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Abstract

The standard sterilization method for most medical devices over the past 40 years involves gamma
irradiation. During sterilization, gamma rays efficiently eliminate microorganisms from the medical
devices and tissue allografts, but also significantly change molecular structure of irradiated products,
particularly fragile biologics such as cytokines, chemokines and growth factors. Accordingly, gamma
radiation significantly alters biomechanical properties of bone, tendon, tracheal, skin, amnion tissue grafts
and micronized amniotic membrane injectable products. Similarly, when polymer medical devices are
sterilized by gamma radiation, their physico-chemical characteristics undergo modification significantly
affecting their clinical use.

Several animal studies demonstrated that consummation of irradiated food provoked genome instability
raising serious concerns regarding oncogenic potential of irradiated consumables. These findings strongly
suggest that new, long-term, prospective clinical studies should be conducted in near future to investigate
whether irradiated food is safe for human consumption. In this review, we summarized current
knowledge regarding molecular mechanisms responsible for deleterious effects of gamma radiation with
focusing on its significance for food safety and biomechanical characteristics of medical devices, and tissue
allografts, especially injectable biologics.
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Introduction

Medical materials, tissue allografts and food
samples must be sterilized prior to their use (1). For
this purpose, dry heat, ethylene oxide (EtO),
formaldehyde, gas plasma, peracetic acid, e-beams
and gamma rays, are usually utilized (2-4). Which of
these sterilization methods will be used depends on
the purpose and physico-chemical properties of
sterilized sample (2-4). Gamma radiation has several
advantages over other sterilization methods: better
penetration, better certainty of sterility, effectiveness
independent of temperature and pressure conditions
(5-6). Although gamma radiation is broadly used for
the sterilization of medical equipment, micronized
amniotic membrane injectable products and food
samples (5-7), there are many proofs demonstrating

deleterious effects of gamma radiation on sterilized
products.

Herewith, we summarized current knowledge
regarding molecular mechanisms responsible for
detrimental effects of gamma radiation on
sterilization with focusing on its significance for food
safety and biomechanical characteristics of medical
devices and tissue allografts.

Molecular mechanisms involved in
gamma rays-induced cell damage

Morphological and functional changes, observed
in irradiated products, are happening due to the
adsorption of energy released during gamma
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radiation (7). Several hypotheses attempted to explain
the mechanism of gamma rays-induced cell injury
(8-12): increased permeability of cellular membrane
(8), dysfunction of enzymes (9) and generation of
radiotoxins (10). Regardless of the fact that these
hypotheses are well documented, it is now widely
accepted, based on the significant number of
experimental proofs, that damage of deoxyribonucleic
acid (DNA) is mainly responsible for detrimental
effects of gamma radiation (11-12). Gamma rays either
destruct DNA helix directly, or generate free radicals
which disrupt chemical bonds within DNA (11-12).

Resistance of microorganisms to gamma
radiation

Resistance of microorganisms to gamma
radiation is mainly dependent on the micro-
organisms’ capability to repair single strand breaks
due to the activity of their DNA repair enzymes (13).
Strains which don’t have this competence are a lot
more radiosensitive than the others (14). Viruses are
more resistant to radiation than bacterial spores, and
those are more resilient than vegetative bacteria,
yeasts and molds. Parasites and helmints are more
radio-resistant then bacteria: high doses of radiation
(4-6kGy) have to be used for their elimination.

It is important to highlight that gamma rays may
induce cell death of parasites or can interfere with
their life cycle significantly affecting their
pathogenicity (15). For example, by preventing
completion of their life cycle, low dose of gamma
radiation impairs transmissibility of parasitic
protozoa and attenuates their infectivity (7, 15).

Interestingly, there is notable variability in
radiation resistance within the same type of
microorganisms. For example, yeasts are more
immune to radiation than molds. Single stranded
DNA viruses have higher radiation sensitivity
compared to double stranded ones. The same was
true for aerobic and non-pathogenic Bacillus spores
when compared to anaerobic and toxigenic
Clostridium spores. Higher radiation resistance of
Gram-positive  bacteria, in  comparison to
Gram-negative ones, indicate the importance of
peptidoglycan for bacterial resistance to detrimental
effects of gamma rays (15).

Since temperature and water content has
significant role in the radio-sensitivity, higher doses of
gamma rays have to be used for the elimination of
bacteria and parasites from frozen food or dry
biological products (15-16). Decrease in temperature
remarkably reduce diffusion of free radicals in
irradiated water and significantly attenuates their
capacity to reach and damage DNA. Similarly, very
small number of water-derived free radicals are

formed when dry biological samples are irradiated,
allowing higher radiation resistance to the
microorganisms that are present in these samples (7,
15).

During incomplete sterilization, all
microorganisms are not eliminated from irradiated
product. In these cases, several residual
microorganisms proceed to divide and, after two
weeks, reach the identical population levels as in the
non-irradiated samples. Accordingly, if patient
consumes incompletely decontaminated food, the
onset of symptoms is postponed making the diagnosis
perplex. Importantly, progeny of microorganisms
which outlived radiation are more resistant to gamma
rays than the population from which they were
originated (17). For instance, Deinococcus radiodurans
which is the most familiar radiation-resistant
organism, was isolated from cans of meat subjected to
irradiation (18).

Detrimental effects of sterilization by
gamma radiation on tissue allografts

Despite the fact that processing, preservation
and storage of tissue allografts are always performed
under strict aseptic conditions, possible presence of
contaminating microorganisms indicates necessity of
terminal/secondary  sterilization by  gamma
irradiation (16). However, substantial and growing
body of evidence demonstrated that sterilization by
gamma rays resulted with alterations in morpho-
logical and functional characteristics of bone, tendon,
tracheal, skin and amnion tissue grafts.

The potential of bone allografts to take part in
the process of new bone remodeling is significantly
reduced after sterilization by gamma rays. When bone
allografts are irradiated, their structural components,
like collagen fibers, break-down, which leads to the
significant reduction of ultimate strength, toughness
and resistance to crack propagation (19-28). These
deleterious effects of gamma rays are dose dependent.
The standard dose of 25 kGy reduces bone strength
for 20-30% (21), and every further increase in
irradiation dose for 5 kGy results in augmentation of
strength’s reduction for additional 25% (22). Notably,
work-to-fracture of irradiated bone grafts are
decreased by 70% (21), supporting the fact that
gamma rays remarkably reduce bone toughness of
sterilized allografts. In line with these findings are
results obtained by Mitchell and coworkers (23)
showing that fatigue life was significantly reduced
when bone grafts were sterilized with high dose of
gamma radiation (36.4 kGy). This information is
particularly important having in mind that high dose
of gamma radiation has to be used for the elimination
of radio-resistant microorganisms (double stranded
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DNA viruses) (20-21). Opposite findings were
reported in two trials which investigated therapeutic
potential of bone allografts irradiated by high dose of
gamma rays (24-25). While Lietman and co-workers
noticed significantly higher fracture rate in patients
that were implanted with irradiated grafts compared
to those that received non-irradiated grafts (38% vs.
18%) (24), Hernigou and colleagues reported fractures
in only 6% of transplanted irradiated bone grafts (25).

The effects of low doses of irradiation (below
25kGy) on biomechanical characteristic of bone grafts
are not completely known since only few studies
explored this issue and obtained results were
inconsistent since several variables including age,
gender and anatomical position of transplanted grafts
were different in these trials (20). Therefore, new
studies should be conducted under strictly controlled
conditions in order to determine in what extent low
doses of gamma rays affect morpho-functional
properties of bone grafts.

In addition to reduced biomechanical properties,
bone allografts sterilized by gamma rays had
attenuated capacity for bone remodeling (26-28).
Gamma rays induced degradation of growth factors
which were crucially involved in osteoinduction
(bone morphogenetic protein and transforming
growth factor-p) (26). Moreover, gamma radiation
altered function of irradiated osteoclasts and
osteoblasts. Irradiated osteoclasts had reduced
capacity for bone resorption (27) while irradiated
osteoblasts were not able to optimally produce bone
matrix (28).

Similar as bone allografts, tendon allografts were
also susceptible to the gamma rays-induced changes
in mechanical properties after sterilization with
standard or high dose of gamma radiation (29).
Stiffness and failure loads of tendon allografts were
mainly affected by irradiation. These findings were
noticed in clinical study that investigated therapeutic
potential of irradiated hamstring tendon allografts for
the reconstruction of anatomic double-bundle anterior
cruciate ligament. A significant increase in anterior
and rotational laxity was observed in patients that
received irradiated hamstring grafts when compared
to the patients that were implanted with
non-irradiated allografts (30), confirming deleterious
effects of gamma rays on mechanical characteristics of
tendon allografts.

Transplantation of stem cell-repopulated
decellularized tracheal grafts is nowadays the most
effective therapeutic procedure for patients with
tracheal loss (31). It was hypothesized that gamma
radiation may be wused for sterilization of
decellularized tracheal grafts. However, standard
dose of gamma rays induced degradation of collagen

fibers and significantly changed architecture of
decellularized tracheal grafts in manner that stem cell
repopulation was difficult to conduct (31).

Sterilization by gamma radiation also reduced
therapeutic potential of skin and amnion tissue grafts
(32). Structural changes in basement membrane,
elastic and collagen fibers were observed in irradiated
skin grafts (32). Low dose of gamma radiation (12.5
kGy) induced vacuolar cytoplasmic changes in
epidermal cells while fine elastic fibers were more
radio-resistant and their damage was observed only
after sterilization with standard dose of irradiation (25
kGy). Similar harmful effects of sterilization by
gamma rays were confirmed by chromatin
condensation which was observed in irradiated
amnion grafts (32).

Consumption of irradiated food: what
have we learnt from animal models?

Infestation of food  with  pathogenic
microorganisms, is large-scaled public health problem
and cause of enormous global economic losses.
Exclusion of food borne pathogens is of great
importance for people with impaired immune
response: elders, patients with primary or secondary
immunodeficiency and those who undergo chemo or
radiotherapy (7). Thermal pasteurization is
successfully used for elimination of microorganisms
from liquid foods, but is not as efficient with sold and
dry ingredients. Accordingly, gamma rays are utilized
for this purpose. Since radiation can inactivate
microorganisms in frozen foods without defrosting, it
can be used for sterilization of final packed product
ensuring that the irradiated product remains sterile
until the package removal (7). However, results
obtained in several experimental studies indicate that
consumption of irradiated food may be detrimental
for human health.

Consumption of irradiated food inhibited
growth of young rats and analysis of their livers,
kidneys, stomachs and guts revealed notable amounts
of radioactivity (33-34). Gamma radiation induces
generation of free radicals which modify structure
and/or activity of vitamins significantly reducing
nutritive value of irradiated food (17, 35). Moreover,
because of the altered structure, vitamins from
irradiated food are not well absorbed which leads to
their deficiency (36). For instance, increased mortality
was noticed among mice that consumed irradiated
beef as a consequence of internal hemorrhage which
developed due to the deficiency of vitamin K (36).
Similarly, second litter of the rats that were fed with
irradiated beef had symptoms of nutritional muscular
dystrophy (facial swelling, ruffled hair coat, loss of
coordination and movement) due to the deficiency of
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vitamin E (37).

Irradiation of food that contains unsaturated fats
generates peroxide which oxidize and polymerize
lipids into non-digestible polymers which, as
insoluble plaques, make depositions in the blood
vessels (17). Accordingly, mice, rats and dogs that
were, for 2 years or four generations, fed with
irradiated food containing unsaturated fats developed
atherosclerosis and high blood pressure and some of
them died due to the heart rupture and massive
hemorrhaging (17).

When food which contains unsaturated fats or
nitrates is irradiated, well-known human cancerogens
(benzopyrene quinone and nitrosamines) are
generated as a consequence of gamma rays-induced
chemical transformations of lipids or nitrates (38).

Results obtained in preclinical and clinical
studies strongly suggest that consumption of
irradiated food may induce chromosomal
abnormalities and lethal mutations in rapidly
dividing cells (39-48). An addition of irradiated
sucrose to the growth medium resulted with genome
instability in human lymphocytes (39). Chromosomes
of these lymphocytes were grossly damaged
(appeared broken or fragmented) and their mitosis
were suppressed (39). Similarly, fragmentation of
chromosomes accompanied with inhibited mitosis
were noticed in human leucocytes when standard
growth medium was replaced by irradiated one (40).

Similar results were observed in animal studies
(41-47). An increased number of embryonic deaths,
due to lethal mutations and gross chromosomal
aberrations, was noticed among litters of mice that
consumed irradiated food (41-42). Higher number of
polyploidy cells in bone marrow and significant
amount of aneuploidy cells in testis accompanied by
increased mutagenic index was noticed in mice, rats
and hamsters that were fed with irradiated wheat
compared to the animals that were on standard diet
(44-47). In line with these preclinical findings were
results obtained in clinical trial demonstrating that
consumption of irradiated wheat induced gross
chromosomal polyploidy in malnourished Indian
children (43).

Consumption of irradiated food affected
immune response, as well. Lymphopenia, reduced
number of plasmocytes in the splenic follicles and
lower mean antibody titres were observed in rats that
were fed with irradiated wheat (49).

Having in mind that chromosome number
return to normal several weeks after discontinuation
of irradiated diet (44-49), it seems that detrimental
effects of radiation on chromosome structure and
integrity were temporary and reversible. However,
since genetic instability in polyploidy cells may

represent an initial step of oncogenesis, findings that
consumption of irradiated food may result with
polyploidy have to be carefully explored in future
long-term prospective clinical studies with significant
number of participants. This is of particular
importance since all previously described animal
studies (41-47, 49) were, due to the life span of
experimental animals, too short to indicate the
possibility of the increased incidence of cancer while
the only clinical trial that investigated this issue (48)
recruited small number of participants. Accordingly,
at this moment, based on these findings, we can just
assume that consummation of irradiated food could
contribute to the development of cancer by provoking
genome instability. For confirmation of this
hypothesis, since oncogenesis is long-lasting process,
we should wait at least several decades to
demonstrate an increased cancer incidence among
people who consumed irradiated food.

Structural changes seen in polymer
medical devices sterilized by gamma rays

During sterilization, structural characteristics of
polymer medical devices are considerably modified
by gamma radiation (50-57). Since these
irradiation-induced effects are cumulative, structural
changes were usually observed in devices which were
sterilized several times (50).

Polymethyl methacrylate (PMMA), ultrahigh
molecular weight polyethylene (UHMWPE) polyvinyl
chloride (PVC) and silicone rubber are radio-sensitive
polymers and sterilization by standard dose of
gamma radiation (25 kGy) induces irreversible
structural changes in these materials. Gamma
radiation induces abstraction of hydrogen from an
a-methyl or methylene groups in PMMA (51) and
generates free radicals in UHMPWE (52) leading to
the development of irreversible structural changes in
PMMA and UHMWPE containing devices affecting
their clinical use (51). Also, due to the activity of free
radicals, silicone rubber-containing medical devices
that were sterilized by gamma rays have reduced
elasticity and limited use (53). Similarly, crosslinking
and main chain scissions were noticed in 25
kGy-irradiated PVC containing medical devices
affecting their clinical potential (54).

Physical characteristics of polycarbonate (PC)
and polypropylene (PP) are significantly altered by
gamma rays which significantly limits clinical use of
irradiated PC and PP containing medical devices
(55-56). PC is material which offers glasslike clarity to
medical instruments enabling their utilization in
diagnostic and therapeutic procedures in which
visibility of tissues is crucially important (55). Since
PC is not radio-sensitive material, only high doses of
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gamma rays  generates phenoxy and phenyl
polymeric radicals which cause yellowness of PC
containing devices significantly reducing their clarity
and clinical use (55). Similarly, morphology, viscosity
and melting temperature of PP are remarkably altered
after sterilization by gamma radiation (56). These
changes are particularly noticeable when PP is
sterilized by gamma rays in the air, as a consequence
of the oxidative destruction of PP structure (56).

In addition to the alteration of its
physico-chemical characteristics, gamma rays can
induce generation of a carcenogen
4,4’ -methylenedianiline in  polyurethane (PU).
Accordingly, gamma rays should not be used for the
sterilization of PU containing medical devices due to
the safety issues (57).

Conclusions

The standard sterilization method for many
medical devices and food samples over the past 40
years involves gamma radiation. However, when
applying gamma radiation for sterilization of tissue
allografts and polymer medical devices, structural
changes are induced. These changes have the
potential to adversely affect the clinical use of
irradiated products. Accordingly, additives that will
interrupt degradable reactions initiated by gamma
rays, should be used during sterilization for the
protection from detrimental effects of gamma
radiation. Moreover, gamma radiation has been
shown to generate free hydroxyl radicals and other
radiotoxins. This adds additional risks of both
toxigenic and mutagenic effects which could
potentially induce cancer. Since several animal
studies demonstrated that consummation of
irradiated food provoked genome instability, new,
long-term, prospective clinical studies should be
conducted in near future to investigate whether
irradiated food is safe for human consumption.

In conclusion, more safety studies are needed to
clearly define the risks of gamma radiation method of
sterilization. The increased interest in newer biologics
emphasizes the need for more modern sterilization
methods avoiding all potential risks that gamma
radiation can cause to health.
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