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Overview: Principal methods for 
food sterilization

Heating
– Thermal processing (canning)
– Microwaving
– Ohmic heating

Chemical treatment
– e.g. salting, pickling…

Irradiation (ionizing  radiation)
– Food treated with high energy electromagnetic 

radiation, usually from a radioisotope source
– Dependent upon dose, can sterilize, reduce 

microbial population, kill parasites or insects, 
inhibit sprouting or germination…..etc.
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Why irradiate food ?
- to minimise food loss 

- extend shelf life

- prevent contamination

• WHO estimates of storage losses 
– Cereal grains and legumes to be more than 

10% 
– Non-grain staples, vegetable and fruits 

through microbial contamination/spoilage 
~50%

• High proportion of raw foods considered 
infected: ~ 1 in 7000 eggs could contain 
Salmonella
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Historical perspective
1896 Wilhelm Röntgen discovers X-rays, 

produced when electrons brought to rest 
by matter (awarded first Nobel prize for 
physics in 1901)

1921 Schwartz uses X-Rays to kill parasites in 
meat

1930 German Otto Wüst issued a French patent 
for the preservation of foods by irradiation

1940s readily available 60Co and 137Cs suggested 
use for food irradiation

1959 First commercial food (spices) irradiation 
facility was commissioned in Federal 
Republic of Germany
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1976 WHO/FAO/IAEA guideline gave a clean bill 
of health to several irradiated foods. Recommended 
food irradiation be classified as a physical process

1980 WHO/FAO/IAEA : ‘ irradiation of any food 
commodity up to an overall average dose of 10 kGy
presents no toxological hazards; hence 
toxicological testing of foods so treated is no longer 
required’. 

1992 Irradiated foods allowed in UK

1996 40 countries have legal clearance for 
irradiation of one or more foods; 28 countries apply 
food irradiation commercially.

1997 Joint FAO/IAEA/WHO study group on High 
Dose food irradiation declared that foods irradiated 
at any dose are safe and that there is no need for 
upper dose limits

1 Gy (Gray) = 1 J of energy absorbed by 1 kg of matter
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Product Purpose of 
Irradiation

Dose permitted 
(k Gy)

FAO/IAEA/WHO Expert committee 1976

Potatoes
Onions

Sprout Inhibition 0.03-0.15

Wheat
Ground wheat 
prod.
Rice

Insect disinfection 0.1-1

Chicken
Fish

Shelf-life extension/ 
decontamination

2-7

FAO/IAEA/WHO Expert committee 1980

Any food product Sprout inhibition 
shelf-life extension/ 
decontamination 
Insect disinfection 
control of ripening 
growth inhibition

Up to 10
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Sources of ionizing radiation

Radioisotopes
Accelerated electron 
beam striking a 
heavy metal

γ - rays X - rays

60Co : Comonly used, low cost, 
available by-product of nuclear 
power reactors. Pellets (1 mm x 1 
mm) or rods (1.84 mm x 25.4 mm)

137Cs: less available, results from 
the fission of Uranium

Synchrotron: high 
intensity. Very high 
cost. Produces X-
and γ-rays. No 
radioactive waste 
from machine 
sources
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The 
electromagnetic 

spectrum

Gamma rays

X-rays

UV 
radiation

Microwaves

Infrared
radiation

Visible light

Radio waves

Wavelength

Energy of electromagnetic 
radiation:

E = h f
E =  quantum energy
h = Planck’s constant; 
f = frequency (Hz)

1 eV = 1.6 x 10-19 J
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Production and decay of 60Co
Produced by bombarding Cobalt with 
neutrons:

Decay produces gamma radiation at two 
wavelengths (energies):

γ+→+ ConCo 60
27

1
0

59
27

γγ ++→→ NiNiCo 60
28

60
28

60
27

MeV)(0.31Eυβ βmax

~
++→ −

t1/2 = 5.26 years excited de-excited 1.17 MeV 1.33 MeV
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Interaction of ionizing radiation 
with matter

The photoelectric effect
(< 60 keV)

The Compton effect 
(>1 MeV)

Gamma 
photon

Gamma 
photon

Ejected 
photoelectron

Compton recoil 
electron

Secondary 
photon

Gamma radiation used in food irradiation has sufficient energy for the 
Compton effect (photon scattered off electron at longer wavelength)
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Interaction of ionizing radiation 
with DNA



Irradiation in food processing
Low dose (< 1 kGy)
– Inhibition of sprouting, germination
– Control of ripening
– Killing insects in cereal grains, fruits, etc.

Medium dose (1- 10 kGy)
– Killing food poisoning bacteria such as 

Salmonella and Campylobacter
– Killing parasites such as Trichinella spiralis

and Taenia saginata in raw meat
– Reducing microbial population => extension 

of product life (e.g. fresh fish, strawberries)
– Sterilization of packaging material

High dose (> 10 kGy)
– Sterilizing of food (e.g. meat, poultry)
– Reduction of bacteria contamination
– Enzyme inactivation

Radurization

Radicidation
(10-20 kGy)

Radappertisation
(35-50 kGy)

“Old” dose 
definition

1 Gy (Gray) = 1 J of energy absorbed by 1 kg of matter
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Food Irradiation Applications

Taken from: ‘Facts about Food Irradiation’; The International Consultative Group on Food Irradiation (1999).
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Typical layout of a food irradiation 
facility

Taken from: ‘Facts about Food Irradiation’; The International Consultative Group on Food Irradiation (1999).



16Taken from: ‘Facts about Food Irradiation’; The International Consultative Group on Food Irradiation (1999).



17

What kinds of irradiated foods are 
currently marketed?

• Several irradiated foods are used by the food 
industry as ingredients:
– e.g. irradiated spices, irradiated mechanically-deboned 

poultry meat

• Also retail products in various parts of the world:
– Fruit (e.g. irradiated Hawaiian papaya – protection 

against fruit flies)

– Spices, vegetable seasonings and associated products 
(South Africa, Belgium, China)

– Frog legs (labelled ‘treated by ionisation’)

– Garlic/ onions (to prevent sprouting; U.S. & China)

– Chicken (U.S. – treatment against Salmonella)

– Fermented Pork Sausages (Thailand; against Trichinella
spiralis & Salmonella). 
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Microbiological effects of irradiation

• Microbes inactivated by damage to RNA, DNA, 
metabolic enzymes and cell membranes

• > 50 kGy required for complete sterilisation

• Such levels typically develop serious off-flavours 
– Dairy food particularly problematic

• Irradiation can usefully be applied as an anti-
microbial agent where doses below 10 kGy are 
effective
– E.g. 2.5 kGy will effectively eliminate Salmonella

• Clostridium & other bacterial spores are resistant to 
low levels of irradiation (as with thermal processing)

• Risk: encourage growth of resistant pathogens by 
eliminating vulnerable spoilage organisms
– Usual spoilage cues eliminated
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Radiation resistance of selected bacteria

From: Farkas, J. (2006). ‘Irradiation for better foods’. Trends Food Sci. Technol. 17: 148-152.

Use “D10” value – Decimal 
Reducing Dose (does required 
to reduce the population by 
10): similar to the DT value 
(Decimal Reduction Time at 
fixed temperature T) used in 
thermal processing
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Impacts of irradiation on food 
quality

• Irradiated foods are not themselves 
radioactive!!

• Irradiated foods contain elevated amounts of 
radiolytic products such as free radicals 
(reactive species with an un-paired electron)
– However, food naturally contains background 

levels of radiation and radiolytic products

• Effects are dose dependent

• Can minimise sensory effects by 
– e.g. irradiating whilst frozen.
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Irradiation effects : 
– Direct Ionisation &  free radical 

formation due to bond breakage
– The radicals are extremely short lived (< 10-5

s) but are sufficient to destroy bacterial cells

– Indirect changes due to free radicals  
produced and further reactions

Water (direct):

H2O → eaq- , H. , OH. , H2O2
.

Lipids (vulnerable to free-radical damage):
– non-oxidative
– oxidative 

What happens to food molecules?
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Proteins:
– Reduction in molecular weight => low Mol. wt 

peptides

– Enzyme denaturation (if >10 kGy)

Carbohydrates:
– Hydrolysis and oxidative degradation => reduction 

of molecular weight

– Lower saccharides may be oxidized => acids

Vitamins:
– Indirect, due to free radicals. Depends on water 

and oxygen content. Antioxidants such as vitamins 
C & E are vulnerable to radiolytic oxidation  

– Cis-trans isomerisation (e.g. vitamin A)

What happens to food molecules?
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Summary: common radiolytic
products of main food components
Food Component Typical Products

1. Protein Low molecular weight peptide 
fragments. No persistence of free 
radicals. Low molecular weight 
sulphur compounds

2. Carbohydrates

starches glyceraldehyde, dihydroxyacetone, 
malic, formic acids

sugars Low molecular weight oxygenated 
compounds

3. Lipids Low molecular weight hydrocarbons, 
high molecular weight esters, CO2, 
H2, CO.

Data from ‘Radiation Chemistry of Major Food Components’. P.S. Elias & A.J. 
Cohen. Elsevier Biomedical Press. New York 1977.
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Some biochemical effects of 
irradiation of fruits and vegetables
Irradiation response Produce

Delayed ripening Bananas, mangoes, 
papayas

Delayed ageing Sweet cherries, apricots, 
tomatoes

Increased storage time Strawberries, figs, pears

Irradiation damage Avocadoes, nectarines, 
lemons, peaches

Accelerated ripening Grapefruit, pineapples

No positive effect Apples, plums, grapes

Data from ‘Recent Advances in Food Irradiation’. P.S. Elias & A.J. Cohen. 
Elsevier Biomedical Press. Amsterdam 1977.
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Typical vitamin losses (%) from 
food irradiation

• Four vitamins are recognised as being highly 
sensitive to radiation:
– B1, C (ascorbic acid), A (retinol) and E (α-tocopherol)
– -However, B1 is more sensitive to heat

Vitamin Loss (%)

Food A B1 B2 B6 C E
Wheat 40 3

Rice 20

Beef 50 60 15 20

Chicken 70 70 35 35

Cod 47 2

Mackerel 50 25

Potatoes 30

Tomatoes 14

Nuts 25

Data from ‘Recent Advances in Food Irradiation’. P.S. Elias & A.J. Cohen. Elsevier Biomedical Press. 
Amsterdam 1977.
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Effect of irradiation on selected 
amino acids of Haddock fillets

Amino acid content

Amino acid
Not 

irradiated
Irradiated

Phenylalanine 3.93 3.63

Tryptophan 1.16 1.08

Methionine 2.99 2.85

Cystine 1.04 1.04

Valine 6.29 6.69

Leucine 8.03 8.25

Histidine 1.85 2.00

Arginine 5.34 5.56

Lysine 9.70 9.29

Threonine 4.87 4.58

Data from B.E. 
Proctor & B.S. 
Bhatia, Food 
Technol. (Chicago)
5, 357 (1950). Amino 
acid content 
expressed as parts 
of amino acid per 16 
parts of nitrogen

Dose 53 kGy
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Effect of Irradiation on viscosity and degree 
of polymerisation of potato amylose

Dose 
(kGy)

Intrinsic viscosity
(ml g-1)

Degree of 
polymerisation

0 230 1700

0.5 220 1650

1 150 1100

2 110 800

5 95 700

10 80 600

20 50 350

50 40 300

100 35 250

From C.T.Greenwood & C. MacKenzie, Die Stärke 15, 444 (1963).
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Viscometry Analytical Ultracentrifugation

Light Scattering- “SEC MALLs”
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Light Scattering- “SEC MALLs”

The SEC-MALLs data shows a clear 
drop in molecular weight (weight 
average) with increased dose
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… and a clear drop in the molecular 
weight distribution
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Gscission values are a measure of the degree of degradation
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Sedimentation velocity data shows 
unimodal “hypersharp” peaks – 7 
scans shown taken at regular time 
intervals.
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Intrinsic viscosity (from capillary 
viscometry) also shows a strong 
decrease with dose
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The data follows the same trend, including the zero shear 
viscmetry values (at 10mg/ml) from a Bohlin rheometer
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[η]  =  K’.Ma

[η], M data set allows evaluation of the Mark-Houwink
conformation parameter a

a ~ 0.73  : flexible coil (same as native guar)
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… and perhaps unsurprisingly, the solubility of guar increases 
with dose
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… a more recent study shows similar effects for xyloglucan
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… decrease in molecular weight of irradiated xyoglucans (SEC-
MALLs technique)
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… decrease in intrinsic viscosity and sedimentation coefficient 
as well
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… decrease in intrinsic viscosity and sedimentation coefficient 
as well

… and again we can combine these data to see if the 
conformation and chain flexibility has been altered
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… comparison of the flexibility parameter Lp

… conclusion is that gamma irradiation causes chain scisission
but no measurable change in chain flexibility
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Advantages/ applications of food irradiation

• No competitive alternative for some food 
products such as spices and tropical fruits

• Prolonging shelf-life 

• Alternative to chemical preservatives

• No heating => freshness and physical states 
maintained (fruits, vegetables and frozen 
commodities)

• Nutrient (vitamins) loss comparable to loss 
during cooking (dependent on dose)

• Reduces food waste

• Packaged and frozen foods may be treated
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Disadvantages / concerns about food irradiation

• The “not known” syndrome

• Kills bacteria but does not remove already existing 
toxins => Warning (colour + odour) signs could be 
eliminated

• Loss of flavour + generation of odor

• Some molecular and macromolecular degradation –
e.g. guar study

• Cost of irradiation plants (particularly in the 
developing world e.g. $ 5 million for a cobalt-60 food 
irradiation plant)

• Psychological concern => Market affected. Some 
paralels with the GM-food debate

• Hard to evaluate risk of forming mutant strains of 
bacteria



Food and Biopharma Processes imposing 
stresses on macromolecules:

• Thermal Processing
• Irradiation
• Freeze-thaw
• Spray drying, 
• Filtration, 
• Extrusion, 
• Lyophilisation
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Freeze thaw processing – effect on an antibody
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Freeze thaw processing – effect on an antibody

•
Increase in proportion of aggregate relative to monomer
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Freeze thaw processing – effect on an antibody

•
Change in sedimentation coefficient and its dependence on 

concentration: conformation linked effect on aggregation?
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