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Abstract Light processing is nowadays recognised as an

efficient technology to non-thermally inactivate a wide

range of microorganisms to increase food safety. However,

exposure of foods to light can provide further advantages

associated with the development of photoreactions

involving polymers. Proteins are major target polymers for

photoreactions due to abundance of endogenous chro-

mophores, ability to bind exogenous ones and rapid reac-

tivity with other excited state species. As food structure

and functions are the result of the status of food con-

stituents, photo-induced structural modification of food

proteins can lead to new product characteristics or

improved functionalities. This review paper summarises

recent developments of the application of light radiation to

modify protein structure, inducing changes in their tech-

nological and biological functions.
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Light Processing

Light processing indicates the use of the electromagnetic

radiation in the non-ionising region of the spectrum

between 170 and 1,100 nm. The latter includes ultraviolet

(UV, 50–400 nm), visible (VIS, 400–700 nm) and infrared

(IR, 700–1,100 nm) light. Independently on the nature of

the light processing, the intensity of the radiation is

expressed as irradiance or intensity flux (W m-2). By

contrast, the dose, which is a product of irradiance and time

of exposure, is expressed as radiant exposure or fluence

(kJ m-2) [6].

Classification

Light treatments applied in the food industry can be clas-

sified according to radiation wavelength and operation

mode (Table 1). In addition, they are carried out by

applying light doses that are generally within a specific

range, typical of each light technology. UV-C processing

mainly exploits low- or medium-pressure mercury lamps as

the source of continuous non-thermal germicidal radiation.

Mercury-free lamps based on the Excimer technology are

also increasingly available. However, long-life low-pres-

sure mercury lamps are most frequently used. They are

considered to provide almost monochromatic radiation at

254 nm. The latter is absorbed by highly conjugated dou-

ble-bond systems in biomolecules [44, 67, 87]. It is thus

able to damage microbial DNA, causing cross-linking

between neighbouring thymine and cytosine in the same

DNA strand [78]. DNA transcription and replication are

blocked, compromising cellular functions and eventually

leading to cell death [8, 46, 84]. This is generally referred

to as the photochemical effect of UV-C light. Mercury

lamps also emit radiation at 185 nm. The latter is respon-

sible for the formation of ozone which oxidises organic

compounds, thus exerting antimicrobial effects. UV-C-

light processing is easy to use and characterised by

favourable costs of equipment, energy and maintenance [3,

6, 23]. It has the undoubted advantage of not requiring heat

or chemicals [20]. It is safe to apply, but some simple

precautions are necessary to avoid worker exposure to light

and ozone. Moreover, the technology has not been reported

to form known toxic or significant non-toxic by-products.
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Ultraviolet processing is US-approved (US FDA [98]) and

does not require authorisation according to EC novel food

regulation.

Pulsed light (PL) treatment is based on the repetition of

consecutive high-power light flashes emitted by xenon

lamps. The radiation has a broad spectrum similar to that of

the sun (170–2,600 nm) [69]. The germicidal effect of PL

is primarily mediated by the photochemical effect pro-

moted by its UV-C component [79, 101]. However, intense

PL treatments can also induce localised heating leading to

photothermal phenomena [24, 102]. In addition, a photo-

physical effect can also result from the disturbance caused

by the high-energy pulses, potentially leading to structural

damages [48, 94]. Due to its high peak power, PL may

provide some practical advantages over continuous UV-C

when rapid disinfection is required. The intense pulses of

light, which typically last a few 100 ls, can result in the

application of lethal UV-C dose levels that would require

mercury lamps to operate over a much longer time. The US

FDA [98] has approved the use of PL provided that the

treatment dose does not exceed 1.2 kJ m-2.

Light-emitting diodes (LED) technology is based on the

continuous exposure to the monochromatic radiation pro-

vided by LED. The radiation wavelength is in the visible

range, and the peak wavelength depends on the LED col-

our. The technology is known to promote photodynamic

phenomena. Molecules acting as photosensitiser can absorb

light, producing reactive oxygen species (ROS). The latter

may react with biomolecules, leading to cytotoxic effects

[53]. LEDs have the advantages of low energy consump-

tion and high durability. Their small size allows fitting

most designs.

Applications

LED-induced photodynamic inactivation of microorgan-

isms is receiving increasing attention [28, 34, 35, 54], but

most information about light processing is relevant to

application of UV-C and PL. The latter are successfully

used for sterilisation of packaging materials, working sur-

faces and utensils [6, 47, 103]. Due to poor penetration

depth, light radiation is traditionally applied to disinfect

transparent fluids, such as air and drinkable water [6].

UV-C and PL processing has also been proposed to extend

the shelf life of different foods, such as sugar syrups, apple

cider and fruit juices [11, 71, 74, 91, 96]. It is noteworthy

that the presence in the fluid of soluble solids, absorbing

and scattering light, may impair the process efficiency by

reducing light penetration [32, 109]. For instance, the

penetration depth of opaque food materials is often lower

than 0.2 mm [38, 55]. For this reason, homogeneous light

treatment of liquid foods requires proper technological

solutions to ensure high turbulence of the fluid. By con-

trast, in the case of solid food, light exposure only affects a

thin surface layer of the product, while a negligible light

dose is able to reach its internal part. High penetration

intensity is required to inactivate microorganisms in a fluid

mass, but it becomes unnecessary when treating foods that

exert surface contamination issues, especially if their ori-

ginal fresh-like appearance should be maintained. Based on

these considerations, UV-C and PL has been proposed to

decontaminate fresh-cut vegetables, ready-to-eat meat

products and the surface of shell eggs [12, 36, 37, 65, 80].

Structural Effects of Protein Photoreaction

Proteins are well known to undergo chemical modification

when they are exposed to light. Proteins photoreactivity is

due to abundance of efficient chromophores (e.g. trypto-

phan, tyrosine, phenylalanine, cysteine, flavins, heme),

ability to bind exogenous ones and rapid reactivity with

other excited state species [15]. Based on these consid-

erations, protein photoreaction is generally reported to

occur via two major routes: (1) direct photo-oxidation

arising from the absorption of radiation by the protein

structure or bound chromophore; (2) indirect protein

oxidation mediated by singlet oxygen generated by energy

transfer by either protein bound, or other chromophores.

The energy of the radiation absorbed by the chromophores

is transferred between the initial sites of oxidation and the

part of the protein that controls its structure and function.

This transfer primarily involves aromatic and sulphur-

containing amino acids. Tyrosine and cysteine residues

Table 1 Light source,

wavelength range, peak

wavelength and operation mode

of the main light treatments

applied in the food sector

UV-C light Pulsed light LED

Light source Mercury lamps Xenon flash lamps Light-emitting diodes

Wavelength range (nm) 200–280 100–1,100 400–700

Peak wavelength (nm) 254, 185 Polychromatic 460 (Blue LED)

520 (Green LED)

640 (Red LED)

Typical light dose (kJ m-2) 0.1–5 0.1–20 30–100

Operation mode Continuous Pulsed Continuous
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have been demonstrated to be the ultimate receptors of

oxidising potential [77]. The exact transfer pathway to

tyrosine is often unclear due to the presence of multiple

alternative pathways [75]. By contrast, transfer to disulfide

bonds can occur via both hydrogen-bonding networks and

via the backbone [30]. The mechanisms of a multitude of

photo-induced protein reactions have been extensively

reviewed [16, 75], and only those begetting modifications

in protein conformation, size and architecture will be

briefly treated below.

Although light absorption can generate a number of

different protein photoreactions, their structural conse-

quences actually fall into a few classes, namely protein

unfolding, aggregation and fragmentation (Table 2). Light

treatment of proteins often results in their unfolding.

Conformational changes are the result of light-induced

modification of protein binding forces, including hydrogen

bonds, hydrophobic bonds, ionic bonds or bonds that hold

subunits. These modifications affect the secondary and

tertiary structure of proteins that expose hydrophobic

residues and free thiols. Protein exposure to light is asso-

ciated with easily formation of high molecular weight

aggregates (dimers and higher species) [15, 16, 75].

Aggregates may arise from radical–radical termination

reactions of photo-oxidised proteins, but other reactions,

mainly involving histidine residues, are also known to

promote the formation of cross-links [15, 75]. In fact, the

carbonyl functions of histidine oxidation products can

induce cross-linking by addition with other nucleophiles,

often leading to the decrease in lysine and arginine residues

[1]. Aggregation by intermolecular interactions is also very

common. Partially unfolded molecules can self-assemble

by intermolecular hydrophobic interactions and the for-

mation of disulfide-bonded proteins [22, 92, 105].

Although light treatments applied in the food sector

(Table 1) are non-ionising radiations, high-frequency light,

such as the ultraviolet one, coincides with the bond

energies of protein moieties [7]. Initial oxidation would

beget radicals at the a-carbon site of a peptide backbone

[15]. As a result, the radiation can cleave protein chain,

potentially leading to changes not only in their conforma-

tion but also in configuration [49]. Protein photo-induced

fragmentation seems to be less important than unfolding

and aggregation phenomena [75]. However, there are evi-

dences of the simultaneous occurrence of fragmentation

and cross-linking of collagen upon UV irradiation [99].

Degradation and fragmentation of collagen were presum-

ably attributed to proline oxidation. Protein cleavage has

also been observed upon light treatment of egg white

proteins and enzymes such as polyphenoloxidase, pectic

lyase and lipoxigenase (Manzocco et al. [4, 56, 60, 62].

Main Factors Affecting Protein Photoreactivity

Protein photoreactivity and relevant structural changes are

the result of the contribution of multiple concomitant and/

or consequential phenomena. The role of each process

during light exposure and its eventual prevalence over the

others depend on several intrinsic and environmental fac-

tors (Table 3).

Intrinsic Photosensitivity

Each protein is characterised by an intrinsic photosensi-

tivity, which depends on the presence of photoreactive sites

and the overall structural arrangement of the protein. The

common feature of photoreactive proteins is the presence

of light-absorbing chemical sites (e.g. tryptophan, tyrosine,

phenylalanine or cysteine). In addition, cross-linking by

nucleophilic addition requires the presence of histidine [2].

Photoreactive sites should not only be present in the

protein but also be able to initiate photoreactions leading to

structural modification of the polymer. Literature has

demonstrated that in random coil proteins, such as casein, the

most susceptible amino acids are the exposed ones [14].

However, it is noteworthy that the oxidation of exposed in-

dividual amino acids has minor effects on the overall protein

structure because they difficulty react with the other sites of

the protein. By contrast, densely packed globular proteins

show higher modification than random coil proteins. Glob-

ular proteins, such as lactoglobulin, polyphenoloxidase,

lysozyme and egg white proteins, typically undergo

unfolding [19, 56, 60, 63, 104]. The higher photosensitivity

of globular proteins can be attributed to the facile transfer of

oxidising equivalents among vicinal reactive sites within the

molecule. In addition, globular proteins are also particularly

prone to aggregation via intermolecular bond formation [19,

22]. In otherwords, the higher the possibility of the protein to

interact at both intra- and intermolecular level, the more

intense the photo-induced structural changes.

When the structural complexity of the protein increases,

photo-induced changes may be sterically hindered. For

Table 2 Structural effects of the main protein photoreactions

Main protein photoreactions Structural

effects

Modification of protein binding forces (e.g.

formation and cleavage of hydrogen and

hydrophobic bonds)

Unfolding

Oxidative reactions (e.g. development of radical

termination reactions, SH-SS exchange)

Hydrophobic interaction

Aggregation

Oxidative reactions (e.g. radical termination

reactions)

Fragmentation
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instance, the presence of a tertiary structure, able to oppose

conformational changes deriving from photoreactions of

susceptible residues, is generally associated with higher

photoresistance, as observed for horseradish peroxidase

[86]. Similarly, proteins organised in a fibrous structure

mainly undergo degradation with minor unfolding [90]. To

this regard, gluten proteins, which are embedded in a net-

work of fibrous and globular proteins, only underwent

degradation because they were spatially hampered to fur-

ther photoreactions [72].

Environmental Conditions

Since photosensitivity of proteins strictly depends on their

overall architecture, any structural changes induced by an

alteration in environmental conditions are potentially

associated with a modification in their ability to photoreact.

Environmental factors (e.g. pH, ionic strength, presence/

absence of other food components) influence the protein

structure and hence photoreactivity.

The modulation of the ionic strength of the environment

is known to allow expanded or compact protein to be

achieved. It has been suggested that compact protein

structures obtained at high ionic strength are particularly

prone to photo-induced intramolecular rearrangement [58].

The concentration of proteins in the system also exerts a

crucial role. In particular, in highly diluted protein systems,

their possibility to interact with each other to form photo-

induced aggregates would decrease, as observed in the case

of polyphenoloxidase [62]. In this condition, photoreac-

tions would mainly occur via intramolecular rearrangement

and only to a minor extent via intermolecular cross-linking.

The latter would become significant only at higher con-

centrations allowing photo-induced cross-linking among

vicinal proteins. However, the photosensitivity of proteins

would dramatically change in systems approaching the

crowding concentration. Proteins are considered crowded

when their concentration is higher than that associated with

their accommodation in a given volume of solution without

mutual structure perturbation. In this condition, proteins

are crowded into a smaller space, with less freedom of

movement due to purely nonspecific steric repulsions.

Protein crowding has several thermodynamic and kinetic

consequences, including the inhibition of unfolding phe-

nomena [68, 110]. For this reason, crowded proteins may

result fully resistant to light. Evidence of complete pho-

tostability under crowded conditions was observed in egg

white proteins exposed to UV-C light [58]. This effect was

attributed to the fact that crowding opposes photo-induced

unfolding, which is associated with an increase in the

hydrodynamic volume of the proteins.

The presence of other molecules in the environment

surrounding proteins during light exposure critically affects

photoreactivity. Light treatment of protein-rich systems

containing sugars has been shown to promote browning

reactions [27, 57, 60, 81]. By contrast, the presence of large

polysaccharides may reduce protein photoreactivity. To

this regard, information has been provided by comparing

the effect of PL on wheat gluten and flour [72]. The pho-

tosensitivity of gluten proteins in flour was found to be

lower than that observed in the sole gluten. This was

attributed to the close interaction between gluten proteins

and starch granules in a complex network, which hinders

photo-induced structure modifications of the protein

fraction.

Radiation Properties

Protein photoreactivity strictly depends on the prevalent

wavelength of the radiation applied as well as on its

intensity. While the monochromatic radiation of UV-C

light promotes photochemical effects, the visible light of

LED technology is mainly associated with photodynamic

phenomena. PL, which included not only UV-C and visible

radiation but also the infrared one, is known to induce

additional photothermal and photophysical effects. Based

on these considerations, the nature of the structural

modifications of proteins is expected to be considerably

different depending on the light radiation. However, to the

best of our knowledge, there is no literature information

Table 3 Main factors affecting

protein photoreactivity
Factors

Intrinsic photosensitivity Protein photoreactive sites

Protein structural arrangement

Environmental conditions Ionic strength

pH

Protein concentration

Crowding

Presence of other molecules (e.g. sugars, starch)

Radiation properties Wavelength

Fluence
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about the wavelength dependency of structural changes

induced by light in a given protein. The comparison of the

effects of treatments that exploit radiation with different

wavelength would be possible only keeping constant light

intensity. This can be a difficult experimental condition due

to the not overlapping light dose scales that are typical of

the different light technologies applied in continuous or

pulsed mode (Table 1).

However, it is clear that for a given light radiation, the

higher the intensity of the light, the higher the extent of

protein structure modifications. For instance, when the

effects of both UV-C and PL were investigated on

polyphenoloxidase and pectin lyase in a wide range of light

doses, the same mechanism of structural modification was

detected but with different extents depending on light dose

[56, 63]. Similar results were also observed upon PL

treatment of gluten, egg white and polyphenoloxidase [61,

62, 72]. In the case of polyphenoloxidase, a linear relation

was observed between light dose and enzyme inactivation.

A light dose parameter quantifying the photostability of the

enzyme was defined as kJ m-2 required for 50 % enzyme

inactivation. This result suggests that the processing vari-

able that can be used to predict the extent of protein

structural modifications is the light dose. To this regard, it

is noteworthy that several research groups have provided

evidence about the effects of light on proteins, but diffi-

culties arise when comparing data. This is often due to an

incomplete communication of processing parameters,

which do not allow the light dose to be calculated.

Photo-Induced Modification of Protein Functionality

Protein functionality covers a range of different aspects.

According to Kinsella [43], functional properties are those

physical and chemical properties that affect the behaviour of

proteins in food systems during processing, storage, prepa-

ration and consumption. However, as more recently noted

by Foegeding and Davis [25], the most common function of

food proteins is to provide and/or stabilise the characteristic

structure of individual foods. Proteins are not only primary

building blocks of foods but are also used to stabilise food

structures, such as emulsions, foams, gels and films. In ad-

dition, they are of the great biological relevance due to

physiological significance beyond the pure nutritional

requirements for normal growth and maintenance. Proteins

may actually exert enzymatic activity, flavours and mineral

binding capacity as well as different bioactivities (e.g. an-

tihypertensive, immunomodulatory or antioxidant). How-

ever, they may also represent a critical issue for their

allergenic potential. Based on these considerations, proteins

serve several technological and biological functions. The

latter are known to start at the level of protein structure [25].

For this reason, any photoreaction which alters protein

structure may lead to a potential modification in function-

ality. For instance, photo-induced unfolding or aggregation

of proteins could beget systems with well-defined water

adsorption capacity, optical properties, interface behaviour,

rheological and mechanical properties as well as with

steered enzymatic activity, digestibility or allergen reac-

tivity. In addition, considering the close interaction between

proteins and other food constituents, structural change of

proteins could induce modifications in the architectural

organisation of the material they are embedded in, with

relevant variations in the properties of food. Protein cross-

linking could also allow formation of tridimensional net-

works, possibly able to stabilise supramolecular structures

and immobilise biomolecules with the desired nutritional or

health protecting role. Similarly, also the mechanisms and

the extent of protein photoreactivity could be altered, lead-

ing to unexpected changes in their functional properties.

Despite the great potential of light processing, applica-

tions to steer protein functionality are limited. In the fol-

lowing, literature reports on the effects of light on proteins

are reviewed with reference to their main functional

properties. Attention was paid to the light doses applied in

the experiments or suggested for industrial applications.

However, it is noteworthy that light doses were frequently

missing or not computable from available processing

parameters.

Rheological Properties

Light has been shown to significantly affect the rheological

properties of protein-rich matrices. To this regard, the

elasticity and viscosity of UV-irradiated thermal gels from

sardine and pork meat were always higher than those

without irradiation [39]. Scanning electron micrographs of

the gels indicated that there was a large portion of densely

dispersed matter in UV treated gels. In other words, gels

resulted denser probably due to partial unfolding and ag-

gregation of actomyosin. This hypothesis was confirmed by

the decrease in total sulfhydryl groups of actomyosin and

the increased surface hydrophobicity as well as by SDS-

PAGE patterns, indicating polymerisation and aggregation

of myosin by hydrophobic interactions [40, 41].

Fish gelatin powder exposed to UV-C light did not show

modification of melting and gelling point as compared to

the untreated sample but presented significantly higher

melting enthalpy [5]. The latter was attributed to the

reinforcement by cross-linking of the gel network, which

exhibited improved strength. However, when UV-C-treated

gelatin powder was dispersed in water, a significant

decrease in viscosity was observed [5]. This effect was

attributed to possible photo-induced degradation and frag-

mentation of proteins. In the flow measurement, the

350 Food Eng Rev (2015) 7:346–356
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polymer chain align in the direction of shear flow. It is thus

reasonable that shorter polymer chains would easier align,

accounting for lower viscosity. These apparently contra-

dictory evidences suggest that both unfolding/aggregation

and degradation/fragmentation concomitantly occur upon

protein photoreaction, leading to counterbalancing effects

on rheological properties. This hypothesis was confirmed

by the complex dependence of viscosity from light dose

observed in the case of egg white. In this protein matrix, an

initial increase in viscosity was observed upon exposure to

0.1 kJ m-2 UV-C light, but the increase in light dose above

0.4 kJ m-2 was associated with rheological properties

analogous to that of the untreated egg white [17, 60]. It is

likely that slightly modified egg white proteins could better

interact, resulting in a weak protein network with higher

viscosity. The structural continuity of this weak network

would be probably interrupted by the presence of large

protein clusters and small fragments formed upon more

intense lightning. The counterbalancing effect of net-

working and backbone cleavage leading to negligible

changes in viscosity was also confirmed when egg white

was exposed to increasing doses of PL up to 3.1 kJ m-2

[61]. Figure 1 schematically summarises the possible

effects of light on protein viscosity as a function of light

dose. The overall evolution of the rheological properties of

the system is the result of the prevailing or concomitant

occurrence of different photoreactions.

Film Properties

Early studies on light exposure demonstrated the possi-

bility to modify collagen by inducing fibril cross-linking

[26]. Different photo-cross-linked films are nowadays

available to form surgery implants with modified

biodegradation rate and tensile properties [18, 95]. Appli-

cation of UV-C-irradiated collagen is also possible in the

food sector to produce edible films. Miller and Marder [66]

patented an edible tubular casing with improved

mechanical properties by exposure to ultraviolet light.

More recently, the structural changes in collagen caused by

UV-C light exposure were demonstrated to depend on the

degree of hydration [106]. In particular, soluble collagen

exposed to UV-C light for 40 min completely lose fibril-

logenic ability. This result confirms the critical role of

environmental conditions in determining protein photore-

activity (Table 3).

Tensile and puncture strength of cast soy protein films

increased linearly with UV-C radiation dose from 0.1 to

1 kJ m-2 [27, 73]. SDS-PAGE patterns of UV-C-treated

soy films revealed bands of aggregates, confirming the

occurrence of cross-linking in films. The latter was also

accounted for the higher tensile strength observed in glu-

ten, zein and albumin films exposed to 0.5 kJ m2 UV-C

light [81].

Emulsifying and Foaming Properties

Sodium caseinate and egg white protein powders exposed to

UV-C light showed improved emulsifying ability as com-

pared to untreated samples [50]. In particular, they allowed

the formation of oil-in-water emulsions with lower droplet

size. Emulsions also resulted less prone to flocculation and

coalescence after standing at room temperature. The

improved emulsifying properties were attributed to changes

in conformation and surface properties of proteins, which

better form adsorption films around the fat globules and

lower the interfacial tension at the oil–water interface. Kuan

et al. [50] also demonstrated that UV-C irradiated sodium

caseinate and egg white powders presented better foam

ability and foam stability. Similar results were also reported

by Fernández et al. (2012) with reference to a 0.5 mg mL-1

aqueous solutions of b-lactoglobulin exposed to PL up to

0.4 kJ m-2. At this light dose, the foam capacity of the

protein increased by 34 %. The interfacial films of treated

proteins presented higher viscoelastic properties allowing to

resist the shear stress resulting from liquid drainage. In

addition, foaming properties resulted well correlated to the

rate of protein adsorption to the air–water interface and

thereby to the decrease in surface tension. These better per-

formances were attributed to the increase in surface

hydrophobicity and to the higher flexibility of partially

unfolded proteins. It was also hypothesised that photo-

induced protein aggregates could adsorb at the interface to

form an ordered network that cross-links the two thin films of

adjacent bubbles, thus stabilising the films. This hypothesis

was confirmed studying the effect of ultraviolet

(0.1–0.6 kJ m-2) and PL (0.2–3.1 kJ m-2) on egg white

[60–62]. The higher foam ability and lower tendency to

bubble dismutation/coalescence of light-treated egg white

were tentatively attributed to the presence of high-size pro-

tein aggregates that could behave as surface-active solid

Light dose 

V
is

co
si

ty
  

Concomitant unfolding/aggregation 
and degradation/fragmentation  

Degradation/fragmentation

Unfolding/ aggregation 

Fig. 1 Schematic representation of the effect of light dose on protein

viscosity
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particles and beget a Pickering foam [76]. The latter would

be stabilised not only by the surfactant properties of native

egg white proteins but also by the photo-induced solid pro-

tein aggregates. As suggested by Murray et al. [70], native

proteins and solid particles could attract each others,

increasing the particle jamming in the fluid interstice

between bubbles. This would cause the formation of a firmer

shell, positively affecting foaming properties.

The number of different mechanisms possibly explain-

ing the improved foaming properties of light-treated pro-

teins are summarised in Table 4.

Optical Properties

Protein exposed to light possibly undergo changes in their

optical properties. The photo-induced formation of high-

size particles was reported to cause an increase in collagen

and egg white turbidity [60, 106]. However, in other cases,

colour changes were also observed. Soy protein films

exposed to UV-C light up to 1 kJ m2 developed a yel-

lowish colouration, which linearly increased with the light

dose [27]. A similar effect was also observed in gluten,

albumin and caseinate films [81]. Pigment formation upon

protein photoreaction is supported by literature data indi-

cating that UV-C irradiation of model systems containing

amino acids and reducing sugars is associated with the

formation of a number of different Maillard reaction

products [85]. Manzocco et al. [60] reported the formation

of brown pigments in egg white exposed for increasing

time to 0.1 or 0.6 kJ m-2 UV-C light. However, when egg

white was exposed to increasing doses of PL up to

3.1 kJ m-2, not only brown melanoidins were formed, but

they also underwent progressive degradation so that a

maximum browning was detected in the sample exposed to

2.6 kJ m-2. A possible schematisation of the effect of light

dose on product browning is suggested in Fig. 2. A similar

evolution of brown melanoidins was also detected in pro-

tein-rich foods such as fresh egg pasta [57]. It is note-

worthy that in this case, the presence of photo-induced

melanoidins was associated with a higher oxidative

stability of the product. It was thus postulated that protein

melanoidins formed by photoreaction could also exert

interesting antioxidant activity.

Enzymatic Activity

The activity of enzymatic proteins is known to depend on

their structure which can be modified following photo-

oxidation [21, 81, 100]. However, literature data about the

effects of light on enzymes often provide controversial

information. This is probably related to the different nature

of the systems under study. When the effect of light on

enzymatic activity is studied in plant tissues, controversial

data are generally obtained. For instance, low levels of

light emitted by mercury lamps (\0.007 kJ m-2) or LED

have been reported to reduce postharvest decay in a num-

ber of fresh fruit and vegetables [45, 89, 93, 97]. These

positive effects were attributed to the photo-induced

modulation of enzymatic activity in the cell [29, 31]. For

instance, light exposure often increases the activity of

phenylalanine ammonia-lyase, which enhances the

biosynthesis of phenols toxic to pathogens [64, 88]. How-

ever, Charles et al. [9] reported that PL treatment at higher

fluence (80 kJ m-2) did not affect the activity of this

enzyme in fresh-cut mangoes and activated polyphe-

noloxidase. Lamikanra et al. [51] observed an increase in

ascorbate peroxidase but a decrease in esterase and lipase

activity in UV-C-treated fresh-cut melon. This product was

also reported to show inactivation of polyphenoloxidase,

peroxidase, pectin methyl esterase and polygalacturonase

by exposure to UV-C light below 4.8 kJ m-2 [10]. It is

noteworthy that in the previously described papers,

authors’ interest was focussed on the systemic response of

plant tissue to light exposure. Enzymatic activity was thus

analysed on the extract of the entire plant tissue and is

likely to be the result of activation/inactivation of genes

encoding enzymes rather than to a specific photoreaction

involving enzymes. However, when pectolytic enzymes

and polyphenoloxidase were extracted from a thin surface

layer of UV-C-treated apple slices (4 kJ m-2), their

Table 4 Possible mechanisms at the basis of the improved foaming properties of proteins upon photo-induced structural changes

Photo-induced structural change Mechanism of action Overall effect in the foam

Unfolding Increase in protein hydrophobicity Better protein adsorption at the interface

Higher flexibility of partially unfolded proteins

Aggregation Increase in viscoelasticity of interfacial films Firmer films

Formation of ordered interfacial films

Cross-linking of interfacial films

Protein aggregates jamming in the interfacial films
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activity was reduced by more than 60 % [56, 59, 63].

Similarly, polyphenoloxidase in mango nectar and apple

juice was reported to be inactivated by UV-C treatments

[33, 42, 63]. These results suggest that there is not only a

metabolic response of the wound tissue to irradiation but

also a direct photo-induced modification of enzyme

activity. This was further confirmed by studies performed

on enzymes in model systems [83]. The latter indicate that

low-intensity treatments can modify the conformation of

the active site of the enzyme, leading to an overall activity

increase [82]. By contrast, higher intensity treatments

would be associated with non-reversible structural changes,

including protein aggregation and fragmentation, resulting

in enzyme inactivation [56, 63]. In the case of soy

lipoxygenase, the dose of PL resulted to be the main factor

governing the extent of protein fragmentation [4]. How-

ever, the sensitivity of enzymes to light radiation is also

strongly affected by their nature. At the same UV-C dose,

pectin lyase inactivation occurred quicker than that of

polyphenoloxidase, but the latter was more sensitive to the

increase in light dose [56]. In addition, isoenzymes may

show different susceptibility to light, as observed for

UV-C-resistant forms of pectolytic enzymes identified in apple.

Allergenicity

Thanks to its potential ability to alter the structure-related

biological properties, light radiation can modify the anti-

genic response of protein allergens. To this regard, little

information is available in literature. Liquid peanut butter,

soybean, almond and shrimp extracts were shown to

decrease their IgE binding capacity by exposure to PL [13,

52, 107, 108]. In the case of shrimp extracts, the authors

also performed in vitro simulated gastric and intestinal

digestion and demonstrated that the lower allergen reac-

tivity of PL-treated shrimp extract was maintained under

digestive conditions [108]. A decrease in immunoreactivity

was also observed in the case of gluten exposed to PL. This

was attributed to structural modifications that probably lead

to a lower exposure of protein epitopes [72]. Similar results

were reported for egg white proteins upon ultraviolet

exposure [58]. However, when egg white was considered,

light treatments were associated with no changes or even to

an increase in immunoreactivity [60, 61]. These contra-

dictory information could be due to the different environ-

mental conditions experienced by proteins in diluted

solutions or in crowded food systems. The latter could

significantly affect the mechanisms of photo-induced

structural modification, leading to opposite effects in terms

of exposure of reactive epitopes. Further research is cer-

tainly needed to explore the possibility to use light

radiation to steer allergenicity of ingredients and foods.

Final Remarks

Advances in light processing have made these technologies

available, sustainable and of easy integration into food

industries. Light processing is generally exploited as a non-

thermal alternative to conventional disinfection methods

but offers advantages well beyond it. The intense pho-

toreactivity of proteins as well as the large variability of the

deriving structures suggests a wide potential of light

radiation in modifying functionality of food proteins. The

modulation of rheological, film, emulsifying and foaming

properties of proteins are examples of the possibilities

provided by light processing to improve the technological

performance of protein-rich ingredients. Similarly, the

significant effects of light on activity of enzymes and

reactivity of allergens reveal unexplored possibilities to use

this physical process to steer protein biological properties.

The key point for turning circumstantial evidence of the

improvement of protein properties into a rational

exploitation of light to get tailored proteins lies in the

knowledge of the relation between the photo-induced

structure of proteins and their functions. To reach this goal,

the following research needs are still required:

• better understanding of photo-induced chemical and

structural changes in food proteins;

• identifying the relation between light properties (i.e.

dose and wavelength) and protein structure

modification;

• studying the effects of environmental conditions expe-

rienced by the protein during irradiation;

• studying the technological, sensory, nutritional and

physiological properties of photomodified food

proteins.

Finally, literature data suggest that the photoresponse of

proteins dramatically changes when they are embedded in

crowded and complex matrices such as foods. Under these
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Fig. 2 Schematic representation of the effect of light dose on

browning of protein-rich foods
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conditions, there is plenty of possibility to photo-induce

protein reactions with other food components. However, the

mechanisms and effects of the photoreactivity of proteins in

the presence of other compounds, such as sugars, polysac-

charides or lipids, are still obscure and are expected to be

further complicated by the occurrence of a food supra-

molecular structure that could selectively favour or hinder

specific photoreactions. These aspects certainly represent a

challenging research area that would require exploration.
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