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Production of Production of crosslinkedcrosslinked naturalnatural
polymerspolymers containingcontaining WPiWPi and and caseinatecaseinate

proteinsproteins usingusing γγ--irradiation irradiation 
for the for the developmentdevelopment of bioactive of bioactive coatingcoating

and packagingand packaging



Objectives of the Objectives of the studystudy

DevelopDevelop an active an active edibleedible
crosslinkedcrosslinked coatingcoating and packaging and packaging 
containingcontaining naturalnatural antimicrobialsantimicrobials..
Use irradiation in Use irradiation in combinedcombined
treatmentstreatments in in orderorder to to increaseincrease the the 
bacterialbacterial radiosensitizationradiosensitization and the and the 
thethe shelfshelf life of life of foodsfoods..



Film preparation

Protein solutions (5%)

Glycerol (2.5%)

MC or CMC (0.25%)

Mannitol (2.5%)
or 
Sorbitol (2.5%
or
PEG (0.5%)

Agitation

Irradiation (8-128kGy)Casting

Drying

Packaging films

Edible coating for 
application on food 

products

Irradiation of coated
foods (0 -3kGy)
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Formation of bityrosine in calcium caseinate films 
as a function of irradiation dose



SizeSize--exclusion exclusion 
chromatographychromatography

15 20 25 30 35 40

Elution volume (mL)

Control

Irradiated + heated

Heated

Irradiated62 kDa

227 kDa

512 kDa

875 kDa

Absorbance at 280 nm



a

b

Vo  10  2       0.2       0.01    ( x 106 daltons)

10        15         20         25        30
Elution volume (ml)

SE - HPLC elution curves for soy protein isolate (SPI):
a) native; b) heated at 90°C  and irradiated at 32 kGy



Result of isothermal calorimetry showing the effect
of γ- irradiation on ΔH interaction of protein-water

--13.1 13.1 ++ 0.50.5cd,2cd,2--15.1 15.1 ++ 0.20.2d,1d,1CC:CC:WPI:Glyc:CMCWPI:Glyc:CMC::
pectin:Agarpectin:Agar

--12.2 12.2 ++ 0.20.2d,2d,2--19.5 19.5 ++ 0.50.5c,1c,1CC:CC:WPI:Glyc:CMCWPI:Glyc:CMC::
pectinpectin

--14.7 14.7 ++ 0.30.3c,2c,2--16.5 16.5 ++ 0.10.1cd,1cd,1CC:CC:WPI:Glyc:CMCWPI:Glyc:CMC

--20.1 20.1 ++ 1.01.0b,2b,2--23.4 23.4 ++ 0.40.4b,1b,1CC : WPI : CC : WPI : GlycGlyc

--56.2 56.2 ++ 1.61.6a,2a,2--64.2 64.2 ++ 3.2 3.2 a, 1a, 1CC : WPICC : WPI

H + H + IrradiatedIrradiatedHeatedHeated (H)(H)FormulationFormulation

In the same raw, means followed by the same number are not significantly differen
J. Agric. Food Chem 2002, 51, 21, 6053-6057
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FT-IR spectra of whey protein film

a) Spectra regions 3600-3000 cm-1 (upper curve: control film; middle curve:
heated film; lower curve: irradiated film); b) Spectra regions 1700-1000 cm-1

(lower curve: control film; middle curve: heated film; 
upper curve: irradiated film.



Second derivative of the FT-IR spectra of whey protein films

Mean Frequency
Assignment (cm-1)

1623 ± 3 β-Structure
1630 ± 4 β-Structure
1637 ± 3 β-Structure
1645 ± 4 Unordered
1653 ± 4 α-Helix

a) control film; b) heated film;
c) irradiated film. Assignment
of main frequencies (insert) is
based on spectras data from 17
proteins (including β-lactoglobulin
and α-lactalbumin) according to 
Byler and Susi (1988).



X-ray diffraction of whey protein films

a) level of sharp angle (A/2δ, where A is the band intensity and δ is the half width
at half height of the band) in function of different methods and irradiation doses.
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Fraction of insoluble matter in function of the irradiation 
dose

Results are expressed as the percentage in solid yield after
soaking the films 24 hours in water



Effect of gamma irradiation on the puncture strength of 
protein-based edible films

S = soy protein isolate; W = whey protein isolate; C = calcium     
caseinate

(*) Significant difference compared to corresponding unirradiated films



Mechanical PropertiesMechanical Properties
Puncture strengthPuncture strength (N/mm)(N/mm)

69.73 b*69.73 b*61.64 c61.64 cProteinsProteins//GlyGly/ALG/ALG

49.33 a*49.33 a*23.97 a23.97 aProteinsProteins//GlyGly/CMC/CMC

80.89 c*80.89 c*73.00 d73.00 dProteinsProteins//GlyGly/MC/MC

67.22 b*67.22 b*56.48 b56.48 bProteinsProteins//GlycGlyc

II11 filmsfilmsNINI11 FilmsFilmsFormulationFormulation

1 I: irradiated NI: Non irradiated Column:lower case  raw: *



Mechanical PropertiesMechanical Properties
puncture deformation (mm)puncture deformation (mm)

3.44 b3.44 b3.67 b3.67 bProteinsProteins//GlyGly/ALG/ALG

2.14 a2.14 a2.23 a2.23 aProteinsProteins//GlyGly/CMC/CMC

3.34 b3.34 b3.50 b3.50 bProteinsProteins//GlyGly/MC/MC

3.70 c3.70 c4.02 c4.02 cProteinsProteins//GlycGlyc

II11 (mm)(mm)NINI11 (mm)(mm)FormulationFormulation

1 NI: Non 1 NI: Non irradiatedirradiated I: I: IrradiatedIrradiated Column:lower case



Caseinate:WPI:Glycerol
(1:1:0.1)



Water Water vaporvapor permeabilitypermeability
g.mm/mg.mm/m22.day.mmHg.day.mmHg

1.71 1.71 abAabA1.73 1.73 aAaAProteinsProteins//GlyGly/ALG/ALG

1.53 1.53 aAaA1.78 1.78 aBaBProteinsProteins//GlyGly/CMC/CMC

1.71 1.71 abAabA1.73 1.73 aAaAProteinsProteins//GlyGly/MC/MC

1.75 1.75 bAbA2.03 2.03 bBbBProteinsProteins//GlycGlyc

II11NINI11FormulationFormulation

1 NI: Non irradiated I: Irradiated Column:lower case  raw:upper case 



1: CC-WPI
2: CC-WPI-PS
3: CC-WPI-SPS
4: CC-WPI-Alginate



Cross section of calcium caseinate films
a) heated at 90°C for 30 min; b) irradiated (32 kGy) 

(9 mm bar = 3 μm)



Cross section of WPI-calcium caseinate films
a) heated at 90°C for 30 min; b) heated at 90°C and irradiated at 32 kGy.

(9 mm bar =3μm)
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Percentage of nitrogen from calcium caseinate films 
converted to soluble N (% ± S.D) by Pseudomonas

aeroginosa in standard stock solutions



Application in Application in foodfood systemssystems

Bioactive Bioactive coatingcoating and packaging in and packaging in 
combinationcombination withwith irradiationirradiation



Procedure for antimicrobial and shelf life tests 
on irradiated coated convenience foods

Shrimp

Coating
(5min)

Irradiation

Storage, 4°C, 21 d

Microbial anlaysis
(Total APCs)

Sensorial analysis
(Hedonic scale)

Strawberries
Pizza

carrots



Counts of bacterial population (APCs) in precooked
shrimp during storage at 4°C

Unirradiated Irradiated (3 kGy)

For a given storage time, bars with different letters are significantly different (p ≤ 0.05).
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Effect of gamma irradiation and edible coating on 
the growth of Pseudomonas putida in 

precooked shrimp
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Counts of bacterial population in refrigerated pizzas 
as 

affected by gamma irradiation and edible coating

Irradiation alone Irradiation + edible coating
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Shelf life periods of precooked shrimp during
refrigeration as affected by gamma irradiation

and edible coating

Results are expressed in terms of time to reach the onset of spoilage (107 CFU/g)
(*) The  onset of spoilage was not reached at the end of the experiment period (21 d)
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Shelf life periods of pizza during refrigeration
as affected

by gamma irradiation and edible coating

Results are expressed in terms of time to reach the onset of spoilage (106 CFU/g)
(*) The  onset of spoilage was not reached at the end of the experiment period (21 d)
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Application of coating for mold growth on
strawberries



Irradiation and Irradiation and coatingcoating effecteffect on on mouldsmoulds growthgrowth on on 
strawberriesstrawberries (%)(%)

5454585851516868858593931313

4040474738384444656585851111

8484818179798989979797971717

4545565644445656757590901212

20202323222230304040686899

0011005511117733

IrradiatedIrradiated
coatedcoated withwith
IF IF 

IrradiatedIrradiated
coatedcoated withwith
NIFNIF

IrradiatedIrradiatedControl Control 
coatedcoated
withwith IFIF**

Control Control 
coatedcoated withwith
NIFNIF****

ControlControlDayDay

* IF: Irradiated coating films at 32 kGy ** NIF: Non irradiated films



Effect of crosslinked coating on 
rotting fruits (%) 

during storage at 4 ºC
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The influence of antimicrobial compounds and MAP 
on radiation sensitivity of Listeria monocytogenes
present in ready-to-use carrots and strawberries

Four compounds Four compounds werewere evaluatedevaluated: : 
transtrans--cinnamaldehydecinnamaldehyde (from cinnamon) (from cinnamon) 
Spanish oregano, winter Spanish oregano, winter savorysavory and and 
Chinese cinnamonChinese cinnamon essential oils and limonene essential oils and limonene 

Relative radiation sensitivity (Relative radiation sensitivity (DD1010)) were were 
evaluated in presence of the compound or   evaluated in presence of the compound or   
essential oil under air or under MAPessential oil under air or under MAP
(60% O2, 30% CO2, and 10% N2). (60% O2, 30% CO2, and 10% N2). 

DD1010 = = DD1010 ((kGykGy) control samples / radiation ) control samples / radiation 
DD10 (10 (kGykGy) samples treated in presence of ) samples treated in presence of 
antimicrobial compounds.antimicrobial compounds.
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Radiosensitivity of Listeria during irradiation 
treatment of mini carrots

MAP: 60% O2
30% CO2
10% N2

D 10 value = Irradiation dose required (kGy) to  decrease 90% of the bacterial
population

D10 (air) = 0.36 kGy

D10 (MAP) =  0.12 kGy

Increase of the Radiosensitivity by 3 time under MAP



DD1010 determinationdetermination of of L. L. monocytogenesmonocytogenes
underunder air and MAP in air and MAP in presencepresence of of antimicrobialantimicrobial

compoundscompounds
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RadiosensitizationRadiosensitization of of mouldsmoulds
on strawberrieson strawberries
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Lim : 1.35
Mod.Alg + Lim: 1.71
PM:1.05 
Control: 1.00

Lethal dose

Mod.ALG+LIM: 2.2 kGy
LIM:2.5 kGy
Control:3.5kGy



Bioactives filmsBioactives films

In In orderorder to carry:to carry:

Antioxydant and Antioxydant and antimicrobialantimicrobial compoundscompounds



ScientificScientific ChallengeChallenge

ImproveImprove the  physicothe  physico--chemicalchemical propertiesproperties
The water The water resistanceresistance

PolymersPolymers shouldshould bebe biodegradablebiodegradable

Irradiation Irradiation shouldshould bebe appliedapplied in in combinationcombination withwith otherother
treatmentstreatments likelike ChemicalChemical modification modification 

or or 
developmentdevelopment of new formulations of new formulations shouldshould bebe donedone



Bioactive films and control ofBioactive films and control of
E.coliE.coli 0157:H7 on 0157:H7 on beefbeef slicesslices
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84 84 ++ 2b2b72 72 ++ 3b3b20 20 ++ 3b3bSavorySavory

78 78 ++ 2a2a84 84 ++ 1a1a62 62 ++ 4a4aCinnamonCinnamon

66 66 ++ 3c3c63 63 ++ 6c6c17 17 ++ 3b3bOriganoOrigano

Day 4Day 4Day 3Day 3Day 2Day 2TreatmentTreatment

89 89 ++ 0.3b0.3b

96 96 ++ 0.3a0.3a

72 72 ++ 1c1c

Day 5Day 5

Release rate (%) of active compounds during
storage of bologna at 4°C

Mean in the same column bearing the same letters are not significantly different (P<0.05)



Antioxydant Antioxydant propertiesproperties of filmsof films
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MechanicalMechanical propertiesproperties of filmsof films

48 48 ++ 3a3a6.1 6.1 ++ 0.6a0.6a49 49 ++ 5 a5 a127 127 ++ 5 b5 bCinnamonCinnamon

52 52 ++ 3b3b5.8 5.8 ++ 0.5 a0.5 a68 68 ++ 9 c9 c100 100 ++ 7a7aSavorySavory

52 52 ++ 1.5 b1.5 b6.2 6.2 ++ 0.3 a0.3 a58 58 ++ 4 b4 b126 126 ++ 6 b6 bOriganoOrigano

49 49 ++ 0.3 0.3 
abab

6.1  6.1  ++ 0.3a0.3a80 80 ++ 4  d4  d104 104 ++ 6 a6 aControlControl

ViscoelasticityViscoelasticity
Coefficient Coefficient 

(%)(%)

PuncturePuncture
deformationdeformation

(mm)(mm)

PuncturePuncture
strengthstrength
(N.mm(N.mm--11))

ThicknessThickness
((μμm)m)

Type of Type of 
filmfilm

Mean followed by the same letter between treatments are not significantly different (P<0.05)



BacteriocinsBacteriocins immobilizationimmobilization

Antimicrobial activity of bioactive 
film containing nisin against
S. aureus
(1: control; 2: 1000 UI/mL of 
nisine).

Inhibition area

Inhibition of S. aureus inoculated on 
beef slice. 



ConclusionConclusion

Gamma irradiation Gamma irradiation inducedinduced

-- IncreaseIncrease of of bityrosinebityrosine productionproduction
-- IncreaseIncrease of of puncturepuncture strengthstrength
-- Modification of Modification of proteinprotein structurestructure

( structure are more ( structure are more orderedordered and and 
more stable) more stable) 
-- ReductionReduction of pore size distribution  in films (of pore size distribution  in films (correlationcorrelation withwith
puncturepuncture strengthstrength))

crosslinkingcrosslinking of of naturalnatural polymerspolymers for the for the developmentdevelopment of of edibleedible and and 
biodegradablebiodegradable packaging. packaging. 

Plasticizers decreased puncture strength
Sorbitol had the greatest plasticizing effect))
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