically no effect 

on the growth rate of sensitive bacteria, while it might still trigger biological protecting responses in the 

resistant one. This extra cellular activity which does not lead to any advantage compared to the sensitive 

subtype might slow down the growth of the resistant one. This would give explanation for the population 

shift in this low concentration range (0 kGy samples).  
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Fig. 2. Fraction of resistant bacteria in a population that was spiked with a model wastewater matrix 

sample containing erythromycin, and subjected to electron beam irradiation.  

  

  

  

Fig. 3. Fraction of resistant bacteria in a population that was spiked with a model wastewater matrix 

sample containing piperacillin, and subjected to electron beam irradiation.  

  

Another interesting phenomenon can be observed in Fig. 2 and 3. Higher deviations were observed 

between 60 and 200 kGy for erythromycin (Fig 2) and at 100 kGy for piperacillin (Fig. 3). In our 

previous studies some growth inhibition was already observed for both the sensitive and resistant 

subtypes when only synthetic wastewater matrix was irradiated with high absorbed doses: this 

phenomenon was attributed to the presumably forming polyphenolic degradation products of humic 

acid potentiating antimicrobial activity [10, 11].  

If only the degradation products of humic acid affected the bacterial population, similar results could 

be expected in Fig. 2. and Fig. 3 for high doses. However, the results did not confirm this.   

In addition, we can see an increase and decrease in the resistant fraction in Fig. 2 (see 60 and 200 kGy, 

respectively), while for piperacillin only an increase can be observed at 100 kGy (Fig. 3). These 

observations indicate that degradation products formed from antibiotics also have some effect on the 
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population, in addition to the expected effects of other degradation products. These results prompted us 

to perform experiments using only the synthetic wastewater matrix, as outlined in Fig. 1, Model System 

2.  

  

  

  

Fig. 4. Fraction of resistant bacteria in the population placed in a model wastewater matrix (no 

antibiotic added) and subjected to electron beam irradiation. Cell counting performed on plates 

containing (A) erythromycin or (B) piperacillin.  

  

Fig. 4 shows the fraction of resistant bacteria when synthetic wastewater matrix is used without the 

presence of the antibiotic. Fig. 4A and 4B show the results of cell counts performed on plates containing 

erythromycin and piperacillin.   

Comparing Fig. 4A and 4B, it is clear that higher resistant fractions can be obtained on plates containing 

erythromycin. This is due to the fact that the resistant strain shows some sensitivity to piperacillin. For 

piperacillin containing plates, it is important to keep this fact in mind when determining the cell number 

of the resistant subtype (I would mention that the data are still reliable because appropriate control 

samples were used). Furthermore, the tendency that can be seen on these figures (Fig. 4A and B) is very 

similar and obviously indicates that some degradation products following advanced oxidation treatment 

have an impact on the population dynamics of the bacterial culture.   
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Nevertheless, while in case of erythromycin in Fig. 2 quite different dose dependence can be seen 

(compared to Fig. 4), in case of the system with piperacillin (Fig. 3) the trend is very similar with 

increasing absorbed dose.  

Fig. 4 and 3 shows that the fraction of resistant bacteria reaches the local maximum in the range of 24–

32 kGy. We can also conclude that the increasing fraction of resistant bacteria at high absorbed doses 

(80–200 kGy) in Fig. 3 must be due to the products arising from piperacillin, this appears to hold also 

for erythromycin (Fig. 2, i.e. erythromycin degradation products might have an effect with increasing 

absorbed doses, except at 200 kGy). Therefore, in case of the piperacillin containing wastewater matrix 

(Fig. 3) one might anticipate that following EB treatment the products from the wastewater constituents 

other than the antibiotic determine mostly the shifting microbial population (besides prolonged 

treatment stages).  

However, in the case of erythromycin (Fig. 2), it is difficult to explain rationally why the effect of 

degradation products from the matrix components cannot be clearly seen. In this case, more complex 

factors may affect the cellular response of resistant bacteria that cannot be explained by our current 

knowledge based on the available data. We will make further efforts to further study the cellular 

response in different settings.  

  

Model wastewater matrix with antibiotics and bacteria added prior to EB treatment  

The fraction of resistant bacteria in the population after irradiation is depicted in Fig. 5 ((Fig. 1, Model 

System 3–4). As the dose increases, the amount of bacteria continuously decreases. Bacteria are not 

capable of growing on agar plates after 5 kGy or higher absorbed dose.  

Fig. 5 shows that resistant bacteria are significantly more sensitive to radiation treatment over the entire 

dose range (0.2–2 kGy) than sensitive bacteria when the corresponding antibiotic is present in the 

matrix. Fig. 6 represents the results in the samples without antibiotics.   

In this case, the population of bacteria is not affected by low doses. Higher absorbed dose leads to 

significant distortions. This is due to the effect of the products formed from the components of the 

wastewater matrix on bacteria. Comparing the two figures (Fig 5A-B), the resistant bacteria show 

clearly higher sensitivity towards irradiation. This higher sensitivity does not appear in samples without 

antibiotics: the presence of the antibiotic makes the resistant subtype more sensitive to irradiation. This 

may be explained by some ongoing biological processes. The sensitive subtype is left intact at very low 

concentrations of the antibiotic. In contrast, the resistant subtype becomes more depleted, less prepared 

to the attack of free radicals. In addition, it can be recognized that a higher resistant bacterial fraction 

was obtained on plates containing piperacillin (Fig. 6B) compared to plates containing erythromycin 

(Fig. 6A). This observation may suggest that the resistant subtype that survived treatment in the effluent 

matrix eventually became more suitable for growing on piperacillin-containing plates.  
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Fig. 5. Fraction of resistant bacteria in the population after EB treatment performed directly on a 

culture containing bacteria, wastewater matrix and either (A) erythromycin or (B) piperacillin at 

environmentally relevant concentrations (2 μg L−1).   
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Fig. 6. Fraction of resistant bacteria in the population after EB treatment performed directly on a 

culture containing bacteria and wastewater matrix without antibiotics. Cell counting was performed 

on either (A) erythromycin or (B) piperacillin containing plates.  

  

Conclusion  

Based on our results, trace level of antibiotics does not bring about an advantage for the resistant 

bacteria in a mixed resistant / sensitive Staphylococcus aureus population. We assume, that trace levels 

of antibiotics initiate biological processes in the resistant bacteria from which they derive no benefit. 

Low concentrations of antibiotic have no effect on the sensitive subtype. Advanced oxidation treatment 

after optimisation can be a capable technique to eliminate these effects. Nevertheless, we also need to 

consider that the products from the effluent matrix also have an effect on the bacterial culture. 

Moreover, antibiotics present at trace amount in the wastewater matrix make resistant bacteria more 

sensitive towards the advanced oxidation treatment, which might be attributed again to the stimulation 

of biological processes disadvantageous for the resistant subtype under these conditions prior to the 

treatment.  
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Abstract 

The amount of antibiotics in wastewater as well as drinking water has increased concern about their potential 

effects on the environment. Large amounts of antibiotics present in rivers eventually cause disturbance of the 

ecosystem and cause various environmental problems, including the generation of antibiotic resistant 

microorganisms. The conventional wastewater treatment system did not work properly, since a lot of antibiotics 

were found in ground waters, stream, and so on. These led us to develop a new technique for the removal of 

antibiotics. We have reported that using ionizing radiation, especially gamma irradiation, could be a useful tool 

in order to decompose the antibiotics. In this study it was conducted to find out the possibility for degradation of 

antibiotics (panmycin, doxycycline hyclate, rifampicin, gatifloxacin, and sparfloxacin) using electron beam 

irradiation. The result showed that the all substances, tested, were completely degraded at the dose below 10kGy 

depend on the substances by electron beam irradiation.  

 

1. Introduction 

 

As the increased the demand for meat, the agricultural industry including livestock has turned to 

increased antibiotic usage for both prevent to sickness and promote their growth. Recently, it is 

estimated that up to 80% of antibiotic usage in the United States is derived from agriculture alone [1]. 

The introduction of antibiotics into soil, surface water, and groundwater can cause the serious problems 

such as developing mutagenic multi-antibiotic resistant viral, bacterial and fungal strains. In addition to 

developing antibiotic resistant pathogens, it can be accumulated in the tissues of wild animals [2]. 

Furthermore, the antibiotics also could not be removed naturally once introduced into the environment, 

since antibiotics were usually quite stable. For example, sulfonamide can persist in the environment for 

long period of time after introduction into the environment [3, 4]. In order to solve these problems, 

many studied have been done to develop an advanced degradation technology. Some methods have 

been developed [5, 6], however, new concerning was raised that incomplete process could be led 

furthermore environmental contamination. In this respect, a new advanced technology was required to 

degrade the antibiotics perfectly to make a clean environment.  

Gamma irradiation was a well-developed and frequently used technique for sterilization of several 

pharmaceuticals products as well as food [7, 8]. The sample is subjected to high-energy photons that 

results in free radical generation and ionization of chemical bonds. This has to ensure that there is no 

any residues, increased penetration power, and attenuation of high temperature [9]. And also several 

studies reported that gamma irradiation of 25kGy seems to be an appropriate dose for sterilization 

purposes and elevated dose more than that exhibited product degradation and release of free radicals 

that resulted to product alteration [10, 11]. Although the exact mechanism by which gamma irradiation 

degraded the chemical substances was known, it could be a result of gamma radiolysis of water and 

ethanol. In brief, water molecules were converted immediately into various molecules and radicals, 

such as hydrogen peroxide, hydroxyl ion, superoxide radical anion, molecular hydrogen, and so on [12]. 
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These molecules produced might be capable of degradation of chemical substances. Furthermore, 

electron beam irradiation also could be broken down antibiotics up to 10kGy [13, 14]. Up to date, 

irradiation technique has been used for sterilization. Despite of previous reports have shown that 

sterilization of various microorganism [15-17] as well as other chemicals like ciproflaxin, 

thiamphenicol and fluoroquinolones [18-20], less is known about degradation of chemical substances. 

We have reported that several antibiotics including panmycin, doxycycline hyclate, rifampicin, 

gatifloxacin, and sparfloxacin were broken down by gamma irradiation up to 50kGy depend on their 

structures. Therefore, the aim of the current study is to investigate the effect of electron beam irradiation 

on the degradation of the antibiotics. 

 

2. Material and Method 

 

2.1. Reagent 

Panmycin, doxycycline hyclate, rifampicin, gatifloxacin, and sparfloxacin were purchased from Sigma-

Aldrich (St. Luis, Mo, USA). 1g of substance was dissolved in a liter of methanol to final concentration 

of 1g/L. 

 

2.2. Electron beam irradiation 

Samples were exposed to electron beam at doses from 0-10 kGy. Irradiation was performed at the Korea 

Atomic Energy Research Institute (KAERI;Jeongeup,Korea). Irradiation source of Irrdiation Facility 

with a dose rate (1 kGy/sec) at the time of experiments and 2.5 MeV EB accelerator with 20 mA beam 

at different speeds. The sample exposure to EB was irradiated in single layer. The irradiated samples 

were then stored at 4°C until use. 

 

2.3. High-performance liquid chromatography (HPLC) analysis 

The HPLC system consisted of an Agilent 1260 series solvent delivery system, and UV-detector 

coupled with a C18 column (YMC-Triart C18, 250 × 4.6 mm, l.D., 250 mm). The samples were eluted 

with a linear gradient from 100% solvent A(0.1% formic acid in water) and 0% solvent B(100% 

acetonitrile) to 50% solvent A and 50% solvent B over 20 min. The gradient was then changed to 0% 

solvent B over a 40 min period at a flow rate of 1ml/min. The fractions were detected at 220 nm. 

 

3. Result 

 

We have selected antibiotics to test based on the usage in industry and their structures. Panmycin and 

doxycycline were belonging to tetracyclin family, and rifampicin also known as rifampin, was an 

antibiotic used to treat various bacterial infections, and gatifloxacin and sparfloxacin were an antibiotic 

of the fourth-generation fluoroquinolone family. All chemical structures of antibiotics tested were 

shown in FIG 1A. We have reported before those antibiotics were broken down by gamma irradiation 

up to 50kGy depend on their structures (FIG 1A).  

In tetracyclin family, about 86% of panmycin was degraded at the dose of 5kGy with electron beam 

irradiation (FIG 1B), and about 72% of doxycycline was broken down at the dose of 5kGy with electron 

beam (FIG 1C). These antibiotics were quite similar in their structures but panmycin was more sensitive 

for electron beam irradiation then doxycycline. The pattern was similar to the gamma irradiation. 

Rifampicin was required lowest dose of electron beam irradiation, about 93% of rifampicin was to be 

broken down at 5kGy electron beam irradiation (FIG 1D). The fourth generation of antibiotics, 
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gatifloxacin and aparfloxacin, were degraded approximately 87%, 82% at the dose of 5kGy with 

electron beam irradiation respectively (FIG 1E and 1F). In sum, all antibiotics tested were degraded by 

electron beam irradiation up to 10kGy.  

 

FIG 1. The chemical structures of antibiotics tested and degradation rate after exposed by electron beam irradiation. 
Panmycin(B), doxycycline hyclate(C), rifampicin(D), gatifloxacin(E), and sparfloxacin(F). 

 

 

4. Discussion 

 

We have reported that using ionizing radiation, especially gamma irradiation, antibiotics could be 

decomposed and found that antibiotics tested were broken down with gamma irradiation up to 50kGy 

depend on their structures. In this study, we used electron beam irradiation to degrade the antibiotics as 

well as gamma irradiation. In order to do, an analysis method was established first and the analysis was 

carried out according to the method. As a result, we identified differences in the sensitivity of electron 
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beam irradiation to the five antibiotics tested. This means that the strength of the electron beam 

irradiation varies depending on the structure of the antibiotic for the decomposition of antibiotics similar 

to gamma irradiation. Therefore, based on these results, it is considered necessary to test the level of 

breakdown of the entire line of antibiotics other than antibiotics that have already been tested. Through 

this study, we make a method for effectively disassembling waste water or antibiotics contained in 

rivers, which can be used as basic data for environmental cleanup. In addition, over the years ionizing 

irradiation technology has been used mainly for several applications using gamma radiation. However, 

the concerns were raised regarding the safety and security of radioactive sources such as Cobalt-60, 

which led us to use machine-based electron beam radiation sources. In this study, we have showed the 

possibility that electron beam irradiation could be an effective tool for degradation antibiotics and in 

order to expand the applicability of machine generated irradiation technology for reducing bio-hazards, 

fundamental research has to be done to remove bio-hazardous materials such as anti-biotics using E-

beam in near future. 
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Abstract  

  

Kuwait’s municipal wastewater treatment plants (WWTPs) suffer from sludge bulking and 

foaming problems, which result in poor quality of the treated wastewater particularly during 

the winter season. Moreover, a recent study has indicated that Kuwait municipal WWTPs are 

inefficient in removing endocrine disrupting chemicals (EDCs). To assess the effectiveness of 

electron beam irradiation in improving the quality of treated municipal wastewater, KISR 

joined the coordinated research project (CRP) F23033 activity of the International Atomic 

Energy Agency (IAEA). This third annual progress report covers the progress on the CRP from 

January to December 2021.   
  

Keywords: Wastewater Treatment, Activated sludge, Sludge bulking and foaming, Emerging 

contaminants, Advance Treatment.    

  
Introduction  

Endocrine disrupting compounds (EDCs) have adverse effects on the endocrine system of 

organisms. These compounds are highly toxic at even very low concentrations such as 1 ng/l (1). 

Municipal wastewater treatment plants (WWTPs) are the main point sources of these pollutants to enter 

into the environment (2).   

Common EDCs present in wastewater streams include estrogens, phthalates, alkyl-phenols, and 

other industrial and pharmaceutical compounds. Numerous studies conducted in the different parts of 

the world have shown that municipal WWTPs are inefficient in the removal of EDCs (3). A recent study 

conducted by Kuwait Institute for Scientific Research (KISR) had also found that EDCs were not 

removed efficiently from Kuwait’s municipal WWTPs (4).  

Sludge bulking and foaming are common operational problems of activated sludge systems 

worldwide (5). Severe sludge bulking and foaming problems often lead to poor effluent quality 

(6).  They can also cause complete failure of wastewater treatment processes (7).   

Kuwaiti municipal WWTPs are all activated sludge plants, and most of them are affected by 

frequent sludge bulking and foaming problems, particularly during winter seasons (8). A study 

conducted by KISR had also confirmed that effluents of Kuwaiti municipal WWTPs deteriorate 

significantly during the winter seasons due to severe sludge bulking and foaming (9).  

This service “Radiation and Inactivation of Bio-Hazards Using High Electron Beam 

Accelerators” is contracted with the International Atomic Energy Agency (IAEA); under the 

Coordinated Research Project (CRP) coded F23033. The main goal of this service is to assess the 

potential of electron beam radiation in removing estrogens and in enhancing the quality of the final 

effluents of Kuwaiti municipal WWTPs, particularly inactivation of indicator microorganisms.   

KISR has contracted with the International Atomic Energy Agency (IAEA) to participate on 

the Coordinated Research Project (CRP), F23033, “Radiation and Inactivation of Bio-Hazards Using 

High Electron Beam Accelerators”. The main goal of KISR is to assess the potential of electron beam 

radiation in removing estrogens and in enhancing the quality of the final effluents of Kuwaiti municipal 

WWTPs, particularly inactivation of indicator microorganisms. This is the third annual progress report. 

It reports the accomplishments during the period from January to December 2021.  

  

mailto:aabusam@kisr.edu.kw
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Objectives  

  

The specific objectives of the service are the following:  

  

• To investigate the elimination of estrogen compounds and inactivation of indicator 

microorganisms from tertiary effluents of Kuwait’s municipal WWTPs, using electron beam 

irradiation.  

• To study the effect of the season, filamentous bacteria, and pollution loading rate on 

the irradiation efficiency.  

• To determine the optimal irradiation doses for polishing tertiary effluents of Kuwait's 

municipal wastewater treatment plants.       

  

  

Methodology  

  

To achieve the aforementioned objectives, five tasks have been proposed as follows:   

  

• Task 1: Mobilization   

• Task 2: Sampling and Laboratory Analysis   

• Task 3: Wastewater Irradiation  

• Task 4: Results Analysis and Interpretation   

• Task 5: Reporting   

  

Progress of Work  

  

Table 1 presents the schedule of the five tasks proposed to achieve the project objectives. The 

ongoing tasks during the fourth fiscal year (2021/2022) were Task 3 (Wastewater Irradiation), Task 4 

(Results Analysis and Interpretation) and Task 5 (Reporting). Notice that completed parts of the tasks 

are highlighted in red color in Table 1.   

  

Task 3: Wastewater Irradiation  

  

This task initiated according to plan in April 2021. Before that, KISR had reach to an agreement 

with the National Center for Nuclear Sciences and Technology (CNSTN) in Tunis to conduct e-beam 

irradiation tests for wastewater. The CNSTN was then provided with a testing protocol. Furthermore, 

all chemicals requested were delivered CNSTN by a courier. However, the wastewater irradiation tests 

have not been conducted at CNSTN yet due to the third wave of COVID-19 in Tunis and some technical 

problems at CNSTN.  

  

Task 4: Result Evaluation  
  

Task 4 also has been started as plan in July 2021. During this task, the concentrations of 

estrogens and other conventional pollutants by the Riqqa WWTP were statistically analyzed and 

compared with that of the other three main municipal WWTPs (Kabd, Sulaibiya, and Umm-Al-Haiman), 

which were obtained from a recent study conducted by KISR (4). The following step to extrapolate the 

effects of e-beam irradiation on synthetic wastewater to effects on real wastewater (Appendix 1) and 

determine the optimum irradiation dose. However, that could not be carried out because irradiation tests 

on synthetic wastewater have yet been conducted at CNSTN.  

  

Task 5: Reporting   

  

The Semiannual Progress Report No. 7 (SAR7) was submitted on time to KISR.    





 

Table 1. Service Schedule 

Tasks 

First Fiscal Year: 2018-2019 Second Fiscal Year: 2019-2020 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

1 
                        

                        

2 
                        

                        

3                         

4                         

5 
     SAR1 

 

     
SAR2 

 

AR1 

 

     
SAR3 

 

     
SAR4 

 

AR2 

 

                        

 

 

 

 

 

 



 

 Table 1. Continued 

Task

s 

Third Fiscal Year: 2020-2021 Fourth Fiscal Year: 2021-2022 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

1                         

2 
                        

                        

3 
                        

                        

4 
                        

                        

5 

     SAR5 

 

     
SAR6 

 

 

AR3 

 

     SAR7      FR 

                        

Legend Planned wok  Actual Work   

5
 



 

1: Mobilization 

2: Sampling and Laboratory Analysis 

3: Wastewater Irradiation 

4: Result Evaluation 

5: Reporting 

SAR: Semiannual Progress Report 

AR: Annual Report 

FR: Final Report 
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Plans for Next Year 

 

During the next fiscal year, concnetration will be on carrying out wastewater irradiation tests at 

CNSTN or another institute that has e-beam irradiation facility. Once the irradiation tests are 

completed, Task 4 (Results Evaluation) and writing of the fnal report (FR) can be completed in few 

months.    
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Appendix A 

 

Table A1. Influent Quality of Riqqa WWTP 

Parameter Max Min Avg. Std CV% 

TSS (mg/l) 240 120 172 30 17 

BOD₅ (mg/l) 366 123 231 77 33 

COD (mg/l) 615 200 382 123 32 

NH₃-N (mg/l) 46 30 38 4 11 

NO₃-N (mg/l) 51 0 10 13 122 

TN (mg/l) 98 45 62 14 22 

TP (mg/l) 17 8 12 4 33 

T. Coliform (MPN/100 ml) 9.E+11 3.E+08 1.E+11 3.E+11 2.E+02 

F. Coliform (MPN/100 ml) 6.E+10 3.E+07 6.E+09 1.E+10 2.E+02 

Salmonella (MPN/100 ml) 6.E+08 3.E+04 5.E+07 1.E+08 3.E+02 

E1 (ng/l) 14 0 6 5 84 

E2 (ng/l) 10 0 5 3 71 

EE2 (ng/l) 90 0 20 28 137 

E3 (ng/l) 88 0 16 20 125 

Total (ng/l) 129 19 48 35 72 
 

 

Table A2. Effluent Quality of Riqqa WWTP 

Parameter Max Min Avg. Std CV% 

TSS (mg/l) 3.8 0.2 2.0 1.1 53.3 

BOD₅ (mg/l) 26.0 4.0 15.9 5.3 33.1 

COD (mg/l) 12.2 5.5 8.5 2.2 26.3 

NH₃-N (mg/l) 4160.0 30.0 1201.3 1174.3 97.8 

NO₃-N (mg/l) 780.0 16.0 256.7 280.3 109.2 

TN (mg/l) 959.0 1.0 104.5 239.0 228.7 

TP (mg/l) 13.6 0.0 2.2 4.1 185.2 

T. Coliform (MPN/100 ml) 8.0 0.0 2.0 2.8 139.8 

F. Coliform (MPN/100 ml) 40.0 0.0 8.2 12.0 147.4 

Salmonella (MPN/100 ml) 19.3 0.0 6.2 7.8 125.3 

E1 (ng/l) 13.6 0 2 4 185 

E2 (ng/l) 8 0 2 3 140 

EE2 (ng/l) 40 0 8 12 147 

E3 (ng/l) 19 0 6 8 125 

Total Estrogens (ng/l) 
46 2 19 15 80 

TSS: Total Suspended Solids, BOD₅: Biochemical Oxygen Demand, COD: Chemical Oxygen Demand, 

NH₃-N: Ammonia Nitrogen, NO₃-N:-Nitrate Nitrogen, TN: Total Nitrogen, TP: Total Phosphorus, T. 

Coliform: Total coliform, F. Coliform: Feacal coliform, E1: Estrone, E2: Estradiol, EE2: 

Ethinylestradiol, E3: Estriol. 
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Appendix B 

 

Table B1. Estrogens Concentration (ng/l)  in the Inflows of Kuwaiti WWTPs 

WWTP E1 E2 EE2 E3 Total 

Kabd 0-14 0-9 0-50 0-20 0-64 

Riqqa 0-14 0-10 0-90 0-88 19-129 

Sulaibiya 0-372 0-160 0-474 0-360 22-1230 

Um-Al-Haiman 6-14 0-10 0-90 0-88 30-129 
  E1: Estrone, E2: Estradiol, EE2: Ethinylestradiol, E3: Estriol.      

 

 

 

Table B2.  Estrogens Concentration (ng/l) in the Outflows of Kuwaiti WWTPs 

WWTP E1 E2 EE2 E3 Total 

Kabd 0-54 0-8 0-28 0-18 6-75 

Riqqa 0-14 0-8 0-40 0-19 2-46 

Sulaibiya 0-233 0-7 0-70 0-22 0-326 

Um-Al-Haiman 0-4 0-8 0-40 019 2-44 
  E1: Estrone, E2: Estradiol, EE2: Ethinylestradiol, E3: Estriol.      
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ABSTRACT 

This study is aimed to identify pathogenic protozoa and viruses that are present in sewage sludge (SS) samples 

from two different sampling points, A and B. This study also focused on the validation of electron beam 

irradiation treatment (IT) efficiency on the inactivation of pathogenic protozoa and viruses that are present in 

sludge samples. Pathogenic protozoa such as Giardia lamblia (GL) and Cryptosporidium spp. (CR) were 

identified in SS from both sampling points, A and B. Apart from that, gastroenteritis viruses such as Norovirus 

GI (NVG1), Norovirus GII (NVG2), and Adenovirus F (ADV-F). Meanwhile, both pathogenic protozoa and 

gastroenteritis viruses were identified by means of the qPCR technique. The effectiveness of IT with electron 

beam on inactivation of the GL, CR, NVG1, NVG2, and ADF-F were justified by the results obtained. 

Irradiation energy is the predominant factor that influences the efficiency of the inactivation process. Moreover, 

the highest inactivation kinetic constant, k was obtained at higher irradiation energy. Thus, this outcome proves 

that irradiation energy effectively plays a crucial role in the inactivation of the targeted microorganisms. The 

D10 values for GL, CR, NVG1, NVG2, and ADF-F were reported in this study as well. Keywords: Sewage 

sludge, Electron beam irradiation, Inactivation, Pathogenic Protozoa, Viruses 

 
1.0 INTRODUCTION 

Sludge is the by-products from the treatment of urban sewage that contains human and animal faeces at 

wastewater treatment plants (WWTPs). The existence of wide varieties of pathogens in sewage sludge 

along with enormous annual production is a capable threat to the environment, human and animals well-

being which is also known as one of the crucial global issues (Hu, Wang, Lv, & Chi, 2019). Various 

pathogenic microorganisms such as pathogenic bacteria, viruses, and pathogenic protozoa are 

commonly identified in sewage sludge (Amoah, Reddy, Seidu, & Stenström, 2018). The concern over 

human pathogens and their evidential threats to public health security had significantly grown 

particularly, in this pandemic era (Li, Song, Liu, Huang, & Liu, 2022). Great importance is specifically 

attached to observance and control of human pathogens in national sanitation and health facilities. 

Therefore, appropriate treatment for the removal of pathogens from sludge and proper disposal methods 

are essential to warrant minimal potential risks towards the public health and environment (Pritchard, 

Penney, McLaughlin, Rigby, & Schwarz, 2010). Unfortunately, inadequate scrutiny on heterogeneity, 

assessment techniques, risks of exposure, and inactivation techniques for pathogenic microorganisms in 

sewage sludge clearly demonstrated by environmental issues arises upon this.            

The chances to attain resource and energy recovery are highly dependent on the risk control of 

pathogenic microorganisms in sludge. Apart from potential sources for the introduction of 

microorganisms to the environment, sewage sludge is also regarded as a rich source of organic matter 

and nitrogen and phosphorus-containing nutrients (Pritchard et al., 2010). Thus, the reuse of sludge for 

constructive purposes as fertilizers in agriculture, mine reclamation, landscaping, and horticulture in 

order to improve fertility offers economic and environmental benefits (Babatunde & Zhao, 2007). 

However, effective inactivation of pathogenic microorganisms in sewage sludge is ultimately important 
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to avoid the problems and risks associated with soil and water bodies contamination. Various 

technologies for the sludge treatment are in practice including composting, anaerobic digestion, aerobic 

digestion, non-ionizing radiation, and ionizing irradiation which involves different mechanisms for 

pathogenic microorganism inactivation (Praveen, Jesudhasan, Reimers, & Pillai, 2013). Each applied 

technology for sterilization of sewage sludge is associated with its own merits and limitations.   

Radiation technology is one of the most prominent techniques used for the hygienization of sewage 

sludge, globally. The radiation technology offers numerous advantages such as efficient reduction of 

pathogens to minimal levels along with oxidation of toxic and hazardous organic pollutants without 

producing any secondary waste (Wang & Wang, 2007). On top of that, radiation technology also assists 

in the elimination of odor nuisance, enhances the de-watering and biodegradability properties of the 

sewage sludge. The common practice of radiation technology in hygienization of sludge was by using 

gamma irradiation with radioactive isotopes of Co-60. However, the application of electron beam 

irradiation for sewage sludge treatment holds many benefits as this process works based on commercial 

electricity without any involvement of radioactive isotopes (Praveen et al., 2013). Therefore the usage 

of electron beam for sewage sludge treatment is much simpler and safest. Both gamma and electron 

beam are classified as ionizing irradiation and the principle of function is almost similar. Both gamma 

and electron beam irradiation differs in terms of energy, MeV, and dose rate, Gy/min. The energy profile 

for gamma rays from radioactive isotopes source ranges from 1.17 to 1.33 MeV and the electron beam 

exhibits energy profiling around 1 to 10 MeV. Meanwhile, the dose rate for gamma and electron beam 

often ranges from hundreds of grays per minute and tens of millions of grays per min, respectively 

(Arjomandy et al., 2010). Quite number of studies had been reported on inactivation profiles of specific 

microbial pathogens at different dose rates and energy levels by gamma irradiation. But inadequate 

studies and data had been reported on the inactivation of microbial pathogens by electron beam 

irradiation. Thus, it is essential to create a database on the inactivation of specific microbial pathogens 

under e-beam irradiation conditions of different energy and dose rates. This study reports specifically 

on the inactivation of pathogenic protozoa and viruses present in sewage sludge by electron beam 

irradiation at different energy and dose rate.  

 

2.0 EXPERIMENTAL 

2.1 Sampling 

The sewage samples (SS) used in this study were collected from regional sewage treatment plant 

Titiwangsa 2 which is a highly efficient and fully mechanized sewage treatment plant with a treatment 

capacity of 168,750 m3/day. This treatment plant caters the influent including from residential premises, 

commercial and government premises. The main role of this plant is to produce and discharge treated 

effluent with the standard given by the Department of Environment (DOE) and produces sludge cake as 

a by-product for disposal. The sampling mainly carried out two different points, after sequencing batch 

reactor (A) and sludge digester tank (B). Sampling was performed on a monthly basis and prior to the 

scheduled electron beam irradiation (EBI) slot. The sampling location is indicated in Fig. 1. The sludge 

volume index (SVI), mixed liquor volatile suspended solids (MLVSS), and mixed liquor suspended 

solids (MLSS) of each batch of sampling were analyzed and the average values were summarized in 

TABLE 1. The SS from the treatment plant were channeled into the lab-scale activated sludge system 

which is made of acryl. SS was aerated with a diffuser which was connected to a small aquarium pump 

in order to maintain dissolved oxygen (DO) concentration above 4 mg/l in the aeration tank for 

pathogenic microorganisms overnight. 



54 

 

 

 

 

 

 

 

 

 

 

 

 

              

 

 

FIG. 1 Sampling points in sewage treatment plant for A and B 

 

 

 

TABLE 1. The sludge properties in term of suspended solid 

 

    

 

 

 

2.2 Electron Beam Irradiation 

The EPS 3000 Nissin High Voltage, Japan electron beam machine was used to irradiate the SS. 

Technical specifications of EPS 3000 are accelerator voltage: 0.5-3.0 MeV, beam current: 1-30 mA, 

max beam power: 90 kW and conveyor speed: 1-20 m/min. The stainless steel tray with the dimension 

50 cm (L) x 30 cm (W) was conveyed into the irradiation chamber through a conveyor system. 

Approximately, 380 mL of SS were placed onto the tray with a sample thickness of 0.6 mm for each 

irradiation cycle. The irradiation dose (kGy), energy (MeV), current (mA), conveyor speed (m/min), 

and dose rate (kGy/sec) used for this study were summarized in TABLE 2 below. The irradiated samples 

were placed into sterile bottles at 4 ºC for further laboratory examination pertaining to the identification 

of targeted microorganisms.  

 

Analysis A B 

SVI 243.32 234.96 

MLVSS 151.82 151.56 

MLSS 335.23 339.65 
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TABLE 2. Electron beam irradiation conditions for sewage sludge sample 

 

 

 

 

 

 

 

 

 

 

2.3 Microbial Essay 

The qPCR technique was employed to detect pathogenic protozoa and viruses in SS. Wastewater 

samples were centrifuged at 1500 x g for 15 minutes to collect the pellet. Total nucleic acid was extracted 

from 0.5 g of each pallet from each sample using RNeasy PowerWater Kit (Qiagen) according to the 

manufacturer’s protocol. The final products were eluted in 100 μl of nuclease-free water. A total of 5 μl 

nucleic acid samples were assayed for protozoa and viruses using Allplex GI-Virus Assay (Seegene) 

and Allplex GI-Parasite Assay (Seegene) according to the manufacturer’s protocol.   

Allplex GI-Virus Assay and Allplex GI-Parasite Assay exhibits Seegene’s proprietary technology, 

which allows to provide multi-Ct (threshold cycle) values in a single fluorescence channel without melt 

curve analysis on real-time PCR instruments. Allplex GI-Virus Assay is a multiplex real-time one-step 

RT-PCR assay that permits simultaneous amplification and detection of target nucleic acids of 

Norovirus GI (NVG1), Norovirus GII (NVG2), Rotavirus A (ROV), Adenovirus F (ADV-F; Serotype 

40/41), Astrovirus (ASV) and Sapovirus (SV; Genogroups G1, 2, 4, 5) and intenal control. Allplex GI-

Parasite Assay is a multiplex real-time PCR assay that permits simultaneous amplification and detection 

of target nucleic acids of Giardia lamblia (GL), Entamoeba histolytica (EH), Cryptosporidium spp. (CR), 

Blastocystis hominis (BH), Dientamoeba fragilis (DF) and Cyclospora cayetanensis (CC)and Internal 

Control (IC).  

 

3. RESULT AND DISCUSSION 

3.1. Inactivation of Pathogenic Protozoa  

 

Pathogenic protozoa such as Giardia and Cryptosporidium are commonly known as intestinal protozoan 

which easily found in sewage sludge (Chahal et al., 2016). The development of both Giardia and 

Cryptosporidium in the form of encysting on the host intestinal tract that directly passed into fecal 

materials. However, the cysts are resistant towards the environmental transmission stage and also 

capable of transmits by water ingestion. Moreover, the cysts are more resistant towards disinfection 

Energy 

(MeV) Current (mA) 

Irradiation Dose 

(kGY) 

Conveyor Speed 

(m/sec) 

Dose Rate 

(kGy/sec) 

2 5 5  0.157  0.522  

 7 5  0.219  0.731  

 9 5  0.282  0.940  

 11 5  0.345  1.149  

2 6 10  0.094  0.627  

 12 10  0.188  1.253  

 17 10  0.266  1.776  

 20 10  0.313  2.089  

3 5 5  0.148  0.494  

 7 5  0.208  0.692  

 9 5  0.267  0.890  

 11 5  0.326  1.088  

3 6 10  0.089  0.593  

 12 10  0.178  1.187  

 17 10  0.252  1.681  

 20 10  0.297  1.978  
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processes compared to common intestinal pathogenic bacteria (Schaefer, Marshall, & Clancy, 2004). 

Both Giardia Lamblia (GL) and Cryptosporidium SPP (CR) were detected in SS from both sampling 

points of A and B. The quantification was carried out for both protozoa before and after irradiation 

treatment (IT) with electron beam via the qPCR technique. The irradiation condition varies in terms of 

different energy (MeV) and current (mA) which stipulates different irradiation dose rates (kGy/s) 

through varying conveyor speed (m/sec). Reduction in both GL and CR after IT is quite obvious for 

points A and B, respectively. FIG. 2 and FIG. 3 exhibits the reduction in log10 (log10 copies/mL) for 

GL after IT at different irradiation doses, 6 kGy and 10 kGy for SSS from point A, respectively. FIG. 4 

and FIG. 5 exhibits the reduction in log10 (log10 copies/mL) for CR after IT at different irradiation 

doses, 6 kGy and 10 kGy for SSS from point A, respectively. The irradiation dose rate used for every 

single set of trials had stated on the figures as well. The initial quantity of GL and CR detected onto the 

SS from point A were 1.60 and 1.47 log10 copies/mL, respectively. The GL exhibited reduction up to 

0.718, 0.691, 0.522, and 0.322 at dose rates of 0.593, 1.187, 1.681, and 1.978 kGy/sec, respectively. On 

the other hand CR had shown reduction of 0.859, 0.772, 0.592, and 0.324 log10 copies/mL at dose rates 

of 0.593, 1.187, 1.681, and 1.978 kGy/sec, respectively. The most efficient reduction for both GL and 

CR in SS from point A were observed at irradiation condition: 10 kGy of dose, 3 MeV energy, 20 mA 

of current, and dose rate of 1.978 kGy/sec.    

 

 

 

 

 

 

 

 

 

 

 

 

FIG 3 Effect of irradiation treatment at different current 

onto Gardia Lambia (GL) in SS from point A. 

Experimental Conditions: Initial concentration of GL, 

1.60 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 2 Effect of irradiation treatment at different 

current onto Gardia Lambia (GL) in SS from point A. 

Experimental Conditions: Initial concentration of GL, 

1.60 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 
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The reduction in log10 copies/mL of GL in SS from sampling point B after IT at a different dose, 5 kGy 

and 10 kGy illustrated in FIG. 6 and FIG. 7, respectively. Meanwhile, reduction in log10 copies/mL of 

CR in SS from sampling point B after IT at different doses, 5 kGy and 10 kGy illustrated in FIG. 8 and 

FIG. 9, respectively. The initial quantity of GL and CR detected onto the SS from point B were 1.48 and 

1.63 log10 copies/mL, respectively. The GL exhibited reduction up to 1.013, 0.872, 0.744, and 0.363 at 

dose rates of 0.593, 1.187, 1.681, and 1.978 kGy/sec, respectively. On the other hand CR had shown 

reduction of 1.037, 0.898, 0.778, and 0.303 log10 copies/mL at dose rates of 0.593, 1.187, 1.681, and 

1.978 kGy/sec, respectively.The highest reduction for both GL and CR in SS from point A were 

observed at irradiation condition: 10 kGy of dose, 3 MeV energy, 20 mA of current, and dose rate of 

1.978 kGy/sec.    

Electron beam irradiation imposed both direct and indirect effects onto pathogenic microorganisms 

which leads to their inactivation. Cell wall damage, cell permeability alteration, cell protoplasm colloidal 

nature changes and critical enzyme systems inactivation are the physiological response in living 

organism which known as indirect effects of radiation (Belbe & Tofana, 2010). Higher irradiation energy 

with lower dose rate had given highest reduction in both GL and CR. Higher irradiation energy gives 

better penetration and on top of that, lower dose rate prolong the exposure time, comparatively (Kyung, 

Ramakrishnan, & Kwon, 2019). Conclusively, SS irradiated at a lower dose rate had a longer high 

energy delivery time that leads to a reduction of pathogenic protozoa. The outcome obtained strongly 

suggests the dependency of adsorbed dose on the applied dose rates. D10 values for both GL and CR 

are summarized in TABLE 3. The D10 values are obtained from a linear regression model (reciprocal 

of the slope) of the logarithm of the surviving fractions as a function of absorbed radiation dose (kGy) 

via Origin 2017 software (OriginLab Corporation, Northampton, USA). The D10 values for GL and CR 

at sampling points A and B exhibit almost similar.  

FIG. 5 Effect of irradiation treatment at different 

current onto Cryptosporidium SPP (CR) in SS from 

point A. Experimental Conditions: Initial 

concentration of CR, 1.47 log10  copies/mL; 

Irradiation dose, 10 kGy; temperature, 35 °C; and pH, 

6.5. 

 

FIG. 4 Effect of irradiation treatment at different 

current onto Cryptosporidium SPP (CR) in SS from 

point A. Experimental Conditions: Initial 

concentration of CR, 1.47 log10  copies/mL; Irradiation 

dose, 5 kGy; temperature, 35 °C; and pH, 6.5. 
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   TABLE 3. D10 values of protozoa in SS from sampling point A and B 

 

 

 

 

 

 

3.2. Inactivation of Viruses 

Norovirus GI (NVG1), Norovirus GII (NVG2), and Adenovirus F (ADV-F) were identified in SS from 

both sampling points A and B via the qPCR technique. The reduction of NVG1, NVG2, and ADV-F 

upon IT by electron beam was analyzed against different irradiation dose rates. The IT treatment had an 

effective reduction in NVG1, NVG2, and ADV-F at both sampling point A and B. FIG. 10 and 11 

Sample Collection Point 

GL CR 

3 MeV 3 MeV 

Point A 9.83 9.66 

Point B 9.48 9.47 

FIG 9 Effect of irradiation treatment at different current 

onto Cryptosporidium SPP (CR) in SS from point B. 

Experimental Conditions: Initial concentration of GL, 

1.48 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 8 Effect of irradiation treatment at different 

current onto Cryptosporidium SPP (CR) in SS from 

point B. Experimental Conditions: Initial 

concentration of GL, 1.48 log10 copies/mL; Irradiation 

dose, 5 kGy; temperature, 35 °C; and pH, 6.5. 

FIG 7 Effect of irradiation treatment at different current 

onto Gardia Lambia (GL) in SS from point B. 

Experimental Conditions: Initial concentration of GL, 

1.63 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 6 Effect of irradiation treatment at different 

current onto Gardia Lambia (GL) in SS from point B. 

Experimental Conditions: Initial concentration of GL, 

1.63 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 
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illustrates the log copies/mL (log10 copies/mL) for NVG1 after IT at different irradiation doses, 5 kGy 

and 10 kGy for SS from point A, respectively. The initial value of NVG1 found on SS from point A was 

around 1.57 log10 copies/mL. The reduction in NVG1 was observed and recorded as 1.48, 1.41, 1.35, 

and 1.27 at dose rates of 0.593, 1.187, 1.681, and 1.978 kGy/sec, respectively. Almost a similar trend 

was observed for the SS from point B at irradiation doses of 5 kGy and 10 kGy. The results attained are 

exhibited in FIG. 12 and FIG. 13, respectively. The initial value of NVG1 found on SS from point A 

was around 1.51 log10 copies/mL. The lowest copies were obtained for NGV1 at irradiation condition 

of 10 kGy of dose, 3 MeV energy, 20 mA of current, and dose rate of 1.978 kGy/sec.    

  

   

     

  

 

 

 

 

 

FIG. 11 Effect of irradiation treatment at different 

current onto Norovirus GI (NVG1) in SS from point A. 

Experimental Conditions: Initial concentration of 

NVG1, 1.57 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 10 Effect of irradiation treatment at different 

current onto Norovirus GI (NVG1) in SS from point 

A. Experimental Conditions: Initial concentration of 

NVG1, 1.57 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 

FIG. 13 Effect of irradiation treatment at different 

current onto Norovirus GI (NVG1) in SS from point B. 

Experimental Conditions: Initial concentration of 

NVG1, 1.51 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 12 Effect of irradiation treatment at different 

current onto Norovirus GI (NVG1) in SS from point 

B. Experimental Conditions: Initial concentration of 

NVG1, 1.51 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 
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FIG. 14 and 15 illustrate the log copies/mL (log10 copies/mL) for NVG2 after IT at different irradiation 

doses, 5 kGy and 10 kGy for SS from point A, respectively. The initial value of NVG2 found on SS 

from point A was around 1.50 log10 copies/mL. The reduction in NVG2 was observed and recorded as 

1.46, 1.39, 1.30, and 1.20 at dose rates of 0.593, 1.187, 1.681, and 1.978 kGy/sec, respectively. Almost 

a similar trend was observed for the SS from point B at irradiation doses of 5 kGy and 10 kGy. The 

results attained exhibited in FIG. 16 and FIG. 17, respectively. The initial value of NVG2 found on SS 

from point A was around 1.51 log10 copies/mL. The lowest copies were obtained for NGV2 at 

irradiation condition of 10 kGy of dose, 3 MeV energy, 20 mA of current, and dose rate of 1.978 

kGy/sec.    

 

 

 

 

 

 

 

 

FIG. 15 Effect of irradiation treatment at different 

current onto Norovirus GII (NVG2) in SS from point 

A. Experimental Conditions: Initial concentration of 

NVG2, 1.50 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 14 Effect of irradiation treatment at different 

current onto Norovirus GII (NVG2) in SS from point 

A. Experimental Conditions: Initial concentration of 

NVG2, 1.50 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 

FIG. 17 Effect of irradiation treatment at different 

current onto Norovirus GII (NVG2) in SS from point 

B. Experimental Conditions: Initial concentration of 

NVG2, 1.51 log10 copies/mL; Irradiation dose, 10 kGy; 

temperature, 35 °C; and pH, 6.5.  

FIG. 16 Effect of irradiation treatment at different 

current onto Norovirus GII (NVG2) in SS from point 

B. Experimental Conditions: Initial concentration of 

NVG2, 1.51 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 
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The results obtained for reduction of Adenovirus F (ADV-F) after IT onto SS from sampling point A at 

different irradiation doses, 5 kGy, and 10 kGy is shown in Fig. 18 and Fig. 19, respectively. The initial 

numbers of ADV-F found on SS from point A was 1.52 log10 copies/mL. However, the number of 

ADV-F reduced to 1.01, 0.89, 0.48 and 0.26 log10 copies/mL at irradiation dose rate of 0.560, 1.120, 

1.587 and 1.867 kGy/sec, respectively. The results obtained for reduction of ADV-F after IT on SS from 

point B at different irradiation doses, 5 kGy, and 10 kGy is shown in Fig. 20 and Fig. 21, respectively. 

The initial numbers of ADV-F found on SS from point B were 1.54 log10 copies/mL. The lowest copies 

were obtained for ADV-F at irradiation condition of 10 kGy of dose, 3 MeV energy, 20 mA of current, 

and dose rate of 1.978 kGy/sec. D10 values for NVG, NGV 2 and ADV-F displayed in TABLE 4.    

 

 

 

 

 

 

TABLE 4. D10 values of viruses in SS from point A and B 

FIG. 19 Effect of irradiation treatment at different 

current onto Adenovirus F (ADV-F) in SS from point 

A. Experimental Conditions: Initial concentration of 

ADV-F, 1.52 log10 copies/mL; Irradiation dose, 10 

kGy; temperature, 35 °C; and pH, 6.5.  

FIG. 18 Effect of irradiation treatment at different 

current onto Adenovirus F (ADV-F) in SS from point 

A. Experimental Conditions: Initial concentration of 

ADV-F, 1.52 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 

FIG. 21 Effect of irradiation treatment at different 

current onto Adenovirus F (ADV-F) in SS from point 

B. Experimental Conditions: Initial concentration of 

ADV-F, 1.54 log10 copies/mL; Irradiation dose, 10 

kGy; temperature, 35 °C; and pH, 6.5.  

FIG. 20 Effect of irradiation treatment at different 

current onto Adenovirus F (ADV-F) in SS from point 

B. Experimental Conditions: Initial concentration of 

ADV-F, 1.54 log10 copies/mL; Irradiation dose, 5 kGy; 

temperature, 35 °C; and pH, 6.5. 
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3.3 Inactivation Kinetics  

 

Free radicals such as hydroxyl species formed via radiolysis of water upon ionizing radiation mainly 

responsible for inactivation of microorganism. The reaction in between sugar-phosphate backbone of 

DNA chain with hydroxyl species capable to trigger the removal of hydrogen atoms from the sugar. 

Therefore, single strand breakage take place by scission of the phosphate ester bonds. Double strand 

breaks are ensued when two single strand breaks take place in each chain of the double helix at a close 

distance (Manas & Pagán, 2005). This will leads to complete destruction of the cell. This outcome 

emphasize the role of irradiation on inactivation kinetics of microorganisms. One of the major factor 

that effects the inactivation of microorganisms is irradiation dose. A detailed investigation is required 

to study the effect of irradiation dose against microbial inactivation. Therefore, the SS from sampling 

point A and B were irradiated at different energy and current which stipulates different irradiation dose 

rate and the copies number of GL, CR, NGV-1, NGV-2 and AVF-F were analyzed accordingly. The 

irradiation inactivation of the microorganism was considered to follow a first-order reaction in equation 

(1) as shown below.  

0

log ( )
N

k t dt
N

= − 

                                                        (1)                                                        

 

whereby, N and No are the number of viable cells per unit volume at treatment times t and O, 

respectively, and k is an inactivation rate constant (Klotz, Pyle, & Mackey, 2007; Unluturk, Atılgan, 

Baysal, & Unluturk, 2010).  

 

The results attained exhibited in Fig. 22 - 29. The irradiation inactivation kinetics were measured in 

terms of irradiation current, energy and dose which correlates to the different dose rates. The first order 

kinetic model function is based on the assumption of striking of lethal agent on to the key target which 

leads to microbial inactivation and this will gives out the straight survival curve of the plot logarithm of 

the fraction of survival cells versus irradiation time. However, in this study the plot of logarithm of the 

fraction of survival cells versus irradiation time gives an upward concavity nonlinear curves with 

shoulders for all, GL, CR, NGV-1, NGV-2 and AVF-F being tested. The repairable cellular damage at 

the low dose rate with very short irradiation time corresponds to the shoulders obtained in the curves 

(Manas & Pagán, 2005). 

 

 

Meanwhile, the survival of pathogenic cells represented by the upward concavity which can be 

explained by few several theories. The curve obtained define two phased first order inactivation of two 

distinct microbial sub-populations with consistent resistance, respectively (Serment-Moreno, Barbosa-

Cánovas, Torres, & Welti-Chanes, 2014). The continuous distribution deliberate resistance within 

pathogenic population leads to upward concave (Ochoa-Velasco et al., 2020). On top that, few models 

were exclusively developed in order to describe nonlinear curves such as log-logistic model namely, 

Hu¨lsheger model, and models based on the Weibull distribution, among others (Smelt, Hellemons, 

Wouters, & van Gerwen, 2002). The inactivation rate constant, k, obtained for the pathogenic protozoa 

and viruses was tabulated in TABLE 5 as shown below. The highest inactivation rate constant, k 

Sample Collection Point 

NGV-1 NGV-2 AVF-F 

3 MeV 3 MeV 3 MeV 

Point A 9.27 9.58 9.93 

Point B 9.97 11.47 9.58 
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obtained for SS from points A and B at irradiation energy of 3 MeV which indicates that 3 MeV of 

irradiation energy is sufficient for the inactivation of microorganism above 90 %. This outcome also 

concludes that irradiation energy is the predominant factor that influence the inactivation of the 

microorganism the most.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 23 Radiation inactivation kinetics of 

microorganisms in SS from point A by IT at 3 MeV 

energy. Experimental conditions: irradiation dose, 5.0 

kGy; initial concentration of GL, 1.6 log10 copies/mL 

and CR, 1.47 log10 copies/mL; NVG-1, 1.57 log10 

copies/mL; NVG-2, 1.50 log10 copies/mL; AVF-F, 1.52 

log10 copies/mL, pH= 6.9 and temperature, 35 ºC. 

 

FIG. 22 Radiation inactivation kinetics of 

microorganisms in SS from point A by IT at 2 MeV 

energy. Experimental conditions: irradiation dose, 5.0 

kGy; initial concentration of GL, 1.6 log10 copies/mL 

and CR, 1.47 log10 copies/mL; NVG-1, 1.57 log10 

copies/mL; NVG-2, 1.50 log10 copies/mL; AVF-F, 

1.52 log10 copies/mL, pH= 6.9 and temperature, 35 ºC. 

FIG. 25 Radiation inactivation kinetics of 

microorganisms in SS from point A by IT at 3 MeV 

energy. Experimental conditions: irradiation dose, 10.0 

kGy; initial concentration of GL, 1.6 log10 copies/mL 

and CR, 1.47 log10 copies/mL; NVG-1, 1.57 log10 

copies/mL; NVG-2, 1.50 log10 copies/mL; AVF-F, 1.52 

log10 copies/mL, pH= 6.9 and temperature, 35 ºC. 

 

FIG. 24 Radiation inactivation kinetics of 

microorganisms in SS from point A by IT at 2 MeV 

energy. Experimental conditions: irradiation dose, 

10.0 kGy; initial concentration of GL, 1.6 log10 

copies/mL and CR, 1.47 log10 copies/mL; NVG-1, 

1.57 log10 copies/mL; NVG-2, 1.50 log10 copies/mL; 

AVF-F, 1.52 log10 copies/mL, pH= 6.9 and 

temperature, 35 ºC. 
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FIG. 29 Radiation inactivation kinetics of 

microorganisms in SS from point B by IT at 3 MeV 

energy. Experimental conditions: irradiation dose, 10.0 

kGy; initial concentration of GL, 1.63 log10 copies/mL 

and CR, 1.48 log10 copies/mL; NVG-1, 1.51 log10 

copies/mL; NVG-2, 1.51 log10 copies/mL; AVF-F, 1.54 

log10 copies/mL, pH= 6.9 and temperature, 35 ºC. 

 

FIG. 28 Radiation inactivation kinetics of 

microorganisms in SS from point B by IT at 2 MeV 

energy. Experimental conditions: irradiation dose, 

10.0 kGy; initial concentration of GL, 1.63 log10 

copies/mL and CR, 1.48 log10 copies/mL; NVG-1, 

1.51 log10 copies/mL; NVG-2, 1.51 log10 copies/mL; 

AVF-F, 1.54 log10 copies/mL, pH= 6.9 and 

temperature, 35 ºC. 

FIG. 27 Radiation inactivation kinetics of 

microorganisms in SS from point B by IT at 3 MeV 

energy. Experimental conditions: irradiation dose, 5.0 

kGy; initial concentration of GL, 1.63 log10 copies/mL 

and CR, 1.48 log10 copies/mL; NVG-1, 1.51 log10 

copies/mL; NVG-2, 1.51 log10 copies/mL; AVF-F, 1.54 

log10 copies/mL, pH= 6.9 and temperature, 35 ºC. 

 

FIG. 26 Radiation inactivation kinetics of 

microorganisms in SS from point B by IT at 2 MeV 

energy. Experimental conditions: irradiation dose, 5.0 

kGy; initial concentration of GL, 1.63 log10 copies/mL 

and CR, 1.48 log10 copies/mL; NVG-1, 1.51 log10 

copies/mL; NVG-2, 1.51 log10 copies/mL; AVF-F, 

1.54 log10 copies/mL, pH= 6.9 and temperature, 35 ºC. 
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TABLE 5. Inactivation rate constant, k for targeted microorganisms 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 

The efficiency of irradiation treatment with an electron beam on the inactivation of pathogenic protozoa 

and gastroenteritis viruses present in sewage sludge samples at different dose rates was investigated. 

The dose rates were determined with different irradiation currents which correlate to the conveyor speed. 

The irradiation dose was fixed at three different irradiation energy 2 MeV and 3 MeV which had been 

used as mainstream. The presence of GL, CR, NVG1, NVG2, and ADF-F in SS at sampling points, A 

and B were identified by means of qPCR analysis. The results obtained indicate that IT with electron 

beam was quite effective on the inactivation of GL, CR, NVG1, NVG2, and ADF-F, particularly at 

higher irradiation energy and lower irradiation dose rate. However, irradiation energy plays a crucial 

role in the inactivation of the pathogenic protozoa and gastroenteritis viruses SS from both sampling 

points exhibited a similar trend, too. On top of that, a higher inactivation rate is attained at higher 

irradiation energy. The GL, CR, NVG1, NVG2, and ADF-F exhibited the highest inactivation rate 

constant, k at the highest irradiation energy. Additionally, the D10 values for GL, CR, NVG1, NVG2, 

and ADF-F were also reported.   
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1. Introduction 

1.1 Sewage sludges 

Sewage sludge, formed by the bacteria grown and bacteria used for organic pollutants reduction, is a 

by-product of the wastewater treatment. Wastewater delivered to Wastewater wastewater Treatment 

treatment Plants plants (WWTP) is thickened to about 2–4% dry mass, which consists of primary 

sludge, and then the water phase from the thickening process is purified in an aerobic biological 

reactor where from which the excess sludge is taken from. Due to the origin of sewage sludge, it can 

be considered as a source of a great variety of microbiological threats, such as: viruses, pathogenic 

bacteria, parasites (helminths as well as protozoa) with their eggs, and fungi [1]. 
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According to the Statistical Yearbook of Poland, the amount of sewage sludge generated at WWTPs 

annually in the country now has now a slight tendency to increase causin a need to utilise growing 

amount of problematic waste. [2] 

1.2 Water radiolysis [3] 

Irradiation of water environment leads to occurence of water radiolysis products.  

First step is production of H2O•+ and free electron  (1).  

 H2O → H2O•+ + e–
prehyd (1) 

 H2O•+ as a very strong acid dissociate in water creating OH•  and H3O+   (2).  

 H2O•+ + H2O → OH• + H3O+ (2) 

Free electron react with water which result in solvated  (e–
aq) – reakcja (3).  

 e–
prehyd + n H2O → e–

aq  (3)  

Another reaction occuring while water irradiation is water molecule (4). 

 H2O → H2O* (4) 

Excited water molecule dissociates homolitically into H• i OH• radicals (5). 

 H2O* → H• + OH•  (5) 

The most important chemical species obtained in this process is OH• with its highly oxidative 

properties. 

 

1.3 Sewage sludge hygienization [4] 

Irradiation can be used for sewage sludge hygienization process. The destructive effect of ionizing 

radiation on living cells is well known and caused by damages of DNA by direct or indirect effect. Direct 

effect occurs when a high energy particle or gamma ray interacts with DNA causing damages, while 

indirect effect is interaction of DNA with water radiolysis products, mostly with OH• radical. 

1.4 Sewage sludge disintegration by ionizing radiation 

W. Park et al. carried out the experiments with sewage sludge electron beam (EB) irradiation. They 

noticed very significant increase in SCOD  and protein content in supernatant after the irradiation. 

Authors suggested, that this effect was caused by cell lysis after the irradiation. [5] L. Chu et.al. used 

gamma irradiation on sewge sludge samples. Authors reported an increase in total organic carbon, total 

nitrogen, total phosphorus, protein and polysaccharides concentration in supernatant after the irradiation 

and suggested it may be due to destruction of sludge flocs structure and release colloidal and soluble 

organic compounds into water phase. [6] 

2. Results 

2.1. Sewage sludge used for the experiments 
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Number of sewage sludge samples from different sources were tested. Samples were tested for: the 

influence of irradiation on physicochemical properties, ocurrence of pathogens (ATT living eggs, 

pathogenic bacteria), influence of EB irradiation and irradiation connected with ozonationof sewage 

sludge on AD process.   

Following types of sewage sludges were tested: 

• Mixed preliminary and secondary excess sewage sludge from south eastern Poland (Milejów, 

nearby Lublin)  - sludge 1 

• Preliminary sludge from central Poland (Józefów nearby Warsaw) - sludge 2 

• Postflotation sludge from central Poland (Józefów nearby Warsaw) obtained in a fixed-bed 

bioreactor purification proces. Low-SCOD (1000–1500 mgO2/L) wastewater from a nearby 

yeast factory and water phase from primary settlers for municipal wastewater were directed to 

packed bed biological reactors and sprayed above the reactor. Liquid was perfused through 

carriers and then recirculated. Part of that recirculation stream, with some biofilm peeled away 

from the carriers, was pumped away, mixed with PIX coagulant and channeled to microbubble 

flotation process – sludge 3 

• Thickened mixture of preliminary and secondary excess sewage sludge from central Poland 

(Sokołów) – sludge 4 

• Secondary excess sludge from central Poland (Bronisze) – sludge 5 

Measured parameters were as follows: total solid (TS), volatile solid (VS), carbon to nitrogen ratio 

(C/N), soluble chemical oxygen demand (SCOD).  

2.2. Anaerobic digestion process using irradiated sewage sludges 

To test the influence of irradiation of sewage sludge on anaerobic digestion (AD) process experiments 

in laboratory scale were performed.  

The irradiation of sludges was implemented in 3 different ways:  

• Use of Elektronika 10/10 accelerator (10 MeV) and conveyor – samples of sludge were sealed 

in plastic bags and transported under accelerator with set conveyor speed to achieve desired 

dose 

• Use of custom made aluminium cassettte allowing to irradiate 100 mL of liquid at once under 

ILU-6 accelerator (1,7 MeV) 

• Use of flow irradiation installation set custom built in INCT coworking with ILU-6 accelerator 
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Dossimetry measurements were carried out using: alaniane pellets, CTA stripes, PVC stripes, Harwell 

Amber 3042 dosimeters (irradiation under Elektronika 10/10  ora ILU-6 with alumnium cassette) or 

alanine 0,2M solution  (flow irradiation installation). 

To test total biogas yield and kinetics of the process laboratory scale eudiometric sets according to DIN 

38414/8 norm were used. Eudiometer tubes were connected to 400 ml bioreactors placed in waterbath 

to control temperature while process was carried out in mesofilic conditions (38°C). Experiments were 

carried out for 21 days, sludge to inoculum rate was 80/20 and inoculum was obtained as a digestate 

from biogas plant located in central Poland WWTP in Józefów. Used doses ranged from 1 to 10 kGy. 

Processes were run at initial pH ranging between 7.1- 7.4 and in case of such necessity pH of reactor 

load was increased by addition of sodium bicarbonate. Process for each  sample was triplicated. 

Physicochemical properties were measured for: irradiated sludge, reactor load and digestate obtained in 

laboratory process.  Biogas obtained during process was collected in tedlar bags and composition was 

measured using gas cromatography. 

In all cases irradiation of sewage sludge resulted in increase of SCOD showing that disintegration of 

sludge flocs structure occured, however increase in biogas production was not a rule. In some cases 

irradiated sample were behaving similarly to non irradiated or gave even less biogas daily than 

reference samples. 

 

 

2.2.1 Results for sludge 1 

For the first experiment using sludge 1 irradiated to 1 kGy  high increase in biogas yield for first 8 days 

of test was achieved, for the second test with 2 kGy dose that effect was achieved again, however 

differences between  daily biogas yield for irradiated and reference samples were not as big. On the 

other hand higher biogas yield for irradiated sample was taking place for longer period of time – 13 

days. Third experiment with 3 kGy dose brought similar results as second one, daily biogas yield was 

higher for irradiated dose from 2 to 11 day. The differences between SCOD values and AD processes 

were caused by differences between characteristics of sludges samples collected in a different time 

period. 

 

Tabela 1 . Changes in SCOD before and after irradiation of sewage sludge from Milejów 

experiment / dose 1/1 kGy 2/2 kGy 3/3 kGy 

SCOD change before/ after - 4993/5754 318/1425 
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2.2.2. Results for sludge 3 

 

For this sludge experiments were carried out  for two dose ranges sets: 0,2,3,4 kGy and 0, 6,8,10 kGy. 

Experiments were duplicated for each dose set. Same as in previous  

 

Tabela 2. Changes in SCOD for postdistillation sewage sludge from Józefów after irradiation 

 

 

From SCOD changes it can be seen that for higher dose range increase of SCOD occurs but increasing 

the dose to higher values does not give any significant change in comparison to 6 kGy dose result. For 

the lower dose range again schange in SCOD can be observed, but increasing the dose didn’t give result 

in SCOD increase in comparison to 2kGy irradiation effect. It could be concluded, that 2-3kGy dose is 

optimal for sewage sludge disintegration. 

 

AD tests showed, that samples behave in a different ways. In the first experiment irradiated samples 

gave higher daily biogas yield between 6th and 11th day, on the other hand after day 11 total biogas 

yield was higher for irradiated samples. In the second experiment daily biogas yields were higher for 

irraditaed doses for almost all time period, but these differences were most significant for first 5 days of 

test. 7 kGy sample was giving less daily biogas yield than rest of irradiated samples. Experiment 3 

resulted in significantly higher daily biogas yield for irradiated samples from 1st to 8th day which 

reversed from day 9 to 14, overall biogas yield was the same for reference sample and irradiated sample 

not including 3 kGy sample, which gave in total a bit more biogas. In experiment 4 all irradiated samples 

[mg O2/L] 

 SCOD [mg O2/L] 

 Higher dose rate 

experiment / 

Dose 

0 kGy 6 kGy 8 kGy 10 kGy 

1 813±6 1796±8 1698±21 1657±17 

2 1204±6 1523±19 1535±9 1582±13 

 Lower dose rate 

 0 kGy 2 kGy 3 kGy 4 kGy 

3 1461±14 1684±22 1733±23 1783±25 

4 2655±62 3048±18 3017±81 3057±33 
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were producing significantly less biogas for first 4 days and significantly more biogas for next 2 days. 

After that time all samples had almost the same daily biogas yield which resulted in same total biogas 

yield at the end of experiment for all samples.  

Experiments showed, that in most cases biogas yield is higher for irradiated smaples for the first time 

period of AD process 

 

 

 

2.3 Hygienization of sewage sludges using EB 

For these tests sludge 2, 3 and 4 were used. Samples were tested for ATT eggs and bacteria: 

sasmonella spp., E. Coli and Clostridium Perfrigens.  Results are presented in tables below.  

 

2.4.1. Results of Sludge Hygienization—Pathogenic Bacteria 

Table 3 Results of the analysis of E.coli, Salmonella spp., and Clostridium perfrigens presence in 

postflotation sludge – sludge 3 

Dose (kGy) Detected Species 
Result (CFU)  

Sludge 2 Sludge 3 

0 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

6,2 x 104 4.9 × 104 

9,2 x 102 7.1 × 102 

1,1 x 102 0.6 × 102 

2 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

9,8 x 103 

1,3 x 102 

0,9 x 102 

9.8 × 103 

0.8 × 102 

0.2 × 102 

3 

Escherichia coli, 1,4 x 102 0.4 × 102 

Salmonella spp. 0,4 x 102 ca.0.1 × 102 

Clostridium perfringens  ca.0,2 x 102 none detected 

4 

Escherichia coli, non detected  none detected  

Salmonella spp. non detected none detected 

Clostridium perfringens non detected none detected 

5 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

non detected 

non detected 

non detected 

none detected 

none detected 

none detected 

Table 4 Results of the analysis of E.coli, Salmonella spp. and Clostridium perfrigens presence in 

thickened sewage sludge – sludge 3 

Dose (kGy) Detected Species Result (CFU) 

0 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

6.1 × 104 

4.2 × 103 

0.9 × 102 
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1.8 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

6.4 × 103 

0.3 × 103 

0.1 × 102 

3.7 

Escherichia coli, 0.2 × 103 

Salmonella spp. <0.1 × 102 

Clostridium perfringens none detected 

5.5 

Escherichia coli, none detected  

Salmonella spp. none detected 

Clostridium perfringens none detected 

7.5 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

none detected 

none detected 

none detected 

9 

Escherichia coli, 

Salmonella spp. 

Clostridium perfringens 

none detected 

none detected 

none detected 

 

2.4.2 Results of Sludge Hygienization—Helminths Eggs 

Table 5. Results of the analysis for presence of living eggs of helminths: Toxocara spp., Trichuris spp. 

and Ascaris spp. in preliminary sewage sludge – sludge 2 

Dose (kGy) Detected Species 
Result (Number of Living Eggs)  

Sludge 2 Sludge 3 

0 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

21 17 

9 4 

3 2 

2 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

16 

4 

1 

11 

1 

none detected 

3 

Ascaris spp. 4 3 

Trichuris spp. none detected  none detected  

Toxocara spp. none detected none detected 

4 

Ascaris spp. none detected  none detected  

Trichuris spp. none detected none detected 

Toxocara spp. none detected none detected 

5 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

none detected 

none detected 

none detected 

none detected 

none detected 

none detected 

 

 

Table 6. Results of the analysis for the presence of living eggs of helminths: Toxocara spp., Trichuris 

spp. and Ascaris spp. in preliminary sewage sludge – sludge 3 
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Dose (kGy) Detected Species Result (CFU) 

0 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

27 

9 

4 

1.8 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

16 

6 

1 

3.7 

Ascaris spp. 7 

Trichuris spp. 2 

Toxocara spp. none detected 

5.5 

Ascaris spp. none detected  

Trichuris spp. none detected 

Toxocara spp. none detected 

7.5 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

none detected 

none detected 

none detected 

9 

Ascaris spp. 

Trichuris spp. 

Toxocara spp. 

none detected 

none detected 

none detected 

 

Experiments results showed that for sludge 2 and 3 irradiation dose necessary to remove pathogenic 

bacteria as well as ATT eggs was 4 kGy, while for sludge 4 wit higher TS that dose was 5.5 kGy. 

3.“Zero-energy” installation for sewage sludge irradiation 

Irradiation of sewage sludges can give a lot of advantages like disintegration or pathogen removal whch 

allows for later agricultural use. However choice of source of irradiation can be found problematic. 

Isotope gamma sources are characterized by high penetration depth but long period required to obtain 

desired dose, difficult service of such installation and activity loss overtime are significant drawbacks. 

Electron accelerator seems to be a better solution but on the other hand such device requires high 

amounts of electric energy to operate. That energy can be produced from biogas or biomethane in 

cogeneration process. It is possible to built self-sufficient installation which is in fact biogas plant 

equipped with electron accelerator. Electric energy produced from burned biogas can be used to power 

the accelerator which is used for the Hibernization of digestate making it suitable for agricultural use. 

Another option is to irradiate sludge before the AD process for disintegration causing in shorter retention 

time in bioreactor. Digestate from such process would not need Hibernization process any more. 
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Abstract:  

In recent years, viral infection has become extremely common in humans worldwide. Epidemiological evidence 

suggests that a wide variety of pathogenic viruses may be transmitted to humans by water and foods via the fecal-

oral route in the midst of infected individuals. Human enteric viruses are almost always found in municipal sewage 

wastes and, after discharge, may find their way into drinking and recreational waters. Hepatitis A virus (HAV) is 

considered to be one of the principal causes of water and food-borne viral diseases worldwide. Mitigation strategies 

are therefore required. Ionizing radiation has emerged as an alternative method to ensure the safety of drinking 

water and to reduce the wastewater-linked contamination of fresh food products.  

Our studies have been focusing on the inactivation response of human hepatitis A (HAV) by e-beam irradiation, 

in comparison with other physical disinfection methods, such as autoclaving and germicidal UV radiation. The 

intended purposes of this study is to develop methodologies based on molecular biology to assess viral inactivation 

and to provide new insights on the inactivation of enteric viruses by e-beam. The virucidal effects of e-beam 

treatment on human hepatitis A virus (HAV) were tracked using five methods: TCID50 to assess the virus 

infectivity, RT-qPCR to evaluate viral genome, an integrated cell culture/reverse transcription quantitative 

polymerase chain reaction (ICC/RT-qPCR) technique to quantify virion inactivation, SDS-PAGE electrophoresis 

to evaluate capsid polypeptides profile alteration and western blot to estimate viral capsid antigenicity alterations. 

Suspensions of a cytopathic hepatitis A virus strain HM-175 in cell culture media were irradiated in a linear 

electron-beam accelerator at doses from 5 to 22 kGy. HAV followed a linear inactivation kinetics to electron beam 

radiation, indicating at 22 kGy a titer reduction of 4 Log TCID50/mL. HAV viral RNA was detected and quantified 

at similar concentrations in non-treated and in all irradiated viral suspensions, highlighting that RT-qPCR by itself 

was not able to distinguish infectious from non-infectious virions and assess the inactivation by irradiation. In 

autoclaved HAV samples, it was not detected viral RNA amplification. The developed ICC/RT-qPCR method 

provided a better correlation with infectivity after 7 days post infection, with a visible linear inactivation trend for 

e-beam treated samples. The estimated D10 values were 5.4 kGy by the TCID50 technique and 5.9 kGy by the 

ICC/RT-qPCR method, emphasizing the radioresistance of hepatitis A virus. Autoclaving demonstrated to be the 

most effective (100%) process on the inactivation of HAV. 

The evaluation of HAV capsid, underlined that e-beam irradiation affects hepatitis A structural capsid proteins, 

which might be reflected on less infectivity. 

Further studies will be conducted using the developed ICC/RT-qPCR to evaluated the inactivation response of 

HAV on wider variety of environmental samples (e.g. tap water, wastewater) to estimate e-beam treatment 

efficiency. 

 

 

 

1. Introduction 

 



79 

 

Hepatitis A continues to be one of the most frequently reported infectious diseases with a worldwide 

distribution, remaining a major public health problem, predominantly in developing countries [1–3]. 

Hepatitis A virus (HAV) is mainly transmitted via the faecal-oral route through ingestion of 

contaminated food or water, or directly from person-to-person [3]. The most common vehicles for the 

transmission of HAV are contaminated foods and water [2,3].  

HAV belongs to the Hepatovirus genus of the Picornaviridae family and is a 27- to 32-nm, 

nonenveloped, icosahedral positive single-stranded linear RNA virus with an approximately 7.5-kb 

genome [4]. The RNA codes for a giant polyprotein of 253 kDa that is divided into mature structural 

(VP1-VP4) and non-structural proteins (2A, 2C, 3A-3D) [5]. HAV has distinctly different 

physicochemical properties to nearly all other picornaviruses and was considered remarkably stable both 

genetically and physically [6,7]. Depending on conditions, HAV can be stable in the environment for 

months. The virus is relatively stable at low pH levels, moderate temperatures, and frozen temperatures, 

but can be inactivated by high temperature (85°C or higher), and with high concentrations of formalin, 

and chlorine [7]. 

Traditional methods of detecting infectious HAV have relied on the infectivity assays in cell cultures. 

As HAV is usually not cytopathic in infected cells, and cell culture propagation procedures, such as 

plaque and cytopathogenicity assays, which are used to enumerate levels of viable could be ineffective 

for the detection of infectious HAV. In addition, even after successful adaptation, replication of HAV is 

protracted over weeks and yields of progeny virus rarely exceed titres of 107 TCID50 (50% tissue culture 

infective dose) per millilitre [2]. Although conventional cell culture assays can reveal the infectiousness 

of HAV sample, they are lengthy, laborious and expensive. In comparison, molecular methods based on 

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR), could be more rapid and specific. 

However, the application of RT-PCR is limited by the inability to distinguish between infectious and 

non-infectious, the insensitivity because of small reaction volume, and the likelihood of false-negative 

results from natural inhibitors [8]. Thus, a reliable method (RT-PCR) for specifically detecting 

infectious HAV is in increasing demand. This also allow studying the effectiveness of virucidal methods. 

Such studies had previously been hampered by the difficulties associated with titration of HAV, because 

of the minimal cytopathic effect of most strains of virus on tissue culture cells [9]. 

 

The development of alternative or complementary disinfection technologies with enhanced efficacy 

against viruses is important for sustainable water supplies. Ionizing radiation has emerged as an 

alternative method to ensure the safety of drinking water and to reduce the wastewater-linked 

contamination of fresh food products [10]. The knowledge on the effects of ionizing radiation on viruses 

is still scarce. Our previous studies indicated that the substrate in which the virus is present have an 

impact on its sensitivity to ionizing radiation, highlighting the scavenging of reactive species by organic 

materials [11,12].  

 

Considering the radiation-generating machines, few studies have addressed its efficiency and 

mechanisms on the inactivation of waterborne virus. The intended purposes of this study is to develop 

methodologies based on molecular biology to assess viral inactivation and to provide new insights on 

the inactivation of enteric viruses by e-beam, being the focus of the presented study the inactivation of 

hepatitis A virus. This work will contribute to introduce new concepts on the utility of radiation 

technologies as effective tools to guarantee the reduction of viral pathogens. 

2. Results and Discussion 
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The virucidal effects of e-beam treatment on human hepatitis A virus (HAV) were tracked using five 

methods: TCID50 to assess the virus infectivity, RT-qPCR to evaluate viral genome, an integrated cell 

culture/polymerase chain reaction (ICC/PCR) technique to quantify virion inactivation, SDS-PAGE 

electrophoresis to evaluate capsid polypeptides profile alteration and western blot to estimate viral 

capsid antigenicity alterations. The purpose of this study was to compare cultural, molecular, and 

combined assays to assess hepatitis A inactivation by e-beam. Further, the developed methodology will 

be applied to a wider variety of environmental samples to evaluate the substrate effect on HAV 

inactivation and estimate e-beam treatment efficiency.  

 

A cytopathic hepatitis A virus strain HM-175 (ATCC VR-1402) was used and was propagated in 

cultures of fetal rhesus monkey kidney cells (FRhK4, ATCC CRL-1688™). Suspensions of HAV at a 

concentration of approximately 105 TCID50/mL in cell culture media were irradiated (5 mL of virus 

suspension in a 25T flask), at room temperature, at doses from 5 to 22 kGy at an average dose rate of 

25 kGy/h in a linear electron-beam accelerator (LINAC, adapted from GE Saturne 41) with an energy 

of 10 MeV (C2TN, Portugal). For inactivation efficiency comparison purposes, virus suspension 

samples were subjected to other treatments, such as autoclaving (121 °C and 100 kPa for 15 min) and 

UV radiation from a germicidal lamp (254 nm) during 15 minutes. 

 

 

2.1. HAV Infectivity assessment by cell culture 

 

Firstly, HAV viability in non-treated and treated samples was determined using the TCID50 assay 

calculated by the Reed-Muench method [13] after 7 days post-infection (dpi).  

 

The loss of infectivity/viability of hepatitis A virus by e-beam was assessed through the evaluation of 

the viability fraction titer (Figure 1) based on a TCID50 method using FRhK4 cells.  
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FIG 1. Titer determined by TCID50 of HAV in cell culture media after treatment with different doses of 

electron beam radiation (kGy), autoclaving (T) and UV radiation (UV). Three independent assays were 

performed for each condition. Error bars correspond to the standard errors about the mean values. 

 

HAV followed a linear inactivation kinetics to electron beam radiation, indicating at 5 kGy a titer 

reduction of 1 Log TCID50/mL. A reduction of 4 Log TCID50/mL was obtained after the irradiation of 

viral suspension at 22 kGy. The UV treatment reduced the viral titer by 1 Log TCID50/mL. These results 

highlight the radioresistance of the virus. Other authors also observed a reduced inactivation of HAV in 

liquid media by UVC comparatively to the obtained on fresh produce [14]. This can be due to the organic 

load of 2% FBS in the cell culture media that have a radioprotective effect. 

 

After the autoclaving treatment, it was not detected infectious viral particles, suggesting to be the most 

efficient method for HAV inactivation. HAV is relatively resistant to high temperature. Previous studies 

reported that 75 °C for 30 s or higher time/temperature combinations was necessary for complete 

removal of infectivity in cell culture medium [15]. 

 

2.2. HAV assessment by Reverse Transcription quantitative Polymerase Chain 

Reaction (RT-qPCR) 

 

Viral RNA extraction was carried out on 200 μL of viral suspension using the PureLink Viral RNA/DNA 

Mini Kit (Invitrogen) with an elution volume of 50 μL, according to the manufacturer’s instructions. 

One-step RT-qPCR was performed with the Hepatitis A virus One-Step RT-qPCR Kit (NZytech) on a 

qTOWER³ real-time PCR Thermal Cycler (Analytik Jena). Quality control of the RT-qPCR process 

included negative (nuclease-free water) and positive (RNA) controls added to each PCR plate. Each 

viral RNA was analyzed in duplicate. HAV quantification was calculated by plotting the quantification 

cycles (Cqs) to an internal standard curve ranging from 2x105 genomic copies/mL to 2 genomic 

copies/mL. 

 

HAV viral RNA was detected and quantified in non-treated and in all irradiated HAV suspensions 

(Figure 2). In autoclaved HAV samples, it was not detected viral RNA amplification. Concerning HAV 

quantification in genomic copies (gc) per mL it was observed that ranged between 5.9 (UV irradiated 

samples) and 6.2 (e-beam irradiated sample at 22 kGy) Log gc/mL, indicating no difference among non-

irradiated and irradiated viral suspensions, and highlighting that RT-qPCR by itself was not able to 

distinguish infectious from non-infectious virions and assess the inactivation by irradiation. Similar to 

other studies, we have observed that the detection and quantification of viral RNA, does not necessarily 

correlate with viral infectivity [22]. In viral viability assays and AOP experiments, viral RNA was 

detected at higher titre compared to viral infectivity as mentioned previously [22].  

 

Considering the previous results, an integrated cell culture/polymerase chain reaction (ICC/PCR) 

technique was developed for the detection of HAV to provide a reliable method to assess the inactivation 

of infectious virions. The ICC/PCR approach combines conventional cell culture and PCR 

amplification, utilizing the major advantages and overcoming the major limitations of each methodology 

when used alone. Cell culture does not detect non-cytopathogenic viruses (viruses that are viable, 

infecting cells, and continually spreading to neighboring cells but that do not cause a visible 
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cytopathogenic effect [CPE] on the cell monolayer). Wild-type hepatitis A viruses (HAV) are infectious 

to cell cultures but do not produce a clear CPE. Molecular methods such as PCR were developed to 

detect a wide range of viruses directly, including noncytopathogenic strains, and they have been used 

extensively for the sensitive detection and identification of viruses in clinical and environmental 

samples. The use of specifically designed nucleotide primers allows the sequences of target viruses to 

be amplified rapidly and specifically. Conventional cell culture can be subject to toxicity, meaning that 

substances such as toxic chemicals, waste products, suspended particles, can inactivate the cell 

monolayer. The presence of bacteria and fungi may also inactivate the cell monolayer, prior to virus 

infection. Cell culture toxins are common to environmental samples and visually mimic viral CPE, 

leading to false-positive results. In turn, PCR amplification of viruses from environmental samples can 

be affected by the presence of PCR-inhibitory compounds in sample concentrates; are limitative by the 

small reaction volumes; and cannot distinguish between infectious and noninfectious viral targets. 

Depending on the environment, the particle/PFU ratio may be as high as 1000. Virus cultures grown 

under low-stress laboratory conditions typically have a particle/PFU ratio of 10. [16] The ICC/PCR 

method combines both cultural and molecular techniques for rapid detection of viable human viruses 

and thus is able to detect viruses in large equivalent volume concentrates, without the limitations of cell 

culture toxicity or PCR inhibition. Inhibition is inherently overcome by the dilution of the sample 

concentrate with cell culture media. In addition, viruses are grown to much higher numbers in the cell 

culture flask, further ensuring the success of the PCR amplification. Therefore, using ICC/PCR, a large 

population of viruses is being detected with a low concentration of inhibitors, eliminating the uncertainty 

of true vs false negative results with direct PCR alone. Cell culture toxicity is minimized since the assays 

can be stopped and viruses detected prior to cell death owing to toxicity, eliminating the uncertainty of 

true vs false positive results with conventional cell culture alone. [16] 

 

HAV suspensions were subjected to ICC/RT-qPCR assays to assess virions inactivation. One millilitre 

of each sample was inoculated into fresh confluent FRhK4 cell monolayers. After adsorption at 37ºC 

for 90 min, the inoculum were replaced by maintenance medium. Virions were recovered after one and 

seven days post infection and viral RNA extracted from each sample. The RNA samples were subjected 

to one-step RT-qPCR as documented in Figure 2.  
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FIG 2. Titer determined by RT-qPCR of HAV in cell culture media after treatment with different doses 

of electron beam radiation (kGy), autoclaving (T) and UV radiation (UV). Quantification of HAV in 

genomic copies per mL was made after irradiation and before infection (black squares), 1 (cross 

squares) and 7 (open triangles) days post infection. Three independent assays were performed for each 

condition. Error bars correspond to the standard errors about the mean values. 

 

Experiments indicated that HAV titers in genomic copies were similar between non-irradiated and 

irradiated suspensions after 1 day post infection (dpi), exception for 22 kGy irradiated sample in which 

a 1 Log gc/mL reduction was observed comparatively to control (0 kGy). This and the lower HAV titers 

at 1 dpi comparatively to inoculum (samples without infection) suggested that more time is needed for 

HAV replication. After 7 dpi the ICC/RT-qPCR method  provided a better correlation with infectivity, 

expressing a linear inactivation trend for e-beam treated samples. UV treated HAV suspensions, like by 

TCID50 method, indicated a reduction of 1 Log gc/mL using the ICC/RT-qPCR after 7 dpi. Autoclaved 

samples maintained the profile as non-detectable HAV for all tested assays. 

 

Considering the linear inactivation obtained for HAV in cell culture media by e-beam, the D10 value 

was estimated for both methodologies, cell culture and integrated cell culture and PCR, to assess the this 

enteric virus response to irradiation. This value can be calculated by the reciprocal of the slope of the 

regression linear model of the survival curve. The calculated D10-values of HAV for e-beam by both 

methods are presented in Table 1.  

 

Table I. D10-values (kGy) by e-beam for human hepatitis a virus suspended in cell culture media 

assessed by TCID50 and ICC/RT-qPCR methods. 
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METHOD 
D10 VALUE  

(kGy) 

TCID50 5.4 

ICC/RT-qPCR 5.9 

 

The estimated D10-values by both methodologies indicated to be similar, showing a slightly higher 

radioresistance for the integrated method. The subjectiveness associated to the visualization of 

cytopathic effect of HAV on TCID50 method could explain the residual difference among D10 values. 

 

Nevertheless, other authors have cited comparable radiation inactivation responses of HAV, namely 

Pruss et al. (2001) reported a D10 of 5.3 kGy for frozen hepatitis virus A suspensions in plastic tubes 

and 4.7 kGy for virus in bone (contaminated diaphyses) [17]. In food matrices, the documented D10 

values for HAV were 2.7 and 3.0 kGy for lettuce and strawberries, respectively by gamma radiation 

[18], and 4.8 kGy in whole oysters by high energy electron beam [19]. Other studies also mentioned the 

high resistance of HAV to electron beam irradiation in different food matrices [20]. Interestingly the 

inactivation of HAV in liquid media resulted in less inactivation than that on fresh produce. This may 

also be due to the organic load of 2% FBS in the cell culture media [14]. In water matrices, there is no 

documented D10 values for HAV. 

 

2.3. Effect of e-beam irradiation on HAV capsid proteins 

 

To evaluate the effects of the treatments on the abundance/degradation of viral capsid proteins SDS-

PAGE and western blotting methods were implemented. SDS-PAGE electrophoresis intended to 

indicate the alterations by the treatments of the polypeptide profile of HAV capsid (Figure 3). In turn, 

the western blotting method using a monoclonal antibody specific to VP3 capsid protein was used to 

estimate if this structural protein maintained its antigenicity after the different treatments (Figure 4). 
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FIG 3. Representative SDS-PAGE (12.5% Bis Tris Polyacrylamide Gel) of human hepatitis A 

suspension in cell culture media in cell culture media after treatment with different doses of electron 

beam radiation (kGy), UV radiation (UV) and autoclaving (T). M – Molecular mass marker with the 

scale (kDa) indicated. The position of VP2/VP3 structural capsid proteins is identified. 

 

Under the assayed conditions, it was only possible to detect by SDS-PAGE a band signal potentially 

corresponding to VP2 and VP3 polypeptides of HAV capsid (Figure 3). In the literature, the cited 

molecular weights of VP2 and VP3 are very similar, being 24.8 kDa and 27.8 kDa, respectively [21]. 

The obtained results indicated a diffusion of the signal of the band corresponding to VP2/VP3 

polypeptide profile with the increase of e-beam irradiation dose, indicating possible alterations of HAV 

capsid structural proteins for doses ≥ 11 kGy. For UV treated viral suspension the polypeptide profile 

obtained presented a slight diffusion, similar to the observed for 5 kGy sample. This result is correlated 

with the performed viral viability assessments since UV and 5 kGy treatments showed similar HAV 

infectivity log reductions. The higher diffusion detected in polypeptide profiles of ≥ 11 kGy e-beam 

irradiated samples, and the distinct pattern obtained for autoclaved sample, could also be linked to the 

higher log reductions of HAV infectivity observed for e-beam and absence of infectivity for temperature 

treatment. 

 

Western blotting technique targeting VP3 structural protein was other approach performed to understand 

the potential alteration of antigenicity on hepatitis A capsid by the treatments (Figure 4). 

 

 

 

 

 

 

 

 

 

FIG 4. Representative western blotting, with Mouse anti hepatitis A monoclonal IgG3 as primary 

antibody and Goat anti Mouse IgG (Fc):HRP as secondary antibody, for human hepatitis A suspensions 

in cell culture media after e-beam irradiation at several doses, autoclaving and UV radiation. A non-

treated sample was used as control. Detection was made using a colorimetric detection kit. M – 

Molecular mass marker. The position of VP3 structural capsid proteins signal is identified. 

 

The intensity/abundance of VP3 polypeptide signal decreased with the increase of e-beam irradiation 

dose, not being detected at 16 kGy and 22 kGy (Figure 4). Regarding the other treatments, for UV 

radiation it was attained a similar polypeptide profile to 5 kGy treated sample, as already observed by 

SDS-PAGE. Autoclaving was able to induce the degradation of the VP3 capsid protein since no signal 

was detected. Western blotting results are in agreement with the ones obtained by SDS-PAGE (Figure 

3) and are all qualitatively correlated with viability/infectivity evaluations. The obtained data suggest 

 M         0 kGy     5 kGy      11 kGy  16 kGy  22 kGy      UV        T 

VP3 - 
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that the viral infectivity decrease observed after e-beam treatment at doses higher than 5 kGy, can be 

related with the alteration/degradation of structural capsid proteins such as VP3. In turn, the absence of 

infectivity after autoclaving can be correlated with the loss of virus integrity, since the VP3 structural 

protein was not recognized after treatment, indicating its degradation/alteration.  

 

 

3. Conclusions 

 

The e-beam irradiation demonstrated virucidal action against human hepatitis A virus with an 

inactivation efficiency of 99.99% (4 Log titer reduction) at a dose of 22 kGy, comparing to a 99% 

efficiency of UV radiation (used as tertiary treatment in wastewater treatment plants). These results 

highlight the radioresistance of the virus. Autoclaving demonstrated to be the most effective (100%) 

process on the inactivation of HAV. 

This preliminary study suggested that the developed ICC/RT-qPCR could provide a reliable method for 

detection and quantification of infectious cytopathogenic and noncytopathogenic HAV viruses. 

Furthermore, the ICC/RT-qPCR method correlated with cell culture data, but was vastly different from 

direct RT-qPCR results. In addition, ICC/RT-qPCR was able to analyze a much larger sample volume 

compared to direct PCR. 

The evaluation of HAV capsid, underlined that e-beam irradiation affects hepatitis A structural capsid 

proteins, which might be reflected on less infectivity. 

Further studies will be conducted using the developed ICC/RT-qPCR to evaluated the inactivation 

response of HAV on wider variety of environmental samples (e.g. tap water, wastewater) to estimate e-

beam treatment efficiency. 
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Abstract 

The main objective of this study is to evaluate the effect of irradiation by gamma and electron beam (E-Beam) 

irradiation on naturally occurring microorganisms shed in healthcare wastewater issued from multi-specialties 

hospital. We examined the susceptibility of naturally occurring total indicator bacteriophages towards gamma rays 

and electron beam irradiation to evaluate their appropriateness as viral indicators for healthcare wastewater quality 

control.  The effects of E-Beam and gamma irradiation on naturally occurring somatic coliphages, F-specific 

coliphages yeasts and bacteria were examined in wastewater collected from a hospital in the downtown. results 

showed: 

• Healthcare wastewater is a rich matrix containing pathogenic waterborne viruses, antibiotic resistant 

bacteria, molds and yeasts, as well as spores of Clostridium perfringens. 

• After E-Beam irradiation, naturally occurring bacteria in healthcare wastewater showed lower resistance 

patterns as those obtained after gamma irradiation 

• Spores of Clostridium perfringens were the most resistant assayed microbes either after E-Beam or 

gamma irradiation of water samples. 

• Our results corroborate the use of bacteriophages to survey the viral quality of healthcare wastewater 

before their discharge in the urban sanitation network.  

• D10 values analysis showed that bacteria and bacteriophages inactivation by E-Beam irradiation required 

lower doses than those required for their inactivation using gamma rays. 

 

1. Introduction: 

Due to aging of existing infrastructures, inefficient (or the total absence of) sewage treatment, and 

deficiencies in the control of microbiological water quality, waterborne pathogens are disseminated 

causing outbreaks especially in areas suffering from poor sanitary conditions. According to the World 

Health Organization, every year there are 2.2 million deaths related to unsafe water, sanitation and 

hygiene, and millions more suffer multiple episodes of non-fatal diarrhea [1]. A large amount of 

pathogens can be released in aquatic environments and viruses can resist to wastewater treatment process 

and environmental stressors [2]. Generally, viruses are more resistant to physical, chemical and 

biological treatments than bacterial pathogens. Recently, the World Health Organization revealed that 

of the total amount of waste generated by health-care activities, about 85% is general, non-hazardous 

waste comparable to domestic waste.The remaining 15% is considered hazardous material that may be 

infectious, chemical or radioactive [5]. However, health-care waste is often not separated into hazardous 

or non-hazardous wastes in low-income countries. In Tunisia, each year around 20,000 tons of wastes 

are generated by health activities, of which 40% are high risk for health and the environment [6]. 

Healthcare wastes are contaminated by the most virulent germs and pathogenic bacteria. Treatment and 

disposal of healthcare waste may pose health risks through the release of pathogens, mainly hepatitis B 

and hepatitis C virusesand toxic pollutants into the environment [7]. A joint WHO/UNICEF assessment 

found that just over half (58%) of sampled facilities from 24 countries had adequate systems in place 

for the safe disposal of health care waste [8]. According to the treatment studies of medical wastes, about 

59–60% of medical wasted are treated through incineration, 37–20% by steam sterilization, and 4–5% 

by other treatment methods [9]. Disinfection treatment of hospital and healthcare wastes in Tunisia is 
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currently done by incineration. This process emits toxic air pollutant which constitutes a serious human 

health risk. Moreover, healthcare wastewater is not subject to specific treatment. Wastewaters generated 

from healthcare practices (in hospitals and clinics) are rejected in urban sanitation system directly. Then, 

wastewaters are treated by traditional processes which are not suitable for the removal of 

pharmaceuticals, pathogens and antibiotic resistance genes (ARGs) and would be discharged in the 

environment along with secondary effluents. Thus, increased interest in recent years has focused in 

alternative disinfectants. In fact, irradiation treatment with ionizing radiation has proven to be a powerful 

tool in inactivating human pathogenic microorganisms in water, wastewater, sludge, food and medical 

products [10, 11]. Several pathogenic microorganisms and viruses are resistant at high dose rates of 

gamma radiation, they would be eradicated respecting health security by using electron beam. 

Processing method of sanitization has investigated the effect of Electron Beam irradiation on the 

destruction of Bacillus endospores [12]. The present research aimed essentially at comparing gamma 

irradiation and E-Beam irradiation efficiency for microorganisms’ inactivation in healthcare wastewater 

as well as the appropriateness of indicator bacteriophages as viral indicators for healthcare wastewater 

quality control. 

 

2. Material and Methods 

2.1. Samples and sampling site 

Healthcare wastewater HCWW was collected from a hospital in North of Tunisia. Ten samples (100mL) 

were collected from different departments: Pediatrics, Immunology, microbiology…wastewater is 

drained off from hospitals sanitation system to the general sanitation system which leads to an urban 

medium charge wastewater treatment plant. Treated sewage is then drained to a river. 

 

2.2. Bacterial and viral analysis of water samples 

2.2.1. Bacterial culture and counting 

E. coli was quantified directly by serial dilution method on Tryptone Bile Agar with X-Glucuronide 

(TBXagar) (Biokar Diagnostics, France). Staphylococcus spp. was enumerated using Baird Parker agar 

(Biokar Diagnostics, France) with supplement egg yolk potassium telluride. Enterococcus spp. was 

enumerated after filtration of 100ml through membrane (0.45µm) and subsequent culture on Slanetz and 

Bartley medium. Spores of Clostridium perfringens were quantified in 10mL of each sample on TSC 

medium, after a heat choc at 80°C, spores were grown over night on 42°C. Pseudomonas aeruginosa 

was enumerated using Cetrimid agar, King A and King B media. All results were expressed in colony-

forming units (CFU) per 100 ml. 

 

2.2.2. Bacteriophages enumeration 

Naturally occurring somatic coliphages, F-specific coliphages were enumerated directly in healthcare 

wastewater samples before and after irradiation. Double layer agar technique was used to detect and 

enumerate bacteriophages. Somatic coliphages and F-specific RNA coliphages were enumerated 

according to ISO 10705-2 (ISO, 2000) and accordingto ISO 10705-1 (ISO, 1995) standard procedures 

respectively [14-16]. Positive controls were ΦX174 and MS2 reference phages.  

 

2.3. Radiation process 

The γ-irradiation experiments were conducted using Cobalt 60 Tunis source located in the National 

Center of Nuclear Sciences and Technologies. The dose rate was 1.85 kGy/h. All samples in tubes were 

irradiated at room temperature (20-25 °C) in the dark under the same conditions at 1 to 9 kGrays. 

Different γ-doses were obtained by varying exposure time.         E-Beam irradiation of samples was 

performed using 10MeV- 5kW electron accelerator (CIRCE3, SGN France). Irradiation doses were 

ranging between 1kGy and 12kGy. The doses were achieved by adjusting the radiation period. 

Healthcare wastewater samples were irradiated three times in three independent experiments. Indicators 

were counted before irradiation and after every exposure. 

2.4. Data analysis 
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Analyses were performed to evaluate the statistical significance of the foregoing observation. D10 values 

in kGy, were calculated from the linear regression model of the log of surviving fractions as a function 

of absorbed radiation dose. Inactivation of indicators is reported as log10 reduction, which is calculated 

as the decrease in log10 units between the numbers before and after treatment. Statistical data 

comparisons, for the various microorganisms were made with linear regression comparison tests; data 

were considered statistically significant at P-value ≤ 0.05. 

 

3. Results and discussion 

3.1. Occurrence of bacteria and viruses in healthcare wastewater 

The concentrations of the various detected microorganisms in HCWW from collected samples are 

shown in figure 1. The range of E. coli concentration is of 5 to 5.5 Log10 CFU/100mL. Pathogenic 

bacteria were detected at relative high concentrations in raw HCWW.  Staphylococcus aureus was 

detected at a concentration of 5.5 Log10 CFU/100 mL in assayed samples. The mean concentration of 

Pseudomonas aeroginosa ranged between 3.5 and 3.8 andLog10 CFU/100mL. Eneterococcus spp. was 

detected at a concentration of 2.3Log10 CFU/100mL. Spores of Clostridium perfringens were quantified 

and concentrations reached 3.3Log10 CFU/100mL. The mean concentration of Yeasts is 2.5Log10 

CFU/100mL. Concerning phages, SOMCPH and FRNAPH considered as surrogates of viral 

contamination, SOMCPH were more abundant than FRNAPH with an average concentration of 4.5 

Log10 PFU/100mL and 2.2Log10 PFU/100mL, respectively. The assessment and the characterization of 

the collected HCWW showed a microbiologically rich aquatic matrix carrying numerous pathogenic 

resistant bacteria, spores, viruses and yeasts.  
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Figure1 : Fates of naturally occurring E. coli, Staphylococcus aureus, Pseudomonas aeroginosa, Enterococcus 

spp., Yeasts, FRNAPH, SOMCPH and Clostridium perfringens in HCWW 
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3.2. Inactivation of naturally occurring bacteria and viruses by Gamma irradiation and E-Beam 

irradiation. 

A previous work was performed on Gamma irradiated urban wastewater samples (raw wastewater, 

sludge, and treated sewage). It showed that radio-resistance patterns of spiked microorganisms in 

autoclaved samples were similar to those obtained after irradiation of naturally occurring bacteria and 

viruses (Jebri et al., 2013). Based on these results, in the present research we performed irradiation on 

naturally occurring bacterial population of interest in clinical microbiology, bacteria and viruses used as 

fecal and viral indicators of wastewater treatment, spores and yeasts. Irradiation of HCWW samples 

using gamma and E-Beam irradiation showed comparable inactivation patterns. Nevertheless D10 

values comparison revealed a slight significant difference between gamma and E-Beam irradiation for 

all assayed microorganisms (P-value ≤0.05). D10values are shown in Table 1. 

 

 

Table 1. Mean (±Standard error) D10 values in kGy of different microorganisms  

 Gamma irradiation E-Beam irradiation 

SOMCPH 1.74±0.01 1.46±0.057 

FRNAPH 1.24±0.005 1.03±0.057 

E. coli 0.36±0.005 0.34±0.005 

Enterococcus spp. 0.49±0.005 0.40±0.005 

Pseudomonas aeroginosa 0.70±0.0001 0.59±0.005 

Staphylococcus aureus 0.25±0.015 0.21±0.005 

Yeast 0.50±0.005 0.40±0.005 

Clostridium perfringens 4.77±0.025 3.74±0.005 

 

A total inactivation of investigated bacterial population is achieved at 2kGy. Pseudomonas aeroginosa 

is the most resistant with a D10 value of 0.7±0.01 kGy when Gamma irradiated and a D10 value of 

0.59±0.005 kGy when applying E-Beam rays. D10 values of Staphylococcus aureus inactivation patterns 

are the lowest with an average of 0.25±0.01 kGy and 0.21±0.005 kGy using Gamma and E-Beam 

irradiation, respectively. Yeasts inactivation was in the range of Enterococcus spp. inactivation (Figures 

2 and 3). Regarding bacteriophages, their inactivation patterns were different depending on the nature 

of the studied phage. In fact, SOMCPH (DNA phages infecting coliforms) were inactivated using higher 

doses comparing to FRNAPH (RNA phages), 7kGy is the dose required for the total inactivation of 

SOMCPH and only a dose of 3 kGy were sufficient for a total inactivation of FRNAPH (Figures 4 and 

5). Furthermore, E-Beam irradiation was significantly more effective than Gamma rays. The resistance 

pattern of SOMCPH to E-Beam irradiation reflects the behavior of resistant pathogenic viruses in 

HCWW. According to inactivation patterns, a dose of 7 kGy allowed a total inactivation of both 

pathogenic bacteria and viruses. Spores of Clostridium perfringens were inactivated at much more 

higher doses comparing to pathogenic bacteria, and at 2kGy higher than SOMCPH using E-Beam 

irradiation higher doses are required to achieve the same inactivation rate using Gamma rays (Figure 6). 

Figure 2. Gamma rays inactivation of naturally occurring E. coli, Staphylococcus aureus, Pseudomonas 

aeroginosa, Enterococcus spp. and Yeasts in HCWW 
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Figure 3. E-Beam rays inactivation of naturally occurring E. coli, Staphylococcus aureus, 

Pseudomonas aeroginosa, Enterococcus spp. and Yeasts in HCWW 

Figure 4. Gamma and E-Beam irradiation of naturally occurring SOMCPH in HCWW 

Figure 5. Gamma and E-Beam irradiation of naturally occurring FRNAPHP in HCWW 

Figure 7. Gamma and E-Beam irradiation of naturally occurring Clostridium perfringens in HCWW 
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Conclusion 

Obtained results showed that: 

• HCWW contains variable amounts of pathogenic microorganisms: bacteria, viruses and spores. 

Results raise concern about the spread of nosocomial infections from the hospital to nearby 

environment  

 The irradiation of HCWW with two types of ionizing rays Gamma and E-Beam showed that 

the latter ionizing technology was more efficient and spores of Clostridium perfringens were 

the most resistant studied microorganisms. 

 SOMCPH surrogates of viruses in water were present and inactivated at higher doses than 

pathogenic bacteria.  

Our proposal research work will contribute certainly to achieve the objectives of this CRP on radiation 

inactivation of biohazards. The specific research objectives in the next period will be: 

•  The molecular characterization of antibiotic resistant bacteria in healthcare wastewater and 

isolation of corresponding lytic phages  (pending)  

• The study of the effect of gamma and E beam rays coupled with biological treatment  for  

HCWW pre-treatment or disinfection 
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Abstract 

Radiation technology has been adapted to environmental issues since 1960. However, its public awareness on it 

has been no longer than last two decades. In particular, wastewater treatment by gamma irradiation has been 

accepted and worked more widely.  One of touched issues is the treatment of hospital wastewater by gamma 

irradiation and is accepted for a promising solution to the pollution problems and health risks. 

The aim of this study was to determine the microbial content and the effect of dose and different dose rate on the 

inactivation rate of microorganisms at hospital wastewater. First, Total Aerobic Mesophilic Bacteria, Enterococci, 

Pseudomonads, Coliform, E.coli, Staphylococcus aureus, Salmonella spp. analysis were carried out to determine 

the microbial load of the hospital wastewater sample. After incubation period, the suspicious colonies were isolated 

from each group bacteria analyzed. Then, wastewater sample was irradiated with gamma rays irradiator at the 

subsequently doses of 0, 1.0, 2.0, 3.0, 4.0, 5.0 kGy for the determination of its radio sensitivity. After the irradiation 

treatment, the most radio-resistant bacteria were isolated. Additionally, the sample was irradiated with gamma rays 

irradiator, at the subsequently doses of 0, 0.50, 1.0, 1.50, 2.0, 2.5, 3.0, 3,5 kGy for the comparison of radio 

sensitivity at the different dose rates of 1078 Gy/h and 257 Gy/h. As a result, Total Aerobic Mesophilic Bacteria, 

Enterococci, Pseudomonads, Coliform, E.coli counts were found to be as 6.08 log CFU/mL, 3.57 log CFU/mL, 

4.0 log CFU/mL, 5.04 log MPN/mL and 2.87 log MPN/mL respectively. However, Salmonella spp. and 

Staphylococcus aureus (coagulase+) were not detected in the sample. D10 value was found to be as 1.3 kGy for the 

total mesophilic aerobic bacteria. The results showed that the irradiation treatment was to be a powerful tool in 

inactivating microorganisms in the hospital wastewater.  
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1. OBJECTIVE OF THE RESEARCH 

The treatment of hospital wastewater containing the recalcitrant industrial wastewater, which includes 

various drugs, ECD, biocides, bacteria and viruses has a crucial importance in terms of human health. 

A special attention must be paid before discharge. In the treatment of hospital wastewater, conventional 

treatment techniques can be used as well as radiation technology treatment. It is known that radiation is 

effectively and widely used to eliminate biological contaminants such as mold, bacteria and viruses in 

food industry. Because of this feature, it can also be used effectively in the treatment of hospital 

wastewater. Meanwhile, a methodology for the treatment of pathogenic and drug contaminated 

wastewater will be developed. In this study, both irradiation and conventional methods will be carried 

out to show the effectiveness of radiation technology. 

2. INTRODUCTION 

Environmental pollution is increasing worldwide due to the waste of industry, municipal waste, and 

agriculture discharges. An increasing amount of wastewater is one of the most serious environmental 

problems in the world. It may cause to be polluted to water resources, coastal water, grounds, and 

groundwater resources. This may lead to various risks for living things. Control of this is necessary to 

prevent us harming ourselves and future generations. Additionally, Wastewater and wastewater 

treatment plants (WWTPs) contain a variety of pathogenic microorganisms that can be transmitted into 

the environment through the discharge of effluents. Hospital wastewater often contains antibiotic 

resistant bacteria and antibiotic residues at higher concentrations than other urban wastewater sources. 

Since hospital wastewater also contains a mixture of chemicals such as antibiotics and other 

pharmaceuticals and disinfectants that pose environmental threats, separate treatment of hospital 

wastewater has been considered as an alternative or in addition to municipal wastewater 

treatment (Petrovich et al.,2020). 

Wastewater treatment by irradiation is a promising technology to reduce the impact of biological 

pollutants in the environment. Gamma radiation treatment was to be a powerful tool in inactivating 

microorganisms in the wastewater. It was found to be an effective tool for the decontamination of 

microorganisms in wastewater. The process has effectively eliminated coliform bacteria, especially 

E.coli and pathogens in the wastewater. This method has some advantages, such as the fact that no 

additional chemicals are required, and no residual material is produced. However, this technology has 

not been widely accepted and applied yet due to little knowledge about this technology. The 

International Atomic Energy Agency (IAEA) has published many documents that draw attention to the 

considerable potential of radiation technology to treat waste discharges from various industrial and 

municipal activities (IAEA 2001). Irradiation treatment has proven to be a powerful tool in inactivating 

human pathogenic microorganisms in water, wastewater, and sludge, as well as in food and medical 

products.  
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With its high penetrating power, gamma radiation causes direct damage to cellular DNA through 

ionization and indirect damage to single and double-strand DNA through the radiolysis of cellular water 

and formation of active oxygen species, free radicals, and peroxides. Gamma rays can quickly pass-

through materials without leaving any residue (Silva et al., 2006; Kantoğlu et al., 2018). 

 

3. WORK FRAME PLANNED 

 

Work plan of the project proposed are as follow; 

a. Optimization of sample preparation method specific to target pollutants 

b. Optimization of analytic techniques that could be applied to target pollutants 

c. Irradiations in different environments (oxygen, ozone, hydrogen peroxide) 

d. Dose optimization studies 

e. Characterization of hospital wastewater 

f. Characterization of biological contaminants at hospital wastewater 

g. Determination of D10 values of those of biological contaminants 

 

4. MATERIALS and METHODS 

4.1 Material 

Samples of wastewater were collected from the hospital of the Medicine Faculty, the University of 

Kocaeli. 

 

4.2 Method 

4.2.1 Detection of the bacterial load 

For determination of the initial microbial load, samples were serially diluted and then inoculated onto 

Tryptic soy agar for Total Aerobic Mesophilic Bacteria Count (TAMB), XLT4 Agar for Salmonella 

spp., Slanetz Bartley Agar for enterococci, Baird Parker agar for Staphylococus aureus, and Cetrimide 

Agar for Pseudomonads. After inoculation, inoculated Petri dishes for TAMB were incubated at 28 °C 

for 72 hours, while the others were incubated at 37 °C for 48 hours. After the incubation period, they 

were evaluated, and the results were given as colony forming units per milliliter (CFU/mL). 

To determine the number of coliform and E. coli, samples were serially diluted and then inoculated with 

Lauryl Sulphate Tryptose Broth+MUG. The tubes were incubated at 37°C for 48 h. Results for coliform 

and E. coli were given as the most probable number per mL (MPN/mL). These tubes were examined for 

gas formation for coliform counts. For the determination of E. coli, gas formation positive tubes were 

examined for blue fluorescence at a wavelength of 366 nm using a hand-held UV lamp. As a 

confirmation test for the presence of E. coli, an indole test was performed by taking the culture media 
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and adding 0.2 ml of dimethylaminobenzaldehyde and looking for the development of a red color that 

is indicative of a positive indole reaction. 

 

4.2.2 Irradiation 

Non-treated wastewater samples were distributed into sealed glass bottles with a working volume of 100 

mL. Following sample distribution, they were irradiated at 0, 1, 2, 3, 4 and 5 kGy at a dose rate of 2.8 

kGy/h. Additionally, to examine the effects of different dose rates (1078 Gy/h and 257 Gy/h) on the 

reduction of total aerobic mezophilic bacteria and the radioresistance bacteria with a gamma source, 

untreated wastewater samples and artificially contaminated with Enterococcus faecium samples were 

irradiated at doses of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 kGy. Absorbed doses were monitored using 

calibrated routine dosimeters (measurement uncertainty of 2.5%) by Perspex (Harwell, UK).  

 

4.2.3 Reduction of the bacterial load after irradiation 

To determine the radiosensitivity of the total bacteria and isolate the most radioresistant bacteria, the 

samples were irradiated at 0, 1, 2, 3, 4 and 5 kGy. After the irradiation process, they were serially diluted 

and then inoculated onto Tryptic soy agar. Inoculated plates were incubated at 28 °C for 72 hours and 

then, evaluated. The results were given as colony forming units per mL (CFU/mL). In addition, five 

colonies were isolated from the samples irradiated at 5 kGy. 

 

4.2.4 Comparison of different dose rate for total bacteria count 

To examine the effects of different dose rates (1078 Gy/h and 257 Gy/h) on the reduction of 

microorganisms with a gamma source, untreated wastewater samples were distributed in screw cap tubes 

and irradiated at doses of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 kGy. After irradiation, the sequentially 

diluted samples were inoculated on Tryptic Soy Agar media by the pour plating method. The inoculated 

Petri dishes were incubated at 28°C for 72 hours. 

 

4.2.5 Identification of radioresistant bacteria 

The hospital wastewater sample was irradiated at doses of 0, 1, 2, 3, 4 and 5 kGy at the beginning of the 

study. After the 5 kGy dose application, the colonies isolated from the petri dishes were pre-identified. 

Gram staining, catalase, and oxidase tests were performed. It was thought that they may be Enterococcus 

spp., and two strains were identified as Enterococcus faecium by the MALDI-TOF rapid identification 

system in a private accredited clinic microbiology laboratory.  
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4.2.6 Comparison of different dose rate for Enterococcus faecium strains 

Enterococcus faecium strains were inoculated into Triptic Soy Broth medium separately and incubated 

at 37oC for 24 h. Afterward, a mixture of the growing strains was made and added to wastewater samples 

that had been sterilized at 20 kGy as 6 log CFU per milliliter. In the next step, to compare the dose rates, 

irradiation was performed at doses of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 kGy at dose rates of 1078 and 

257 Gy/h separately. After irradiation treatments, they were inoculated on Slanetz Bartley Agar media 

and colony counts were made after 48 hours of incubation at 37 °C.  

 

5. RESULTS 

Several microbiological analyses were carried out to determine the microbiological load and bacterial 

content. Table 1 illustrates the microbial load of samples. The number of total aerobic mesophilic 

bacteria was determined as 6.08 log CFU/mL, 4.73 log CFU/mL, and 3.18 log CFU/mL in the samples 

of the non-treated wastewater, the treated wastewater, and the municipal water, respectively. The 

number of coliforms was counted at 5.04 log MPN/mL, 1.66 log MPN/mL and 0.36 log MPN/mL for 

the samples. E. coli was detected in the non-treated wastewater and the treated wastewater. Enterococci 

were only detected in the non-treated wastewater sample. Salmonella and S. aureus were not detected 

in all the samples. 

 

 

 

 

 

Table 1. Microbial load of the samples 

Microbial Analysis Non treated 

Wastewater (log) 

Treated Wastewater 

(log)  

Municipal 

Wastewater (log) 

Total Aerobic 

Mesophilic Bacteria 

6.08 CFU/mL 4.73 CFU/mL 3.18 CFU/mL 

Coliform 5.04 MPN/mL 1.66 MPN/mL 0.36 MPN/mL 

E. coli 2.87MPN/mL 0.36 MPN/mL  - 

Pseudomonads 4.0 CFU/mL 3.48 CFU/mL 2.20 CFU/mL 

Enterococci  3.57 CFU/mL <1 <1 

Salmonella <1 <1 <1 

S.aureus <1 <1 <1 
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For the determination of coliform and E. coli, Lauryl Sulphate Tryptose Broth+MUG was used for 

coliform and E. coli analysis. These tubes were examined for gas formation for coliform counts. Figure 

1 illustrates the analysis of E. coli. For the determination of E. coli, gas formation positive tubes were 

examined for blue fluorescence at a wavelength of 366 nm using a handheld UV lamp. As a confirmation 

test for the presence of E. coli, an indole test was performed by taking the culture media and adding 0.2 

ml of dimethylaminobenzaldehyde and looking for the development of a red color that is indicative of 

a positive indole reaction. However, there are also fluorescent negative serotypes such as E. coli O157: 

H7. The irradiation dose given to inactivate E. coli may be sufficient to inactivate E. coli O157: H7. 

Halkman et al. found that D10 values were measured as 0.45 for E. coli type 1; 0.35 for E. coli O157: 

H7. The results clearly showed that E. coli O157: H7 was more sensitive to irradiation than E. coli. 

(Halkman et al., 2000). Figure 1 illustrates the analysis of E. coli. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1. Coliform and E.coli analysis 
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Figure 2. Pseudomonads Analysis 

Pseudomonads are gram-negative bacteria that are 

commonly found in the environment, like in soil and in 

water. Of the many different types of Pseudomonads, 

Pseudomonas aeruginosa often causes infections in 

humans after surgery or other trauma. Additionally, 

Pseudomonas aeroginosa is often determined as an 

infectious agent in hospitals. Figure 2 shows the 

Pseudomonads analysis. The number of Pseudomonads 

was determined at 4.0 log CFU/mL, 3.48 log CFU/mL, 

and 2.20 log CFU/mL in the samples of wastewater. 

 

5.1 Identification of isolated bacteria 

Hospital wastewater is predicted to contain a high concentration of pathogens, microorganisms, and 

particularly antibiotic-resistant bacteria, as it contains intestinal bacteria from patients.  

Gram negative bacteria belonging to the Enterobacteriaceae family were identified by entering the 

biochemical test results into the test program developed by the food microbiology laboratory of Ankara 

University. The test program was created according to the test results of the Bergey’s Manual of 

Determinative Bacteriology (Holt JG, 1994). In the non-treated wastewater sample, Enterobacter 

aerogenes, E.coli, Citrobacter freundii, Klebsiella pneumonia, and Klebsiella oxytoca as members of 

the Enterobacteriaceae family, Pseudomonas spp., and Enterococcus spp. were identified in the non-

treated wastewater sample. Figure 3 shows the identification result of Citrobacter freundii on the 

computer screen. 

 

 

 

Figure 3. Enterobacteriaceae identification program 
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5.2 Determination of radiosensitivity 

To determine the inactivation response of the total aerobic mesophilic bacteria in the wastewater sample 

and to isolate the radioresistant bacteria, the non-treated wastewater sample was irradiated at 0, 1, 2, 3, 

4, 5 kGy and the D10-value was calculated, and the radioresistant bacteria was isolated from the irradiated 

sample at 5.0 kGy. As seen in Figure 4, the number of total aerobic mesophilic bacteria decreased from 

6.08–6.11 log CFU/mL to 2.04–2.20 log CFU/mL with an increasing irradiation dose from 0-5 kGy. 

The number of bacteria decreased sharply after being treated with a 2 kGy dose. 

 

 

Figure 4. Reduction of microbial load after irradiation treatment. 

 

 

Thus, an approximately 4 log reduction in the number of microorganisms was obtained. In similar 

research on wastewater, Farooq et al. (1992) found that four to five log reductions for total coliform and 

standard plate counts were observed at a gamma irradiation dose of 563 krads. Similarly, Rankovica et 

al. 2020 showed that the total number of microorganisms was decreased from 6.0 log CFU/mL to 2 log 

CFU/mL in wastewater after 5.0 kGy irradiation treatment. 

 

5.3 Comparison of different dose rate for Total Aerobic Mesophilic Bacteria 

To compare the effects of different dose rates (1078 Gy/h and 257 Gy/h) on the reduction of 

microorganisms with a gamma source, untreated wastewater samples were irradiated at doses of 0, 0.5, 

1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 kGy. The D10-values in kGy, which is the dose required to reduce the 

microbial population by 90% (one-decimal logarithm reduction), were obtained from a linear regression 
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model (reciprocal of the slope) of the logarithm of the surviving fractions as a function of absorbed 

radiation dose (kGy). To quantify the inactivation response of aerobic mesophilic bacteria in the studied 

wastewater sample, the D10-value was calculated for the different dose rates. Figure 5 illustrates the dose 

response of aerobic mesophilic bacteria. Although the total number of microorganisms was decreased 

from 4.8 log CFU/mL to 1 log CFU/mL in wastewater after 3,5 kGy irradiation treatment at high dose 

irradiation, it was decreased to a level of 2.1-2.3 log CFU/mL at low dose irradiation. The D10 value was 

determined as 0.95 and 1.26 kGy for the high dose rate and low dose rate, respectively. Irradiation 

treatment at a high dose rate, as shown in Figure 5, may be more efficient than treatment at a low dose 

rate. As a result, it was thought that low dose rates allowed the repair mechanisms of bacteria. 

 

  

Figure 5. Comparison of dose rate for total aerobic mesophilic bacteria 

 

5.4 Identification of radioresistant bacteria 

The suspicious radioresistant bacteria was isolated from the sample irradiated at 5.0 kGy. Initially, these 

bacteria were tested by Gram staining, spore staining, catalase activity, and oxidase production. It was 

thought that they may be Enterococcus spp., and two strains were identified as Enterococcus faecium 

by the MALDI-TOF rapid identification system in a private accredited clinic microbiology laboratory. 

Figure 6 shows microscopic images of Enterococcus faecium taken from solid and liquid media after 

Gram staining. 
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Figure 6. Microscopic images Enterococcus faecium after Gram staining. 

 

 

E. faecium is a generally commensal organism that is commonly found in animal gastrointestinal tracts, 

fermented foods, dairy products, and in various environments, including soil and water. However, E. 

faecium strains isolated from hospitals and others from diseased animals have been widely known as 

opportunistic pathogens with strong antibiotic resistance (Du et al.,2021).  In the European Union (EU), 

enterococci are used to monitor the microbial quality of water. Unlike coliform, enterococci are not 

permitted in 100 mL and 250 mL drinking water samples from tap and bottled water, respectively. The 

U.S. Environmental Protection Agency (EPA) has also approved enterococci in place of fecal coliform 

bacteria as the preferred indicator of fecal pollution and health risk in marine water (Ogunniran et al., 

2019). 

 

Figure 7. The result of MALDI-TOF analysis 

 

 

5.5 Comparison of different dose rate for Enterococcus faecium 

Samples were irradiated at doses of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 kGy to examine the effects of 

different dose rates (1078 Gy/h and 257 Gy/h) on the decrease of Enterococcus faecium mixtures with 

a gamma source. Figure 6 illustrates the dose response of the E. faecium mixture. Although the number 
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of microorganisms in wastewater following 3.5 kGy irradiation treatment was reduced from 5.8 log 

CFU/mL to 2,7 log CFU/mL at high dose irradiation, it was reduced to 3,9 log CFU/mL at low dose 

irradiation. The D10 value was determined as 1.13 and 1.67 kGy for the high dose rate and the low dose 

rate, respectively.  

Irradiation treatment at a high dose rate, as shown in Figure 6, may be more efficient than treatment at 

a low dose rate. As a result, it was thought that low dose rates allowed the repair mechanisms of bacteria. 

According to a study on enterococci, E. faecium, Alcaligenes spp., and other members of the Moraxella–

Acinetobacter group have extremely great resistance to irradiation (average 3.65 kGy) at extremely low 

temperatures. (Van Gerwen S.J.C et al., 1999). In another study on enterococci, t was found that the D 

value of 4.51 kGy for E. faecium ATCC 19581 indicates that this organism is more resistant than spores 

of the most resistant strain of C. botulinum to gamma radiation (Huhtanen, C. N., 1990). In a study 

conducted on onion powder and talc samples, the D10 value for E. faecium was determined to be 

approximately 1.70 and 0.74 kGy, and it was suggested that using E. faecium as a surrogate against 

salmonella may be useful (Arias-Riosa et al.,2019).  

 

  
Figure 8. Dose response of Entrococcus faecium at the different dose rates. 

 

 

6. CONCLUSION 

The results showed that the irradiation treatment was found to be a powerful tool in inactivating 

microorganisms in the hospital wastewater. The world faces a water problem due to global warming and 

climate change. After irradiation treatment, treated wastewater may be used at least as irrigation water 

in countries with diminishing water resources. Thus, after irradiation treatment, pathogen contamination, 

especially contamination of antibiotic-resistant bacteria, of agricultural products from irrigation water 

may be avoided. 
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7. WORK PLANNED FOR NEXT 12 MONTHS 

 

a. Optimization of sample preparation method specific to target pollutants 

b. Optimization of analytic techniques that could be applied to target pollutants 

c. Irradiations in different environments (oxygen, ozone, hydrogen peroxide) 

d. Dose optimization studies 

e. Characterization of hospital wastewater 
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Abstract 

Ionizing radiation doses from an electron beam (eBeam) source are effective at destroying microbial biohazards. 

Microbial pathogens, however, exhibit differing responses to eBeam sources. As a rule, there is no significant 

difference between the inactivation kinetics of eBeam and gamma sources such as cobalt-60. Bacterial, viral, and 

protozoan pathogens exhibit different sensitivities to eBeam doses. Protozoan pathogens are the most sensitive, 

followed by bacterial pathogens. Viruses are the most resistant to inactivation to ionizing radiation primarily 

because of the small molecular weight of their nucleic acids.  When discussing microbial responses to ionizing 

radiation doses it is critically important to clearly identify what is being defined. There are distinct differences in 

how the cell wall/membranes of some bacteria respond compared to specific cyanobacteria namely, Microcystis 

aeruginosa. Similarly, there are distinct differences in the transcriptomic responses of Salmonella spp., between 

eBeam and gamma irradiation. There are unique features of the metabolome of ionizing-radiation inactivated cells 

as compared to the untreated cells.  

 

1. Dose rate effects on Microbial Inactivation 

Though there appears to be consensus that there is no dose rate effect on the survival of bacterial cells 

the jury is still out in terms of a definite conclusion to this question. Many of the studies have been 

performed at doses well above the D-10 value of the target organisms. Studies in my laboratory have 

resulted in a mixed results. In a 2007 study comparing 100 keV and 10 MeV doses on Bacillus spp. 

spores on aluminum coupons, the results suggested that there were differences in the D-10 values as 

shown in Table 1 (Urgiles et al., 2007) 

In a more recent study (Hieke and Pillai, 2015) there were no statistically significant differences in the 

D-10 values of Salmonella spp. when exposed to eBeam doses at varying energies and similar dose rates 

(Table 2) 

 

 

 

 

 

 

 

Table 1: D-10 value of Bacillus spores when exposed to eBeam at two different doses 

namely 9 kGy/s and 3 kGy/s) 

 

Bacillus species D-10 value at 100 keV 

(dose rate ~ 9 kGy/s) 

D-10 value at 10 MeV (~ 3 

kGy/s) 

B. pumilus 1.34 kGy 2.12 kGy 

B.megaterium 3.46 kGy 4.11 kGy 

B.subtilis 1.01 kGy 2.05 kGy 
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2. Energy effects on Microbial Inactivation 

Studies in my laboratory compared the D-10 value of Salmonella and generic E.coli when exposed to 

ionizing radiation of various energies (Table 3) 

 

3. Response of Microbial Cell Walls/Membranes to Lethal Electron Beam Doses  

Studies in my laboratory have investigated the structural integrity of bacterial cell membranes after 

exposure to lethal eBeam doses in Salmonella, Clostridium perfringens and toxigenic E.coli. In all three 

of these organisms, the cell membrane is intact even after exposure to lethal eBeam doses that can 

achieve at least 6-log inactivation of the target bacteria. Figure 1 depicts the membrane integrity based 

on fluorescent membrane integrity (Live/Dead™) stains (Praveen et al., 2021) 

 

 

4. Metabolic Activity within eBeam Inactivated Bacterial Cells 

Table 2:D-10 value of Salmonella spp. cocktail when exposed to eBeam sources at two 

different energies namely 10 MeV and 2.99 MeV 

 

eBeam energy  D-10 value of 5 strain Salmonella cocktail 

Trial 1 Trail 2 Trial 3 

10 MeV 0.212 0.300 0.296 

2.99 MeV 0.271 0.293 0.316 
 

Table 3. D-10 value of generic E.coli and Salmonella spp when exposed to varying ionizing 

radiation energies 
 

 

Figure 1. Fluorescent microscopy showing the membrane integrity of Salmonella 

typhimurium when exposed to 8 kGy eBeam dose. a) live untreated cells ,b)cells exposed to 

7 kGy eBeam dose, c) cells exposed to heat (70C for 10 min 
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The metabolic activity of eBeam-inactivated was assessed using Alamar Blue® reagent (Life 

Technologies, Carlsbad, CA). Alamar Blue® system incorporates a cell permeable, non-fluorescent, 

blue redox indicator, resazurin. Metabolically active cells maintain a reduced cell environment that 

converts resazurin to resorufin (red fluorescent compound). The increase in fluorescence can be 

quantitatively measured to determine the metabolic activity of cells. After eBeam irradiation, bacterial 

samples were stored at 4°C and the persistence of metabolic activity in the eBeam–inactivated S. 

Typhimurium (EBST) was monitored for 10 days. Live S. Typhimurium and HKST (heat-killed 

S.Typhimurium) were used as controls. Ninety microliters of EBST, HKST and live ST samples were 

mixed with 10µl of Alamar blue reagent and incubated at 37°C for 1 h. Fluorescence was measured at 

530-560 nm excitation wavelength and 590 nm emission wavelength using Wallac 1420 VICTOR 2™ 

plate reader (PerkinElmer, Waltham, MA). Fluorescence readings obtained from the Alamar Blue® 

assay indicate that EBST were metabolically active even after 10 days of storage at 4ºC (Fig 2).   

 

The EBST cells exhibited higher metabolic activity compared to live ST whereas, HKST showed no 

residual metabolic activity. Presence of metabolic activity in EBST was further confirmed with 

biochemical assays.  Phenol Red Broth supplemented with sucrose when inoculated with EBST changed 

from red to yellow color (Table 2) suggesting acid production via sugar fermentation by EBST. Despite 

the color change, EBST inoculated media lacked turbidity and typical gas formation normally present 

in live ST inoculated media.  Bubble formation was observed in the catalase test EBST like live ST 

(Praveen et al., 2021). 

 

Table 4: eBeam-inactivated S.Typhimurium remains metabolically actives and tests 

positive for standard biochemical activity tests 

 

 

Assay Parameters Live ST HKST EBST  

Carbohydrate 

(Sucrose) utilization 

assay 

Media color change + - +  

Gas production + - -  

Turbidity + - -  

Catalase assay Bubble formation + - +  
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5. Degradation of Genomic DNA in E.coli after Exposure to Lethal eBeam Dose  

DNA fragment analysis were performed on E.coli cells that were exposed to 7 kGy eBeam doses. 

Triplicate independent experiments were performed to rule out any potential for laboratory induced 

artifacts. The total genomic DNA was extracted from live and eBeam-inactivated cells using commercial 

DNA extraction kits. The DNA quality and concentration was verified by Qubit and a DNA fragment 

analyzer was used to determine the DNA fragment sizes (Figure 3)  

 

It is evident that majority of the DNA fragments in the unirradiated cells are in 104 bp range compared 

to the 103 bp range observed in the eBeam exposed cells.  These results coupled with other results in my 

laboratory suggests that the bacterial genomic DNA is a key target for the energetic electrons. Similar 

results were observe in the toxic cyanbacteria Microcystis aeruginosa when exposed to 5 kGy eBeam 

dose. 

 

 

 

 

 

 

 

Figure 2: EBST remains metabolically active and retains the activity for extended time 

periods of storage at 4°C. Metabolic activity of S. Typhimurium post eBeam irradiation was 

measured using Alamar blue assay. The reduced environment present in metabolically active 

cells are detected by redox indicator which fluoresces. The fluorescence readings obtained 

for EBST, live ST and heat killed ST (HKST) was measured on a daily basis up to 9 days 

and are reported as line graph. Metabolic activity of EBST cells followed by heat 

inactivation (EBST+HK) and HKST followe

d by 

eBeam irradiation (HKST+EB) were measured as process controls. 
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6. Metabolomic responses in toxigenic E.coli 

We were interested in understanding the metabolic pathways that were still functional in eBeam-

inactivated cells. Therefore, the primary objective of this study was to compare the metabolites 

accumulating in eBeam-inactivated pathogens E.coli 026:H11 immediately after eBeam inactivation 

and 24 hours post-inactivation.  Defined aliquots (109 CFU/mL) of E.coli O26-H11 (CFU/mL) 

suspended in phosphate-buffered saline were exposed to lethal eBeam doses of 3 kGy and 2 kGy 

respectively. Complete inactivation (inability of cells to multiply) was confirmed by traditional plating 

methods. An untargeted analysis of the primary metabolites accumulating in un-irradiated (control) 

cells, eBeam-inactivated cells immediately after irradiation, and eBeam-inactivated cells that were 

incubated at room temperature for 24 hours post eBeam inactivation was performed using gas 

chromatography/mass spectrometry. In E. coli O26:H11, 63 metabolites were expressed at statistically 

different concentrations (P < 0.05) between the 3 treatment groups. The β -alanine, alanine, aspartate, 

and glutamate metabolic pathways were significantly impacted (P < 0.01). Furthermore, the 

metabolomic changes in eBeam-inactivated cells were amplified significantly after 24 hour storage at 

room temperature. These results suggest that eBeam-inactivated cells are metabolically very active and, 

therefore, the term Metabolically Active yet Non-culturable is an apt term describing eBeam-inactivated 

bacterial cells.  

 

Figure 3: DNA fragment analysis of genomic DNA extracted from unirradiated (0 kGy) and 7 

kGy exposed E.coli cells from two different E.coli strains. Each experiment with each strain was 

replicated three times (A,B,C) 
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Based on PLS-DA, there were clear differences between the E. coli O26:H11 treatment groups, with 

35.2% of the variance explained by component 1 (Figure 4). The PLS-DA scores plot show tightly 

clumped biological replicates of un-irradiated cells and 24 hours post-eBeam cells. The freshly irradiated 

cells were more spread out, indicating that there was a larger variance in the metabolites contributing to 

the key features of this treatment groups. The results suggest that the immediate response to ionizing 

radiation is quite variable with multiple pathways expressed in order to protect and repair the bacteria 

after exposure to lethal eBeam. Overall, the results of this study clearly show that metabolites in E.coli 

O26:H11 exhibit fluxes in concentration even 24 hours post eBeam irradiation exposure. The origin of 

these fluxes needs to be clearly understood. Are these changes in metabolite concentration a function of 

the residual gene expression ? Or are these metabolite concentrations changing due to purely abiotic 

effects within the cells?  The continued gene expression coupled with our previous studies showing 

increased H+ exchanges within the cells (based on alamar blue staining) suggests that even after 24 

hours post lethal eBeam irradiation, bacterial cells are metabolically active and still attempting to repair 

their damage [21]. Detailed studies are needed to identify whether the presence of certain unique 

metabolites in bacterial cells can be used as biomarkers of exposure to ionizing radiation.   Similar 

metabolomic responses have been observed in Salmonella sp. (Bhatia  And the toxigenic cyanobacteria, 

Microcystis aeruginosa (Folcik, 2021) 

 

7. Conclusions and Future Studies 

These results indicate that cell multiplication alone cannot be used as an index of bacterial inactivation. 

The cells retain residual metabolic activity post irradiation exposure. Presently, we are unsure as to how 

the cells are able to maintain their metabolic activity even after the nucleic acids are degraded. It is even 

more puzzling as to how bacterial cells are able to exhibit a predictable pattern of gene expression and 

metabolite accumulation even after the cells’ genomic material has been degraded. It is presently 

unknown whether these metabolically active cells secrete enhanced amounts of bacterial toxins after 

exposure. Studies in my laboratory with Microcystis aeruginosa does indicate that the algal toxin 

microcystin-LR does accumulate in the supernatant after the cells are exposed to lethal eBeam doses. 

These metabolically active yet non-culturable cells (MAyNC) are also protective of human health based 

Figure 4: Partial Least Square-Discriminant Analysis (PLS-DA) scores plot showing 

differences between the unirradiated cells (0 kGy), irradiated (3 kGy 0 hr), and 24 hour post 

irradiation (3 kGy 24hr) E. coli O26:H11 
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on several publications that show that eBeam/gamma/x-ray inactivated cells have been successfully used 

as killed vaccines. We need to better understand whether eBeam inactivated bacterial cells have any 

residual health implications. If lethal doses of eBeam results in residual metabolic activity it will be 

scientifically interesting to understand the metabolic activity of a microbial population after exposure to 

sub-lethal eBeam doses. Can therapeutically valuable metabolites be harvested from such sub-lethally 

inactivated bacterial populations? To harness the potential commercial value of MAyNC cells detailed 

investigations are needed to understand transcriptomic and metabolomic responses in microbial cells at 

defined time frames post eBeam exposure. 
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