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1 Introduction to NovelQ

1.1 Introduction to project

Since March 1 2006, thirty seven project partners have joined forces in the EU-funded
Integrated Project “NovelQ” which was designed to stimulate innovations in novel food
processing and packaging. In this project, integrated strategic solutions for technical and
basic research hurdles have been formulated for complex, real food products rather than
food constituents.

Enhancements to the state-of-the-art in novel processes focused on high pressure
processing (HPP) for preservation of food, quantitative studies on the effect of pulsed
electrical fields (PEF) on food pathogens and cold plasma as a surface disinfecting method.
Other innovative topics included coupling of new packaging concepts to novel processing
and solving R&D hurdles in implementation of advanced heating technologies.

Key scientific emphasis has been placed on plant-based products, both solid and liquids,
including carrot, tomato, strawberry, apple and broccoli. These commodities were selected
because they integrate (i) food structure issues, (ii) colour and flavour-related aspects, (iii)
health-related components, including allergens, and (iv) food safety issues. However, the
results have broad applicability to other type of products, to the level of whole meals —
including regional recipes that are typical of the rich and diverse European cuisine. To most
effectively address these opportunities, further knowledge on consumer perception is
crucial and therefore studied in NovelQ.

The integrated approach of new technologies, the objectives striving for fresh-healthy
convenience foods — responding to the demands of consumers — the unique novel processes
investigated and the strength of the cross-sectorial consortium together represented an
opportunity to maintain and enhance Europe’s current competitive advantage in the global
market place. EU policy relevance was further underlined via the production of eco-friendly,
healthy and safe food — including convenience e.g. for the aging population in Europe — and
through the context of incremental innovation.

1.2 Overall objectives

The overall objective of this transnational, inter-sectorial Integrated Project was to
formulate strategic solutions for technical and basic research hurdles in order to develop
and successfully demonstrate novel processing (NP) schemes. The exploitation of potentially
unique novel processing characteristics aimed to improve quality, facilitate (incremental)
innovation and further increase the added value of the EU food sector through:
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= substantially extending shelf-life (without compromising safety) of, especially, fresh-like
convenience foods of plant origin. This is generally the limiting factor in maintaining the
shelf-life of prepared whole meals. A solution to this problem will maintain the value
(quality and export) of regional recipes and, hence, contribute to promotion of the rich
and diverse European cuisine;

= responding to the demands of consumers for food with fresh characteristics close to
those of the raw material (taste, aroma, texture, healthy ingredients). This goal is not
achievable using conventional processing;

= responding to the demands of consumers for foods that contribute to individual health
and wellbeing. Such foods help to lower the levels of diet-related disease and reduce
associated health and social costs across the European Union;

= enhancing eco-friendly innovative processing, as a direct consequence of reducing:
(a) current wastage of fresh produce (~35%) via extended shelf-life,
(b) energy inputs, via low-temperature and low-energy processing,
(c) usage of water and chemicals, through applications of new hygiene approaches, and
(d) migration problems and packaging materials, via in-pack processing (thereby

avoiding any need for repackaging).

NovelQ was set up using the food chain approach. This required that plant-based raw
materials, new processing concepts, packaging, shelf life and consumer evaluation were
considered in a holistic manner and that development and exploitation of novel
technologies were placed within the broad food chain perspective.

The project aimed to enable the benefits of individual NP technologies to be identified and
evaluated at different stages along the food chain (e.g. as pre-processing technologies and
as actual processing-preservation unit operations); examples included pre-processing with
NP followed by pasteurisation based on classical heating technologies or advanced heating
technologies.

1.3 Working approach and structure

NovelQ represents an integrated interdisciplinary research, demonstration and
dissemination project designed to overcome current bottlenecks that exist across the entire
R&D chain. These bottlenecks inhibit the introduction of NP technologies in the European
food industry. In order to achieve this ambitious goal, fully interacting approaches have
been adopted:

= firstly, in Sub-projects 1 and 2 a comprehensive knowledge base was developed offering
mechanistic and kinetic insights into the effect of NP and packaging materials on the
safety and quality of complex (regional) food products (solids and liquids) of plant origin.
This approach was adopted as opposed to the examination of model systems (e.g. buffer
systems); although the latter is simpler, its results are less readily transferred to
industry. Sub-project 1 focused on mechanistic and kinetic insights in changes of food
components and food products during processing with NP. Novel processing schemes
include high pressure (HP), pulsed electric field (PEF) and (cold) plasma. Sub-project 2
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focused on the effects of NP on packaging materials and food package material
interactions with the food itself (e.g. migration).

= secondly, an integrated product/process development and demonstration approach
(embracing reversed chain thinking) have been developed for the range of products
mentioned above. These products include a number of regional products subjected to
NP. Sub-project 3 focused on consumer perceptions of NP; Sub-projects 4, 5 and 7 on
pan-European innovation, demonstration, dissemination and training. Both advanced
heating and novel processing schemes (HP, PEF, cold plasma) have been further
developed and demonstrated. Therefore, cross-sectorial co-operation between food and
equipment manufacturers was a feature of this project (SMEs and multinationals), being
strongly supported by partner research institutes. Over 80 food and equipment
manufacturers became member of the Industry Advisory Platform (see Table 1.3). Finally
in Sub-project 6, the project management and administration was outlined, emphasis
was placed on managing innovation processes in R&D projects.

= finally, to extend the study of edible coatings on different food products in the existing
NovelQ project a TTC project (Nanocom) focused on novel raw materials that are
required for inclusion into coatings and films. As part of the Nanocom project
(incorporated in Sub-project 2), the raw materials were agro-proteins that are available
commercially or isolated, from whole grains and cereal by-products of the milling (bran)
and brewing (spent-grain) industry, which are not available commercially. The inclusion
of nanoparticles to improve material properties and films on pilot plant scale processing
was performed.

NovelQ contained seven fully interconnected Sub-projects [SPs], one of which has been an
overarching management task:

= Sub-project 1: Basic research: mechanisms and kinetics of the impact of novel
technologies on food safety and quality as a basis for process and product development

= Sub-project 2: Strategic basic material research for packaging foods through novel
technologies

=  Sub-project 3: Consumer perception and socio-economic background of novel
processing methods

= Sub-project 4: Development and demonstration of novel food processing technologies

= Sub-project 5: Dissemination, technology transfer and training

= Sub-project 6: Project management

= Sub-project 7: Cold plasma, packaging and HP demonstration activities

SP 1 addressed basic food science; SP2 material science, SP3 consumer issues; SP4 applied
research, development and demonstration; SP5 focused on dissemination, technology
transfer, and training and career development of young scientists from NovelQ; the project
management and administration activities were clustered in SP 6 (see Figure 1.1.); SP7
included demonstration activities (resulting from NovelQ competitive call) on cold plasma,
packaging and high pressure.
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Figure 1.1 Relations among all Sub-projects

The activities within NovelQ were strongly linked to one another. To guarantee interaction
especially between R&D, demonstration and training activities, the workpackages were
grouped within subprojects. Table 1.1 shows the position of the different WPs within the

subprojects. Each workpackage consisted of one type of activities, either R&D,
demonstration, training or management.
Table 1.1 Position of WPs within the subprojects
Subproject R&D Demonstration | Training Management
Subproject 1 WP 1-5 - - -
Subproject 2 WP 6-8, ABC - - -
Subproject 3 WP 9-11 - - -
Subproject 4 WP 12-19 WP 20-23 - -
Subproject 5 WP 24 - WP 25-26 -
Subproject 6 - - - WP 27
Subproject 7 - WP 28-30

Figure 1.2 presents a tree of the subprojects and workpackages within NovelQ to explain the
structure of NovelQ.

Figure 1.2 (next page). NovelQ Structure of subprojects and workpackages.
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1.4 Description of consortium

Table 1.2 (next page) gives an overview of the NovelQ partners.

In addition, an Industry Advisory Platform (IAP) was established by the NovelQ project to
enhance the involvement of industry. The role of the IAP consisted of:

= Participation in annual IAP meetings, at which also the project partners were present in
order to exchange latest insights in NovelQ (except for the confidential information
originating from research and demonstration projects);

= Providing input based on industrial experience of IAP members with novel processing
and packaging in order to optimise knowledge transfer as well as the development
process;

= Consideration of participation in demonstration projects (via competitive call procedure
and proof of principles demonstration call), together with other IAP-members or NovelQ
participants, depending on the topics.

By the end of the project, 89 IAP members (from industries and other interested
organisations) joined the Industry Advisory Platform. See Table 1.3.

Table 1.3 demonstrates that small and medium enterprises from all over Europe supported
the IAP in order to increase their opportunity for growth and extension of the market share
as well as to extend their international network. In this way, SMEs were linked to the project
via the IAP activities. Reviewing the industrial partners and IAP members, it can be
concluded that both food manufacturers as well as food machinery equipment suppliers
were actively involved in NovelQ to enhance incremental innovations and implementation.
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Table 1.2 NovelQ partners

Name of the Type of Country Contact person SP | SP | SP | SP | SP | SP | SP | Role in the activities/project
organisation organisation 1 2 3 (4 |5 |6 |7
Wageningen UR | Research Netherlands | Dr. H.S.M. de Vries X X X X X X Project co-ordinator, co-ordinator SP6, SP5, SP7
Food & Biobased Ms. Ir. A.M. Matser Co-ordinator SP4, SP1 plasma activities, SP4 development of HP,
Research PEF, plasma, SP5 training and internet site, SP7 demonstration
activities on cold plasma, packaging and HP
TU Berlin University Germany Prof. D. Knorr X X X Project science manager
Co-ordinator SP1, SP1 PEF, HP activities, models, SP4 modelling
KU Leuven University Belgium Prof. M. Hendrickx X X | X | X | X | Co-ordinator SP1, HP/thermal effects on endogenous properties
IFR Research U.K. Ds. S. Astley X X International Relationship Co-ordinator, SP5 Training & Career
Prof. R. Fenwick Development, SP1 food safety
Prof. T. Brocklehurst
University Lleida University Spain Ms.Prof. O. Martin X Sub-project 1, flavour and colour effects
V1T Research Finland Ms. M. Lille X Sub-project 1, functional properties
LIFE-UC University Denmark Prof. H. Sorenson X Sub-project 1, allergens, functional properties
UNIZAR University Spain Prof. J. Raso X Sub-project 1, microbial safety, PEF
IMCB-CNR Research Italy Prof. S. lannace X X X | X | Co-ordinator SP2, interaction HP with packaging, novel packaging
concepts
UNINA University Italy Prof. G. Mensitieri X Sub-project 2, packaging models
CFRI Research Hungary Ms. Prof. D. Banati X X X Co-ordinator SP3, consumer research, SP5 Dissemination, TCD
SCA Platform Europe Ms. M. Peterman X X Sub-project 5, dissemination
Nofima Research Norway Ms. Dr. N. Veflen X Sub-project 3, consumer research
Olsen
Aarhus Univeristy University Denmark Prof. K. Grunert X Sub-project 3, consumer research
SIK Research Sweden Ms. Dr. L. Ahrné X | X X X | X | Co-ordinator SP4 and SP7, SP2 integration of packaging
concepts, SP4 hygienic design, development advanced heating
technologies, SP7 demonstration activities on cold plasma,
packaging and HP
CTCPA Research France Dr. F. Zuber X Sub-project 4, process hygiene
Campden BRI Research UK Dr. J. Holah X Sub-project 4, process hygiene, SP5 Dissemination
TNO-QolL Research Netherlands | Ms. F. Boon X Sub-project 4, predictive modelling
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Name of the Type of Country Contact person SP | SP | SP | SP | SP | SP | SP | Role in the activities/project
organisation organisation 112 |3 (4 |5 |6 |7
FRIP Research Czech Rep. Dr. M. Houska X Sub-project 4, demonstration and implementation
USAL University U.K. Prof. J. Gray X Sub-project 4, demonstration, development and implementation
Resato Industry Netherlands | Mr. H. Bijmolt X Sub-project 4, specialised equipment
SME
I&L Invest Industry Belgium Mr. L. v. Schepdael X Sub-project 4 ,demonstration and implementation
SME
Unilever Industry LE Netherlands | Ir. H. Hoogland X | X SP4 demonstration, SP5 technology transfer, Chairman IAP
A&F-EFFoST Platform Europe Ing. H. Lelieveld X X | X SP5 dissemination and interaction with industry
Struik Industry LE Netherlands | Mr. M. Lor X SP4, demonstration project radio frequency heating
Procordia Industry LE Sweden Ms. U. Stollman X SP4, demonstration project microwave
OPAL Industry France Mr. A. Besnardeau X SP4; demonstration project ohmic heating technology
SME
PENY Industry France M.Dejean/D.Vivien X SP4; demonstration project ohmic heating technology
SME
Univ. Montpellier University France Ms. Prof.N. Gontard X Sub-project 2, migration studies
FAU University Germany Prof. A. Delgado X Sub-project 1, integrated models
INTI Research Argentina Ms.Dr. P .Eisenberg X Sub-project 2, Nanocom INCO
CSIR Research South Africa | Ms. S. Buchner X Sub-project 2, NAnocom INCO
Koldsteril Industry Switzerland Dr. W. Glettig X | SP 7, demonstration cold plasma
SME
Icimendue Industry Italy Dr. M. Mensitieri X | SP 7, demonstration packaging
TOP Industry Netherlands | Ir. W. de Heij X | SP 7, demonstration high pressure
SME
NC Hyperbaric Industry Spain Ms.Dr. C. Tonello X | SP 7, demonstration high pressure
USFD University U.K. Prof. J. Gray X Sub-project 4, demonstration, development and implementation

Note: dissemination was also key topic within and across all Sub-projects (not restricted to Sub-project 5).

Page 8




Table 1.3 Industry Advisory Platform members

Company Country
Abba Seafood Sweden
Agro Alimentaire Innovation Recherche France
AH-Automation Sweden
Ahold Netherlands
Aldia Belgium
Alpro NV Belgium
Angulo General Quesera, S.L. Spain

Anova Seafood Netherlands
Arla Foods Sweden
Asesoria Industrial Zabala Spain
August Cieszkowski Agricultural University Poland
Avure Sweden
Bakalland S.A. Poland
Barilla Italy

Beskyd Frycovice Czech Republic
Campina Netherlands
Campofrio Alimentacidn, S.A. Spain
CLARANOR France
CNTA Spain
Coca-Cola Europe Belgium
Cocker Consulting Ltd. Ireland
Congelados de Navarra S.A. Spain
Coopbox Italy

C-Tech Innovation Ltd U.K.
CRITTMECA France
Danish Meat Research Institute Denmark
European Hygienic Engineering & Design Group EU
European Space Agency EU

Flanders' FOOD Belgium
Food-Processing Initiative e.V Germany
Fonterra Daily for Life Australia
Fortunate Ltd. Hungary

Friesland Foods

Netherlands

Fromageries Bel S.A. France

GEA TDS GmbH Germany
General Mills International France
Gernal NV Belgium
HAK B.V. Netherlands
Heineken Netherlands
HK Ruokatalo Oy Finland
Hero Switzerland/Netherlands
Hoogesteger Netherlands
I&L Invest Belgium
ICIMENDUE Italy
Indulleida Spain
Innowise GmbH Germany
ISEKI EU
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Company Country
Lantmannen Cerealia Sweden
Lineum AB Sweden
Litfood Lithuania
Koldsteril Switzerland
Kraft Foods Germany
Marel Food Systems ehf Iceland
Marfo BV Netherlands
McCain Foods Belgium N.V. Belgium
Marin Gimenez Hnos S.A. Spain

Mars Food Europe C.V. Netherlands
NC Hyperbaric Spain
Novozymes Spain
Numico Netherlands
Nutreco Netherlands
OMVE Netherlands
OPAL France
OLUS Tecnologia S.L. Spain

PENY France
PepsiCo Germany
Philips Technologie GmbH Germany
Premier Foods England
Procordia Foods Sweden
Promatec Food Ventures Netherlands
Provalor Netherlands
Resato Netherlands
Rudolf Wild GmbH & Co. KG Germany
SAIREM France
Silliker France
Sopgrape Vinhos Portugal
Stork FDS Netherlands
Struik Netherlands
Tetra Pak Processing Sweden
TOP B.V. Netherlands
Total Fruit Netherlands
Unilever Netherlands
VMEngineering Netherlands
Wipak Germany

Wokke Food Systems

Netherlands

Xendo

Netherlands

Zdas

Czech Republic

Zeeland's Roem

Netherlands

Zwanenberg Food Group BV

Netherlands
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1.5 Main deliverables and end results

The main deliverables of NovelQ were the development and demonstration of NP schemes;
the design of eco-efficient production chains based on NP and novel packaging concepts.

In addition to this main deliverable, the following specific deliverables were foreseen:

= QOver 50 draft manuscripts describing clear scientific answers, based on mechanistic
and kinetic insights, to unresolved open questions regarding the opportunities of NP
(HP/T, PEF, plasma) to address key safety, health and quality issues of plant-based food
products, including: (i) qualitative and quantitative answers to questions relating to
chemical safety, allergens, food structure changes, stability of colour, flavour and
health compounds, and (ii) new models (including databases) and sensors (indicator
systems) to evaluate the safety and quality impact of NP (HP/T, PEF, advanced heating)
on plant-based food products.

= OQOver 12 draft manuscripts and reports describing clear scientific answers, based on
mechanistic and kinetics insights, on open question related to the possibility of using
innovative packaging materials (biodegradable, edible, active), as well as common
polymeric systems in combination with NPs treatments. This includes (i) qualitative and
quantitative answers to open question related to the effect of NPs technology on the
properties of materials and on the food packaging interactions and (ii) mathematical
models for predicting the evolution and changes of structural and functional properties
of the polymeric materials utilised in package treatments with NP. Several software
tools were foreseen for prediction of functional properties of packaging materials
before and during NP-T treatments. Finally, a device will be developed based on optical
fibres suitable for on-line analysis of material properties under HP/T.

» three validated (prototype) and demonstrated (pilot-scale) NP implementation
schemes for SMEs; applications of novel technologies will be developed in co-operation
with SMEs and will include the entire chain from raw material, processing, transport,
packaging and consumer acceptance; where possible, these will focus on regional
product development.

= two validated and demonstrated products of HP and PEF; development of HP and PEF
applications for industry, including (pilot) equipment, product packaging,
environmental impact, safety and quality of treated products and consumer
acceptance.

= elucidation of cold plasma as a decontamination method for surfaces at the laboratory
scale (food and packaging materials).

= creation of one unified Platform for public and private bodies that will regularly
discuss the impact and potential of NP schemes and provide feedback for NovelQ.
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creation of a strategic Novel Technology Knowledge Chain that links basic science and
its implementation, including training: in this way, an effective expertise base will be in
place to enable Europe to better respond to, adopt and implement novel schemes for
successful applications at the broader EU level (see affiliation of partners).

The project was expected to deliver a fully-integrated approach in quantifying reaction- and
diffusion rates in foods and packaging materials, and in determining food-package interactions
as influenced by NP schemes. These results will be integrated in the food chain as a basis for
new integrated processing concepts showing an incremental innovation in food quality
(including packaging and shelf life issues).

For the first time, using the principle of equivalence, the incremental innovation of quality of
food products processed by different integrated technologies were foreseen to be
demonstrated (in the demo-projects and applied research projects like WP 19 and 20), so as to
optimise the quality-safety balance of food products.

Below, a short overview is given of the main deliverables:

Development and demonstration of NP schemes
Novel processing schemes have been developed and demonstrated for:
= Novel applications of advanced heating technologies
o Minimal pasteurisation/sterilisation technology by application of water immersed
radio-frequency heating for food products in consumer packages resulting in new
pilot-scale equipment.
o Design of ready-to-eat meals compositions for uniform microwave heating resulting
in a simulation model that is now commercially available.
o Ohmic heating technology of highly viscous pumpable foods with particles resulting
in a new Mediterranean vegetable dish being marketed in the South of France.
=  Novel technologies
o Cold plasma treatment equipment for inactivation of micro-organisms on food
surfaces.
o Packaging materials for high pressure sterilisation resulting in new packaging
materials that are commercially available now.
o High pressure processing of healthy, complex food products resulting in a new
range of fruit and vegetable products that are now produced in the Benelux
countries.

Three demonstration activities were started after a competitive call procedure (see also Sub-
project 6, management issues).

The activities in Sub-projects 4 and 1 resulted in the development of a lab-scale unit for cold
plasma processing that that will be sold worldwide.

10 short demonstration trials have been carried out in collaboration with members of the
Industry Advisory Platform as described in the results of Sub-project 4, revealing the wider
applicability of NP to a range of not yet tested products
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Design of eco-efficient production chains based on novel processing and novel packaging
concepts

The design of eco-efficient production chains based on novel processing and novel packaging
concepts was presented in models for life cycle analysis, shelf life, hygiene and decision
support systems.

» Life cycle analysis studies have been performed and showed that novel processing
technologies provide great opportunities to improve the sustainability of food systems by
reducing energy use in processing (especially shorter treatment times) and waste in the
food chain (results obtained together with the WP on shelf-life models). It is important to
consider the entire life cycle of a product when designing the process to avoid increasing
environmental impact from, for example, new packaging, which comes with the
technology, or overlooking benefits from options made possible by new technology. Raw
material utilisation and waste reprocessing was therefore also studied to design
sustainable food production systems.

» The hygienic designs of high pressure and pulsed electrical field pilot- and industrial-scale
equipment were analysed. Major hurdles were not discovered. For high pressure, emerging
risks may be found in the pressuring fluids; however, this may not encounter any problems.
For pulsed electric field, the risks are similar as for heat pasteurisation, namely in the
aseptic part of the processing line. The insights from NovelQ were summarised in the
guidelines for hygienic processing that were made available for the members of the
Industry Advisory Platform.

= Decision support system: at the start of the project, the industry emphasised the
importance of implementation of novel processing tools in processing lines and full
production chains. In order to guide the applicator with making the right choice, a decision
support system was developed taking into account product chain aspects.

= Shelf-life models have been developed allowing getting insight in the shelf-life of a specific
product treated with novel processing and to reduce product loss. The model can be
applied to predict shelf life based on microbial and enzymatic spoilage, and determination
of processing conditions to obtain a desired shelf life. The model combines microbial
inactivation and growth with enzyme inactivation, enzyme rest activity and quality. A user-
friendly interface was developed and demonstrated to the members of the Industry
Advisory Platform.

= QOther examples of eco-friendly results are e.g. room temperature disinfection of packaging
materials and food products using cold plasma’s, novel biodegradable packaging materials,
models for homogenously treating products in HPP and PEF chambers, PEF water
disinfection unit, etc.

Improved understanding and mechanistic insights of NP

At the start of the project, series of knowledge gaps were identified for high pressure high
temperature (HPHT), pulsed electric field, cold plasma, and packaging in relation to novel
processing. Major breakthrough was achieved in understanding kinetics and mechanistic
insights, especially in the areas of food texture, food chemistry, microbiological inactivation
mechanisms, bio-chemical side-effects and risks, allergy in relation to HPHT, (bio-degradable)
material characteristics facing HPHT and cold plasma conditions (including changes in glass
transition temperature, crystallisation phenomena, multi-layer tensions, etc.), migration and
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scalping considerations at novel processing conditions, and consumer science regarding novel
processing and products produced by using novel processing.

These insights are described in more detail in Chapter 2, especially in subprojects 1, 2 and 3.

In total, over 120 scientific publications have been written, including two special issues.

The establishment and steering of the Training and Career Development Network (over 40
members) had also a very positive impact both for the members themselves as well as for the
integration of project activities. The tailor-made TCD meetings were of high quality, mainly due
to the organisational talent and willingness of its members to exchange views. The forthcoming
TCD-alumni network received a warm welcome and was embedded as Special Interest Group
within EFFOST.

In addition to the main deliverables, the following specific deliverables were foreseen:

= Qver 50 draft manuscripts describing clear scientific answers, based on mechanistic and
kinetic insights, to unresolved open questions regarding the opportunities of NP (HP/T, PEF,
plasma) to address key safety, health and quality issues of plant-based food products, were
foreseen. 97 scientific publications were published and 14 scientific publications were
submitted, including two special issues.

= Qver 12 draft manuscripts describing clear scientific answers, on questions related to the
possibility of using innovative packaging materials as well as common polymeric systems in
combination with NPs treatments were foreseen. 17 scientific publications were published
and 7 submitted.

= Three validated (prototype) and demonstration (pilot-scale) NP implementation schemes
for SMEs were foreseen. Within NovelQ, 6 demonstration workpackages and 10
demonstration trials were performed to demonstrate novel applications of advanced
heating technologies and novel technologies.

» Two validated and demonstrated products of HP and PEF were foreseen including
development of HP and PEF applications for industry. Within NovelQ, integral
demonstrations were performed on orange juice (HP pasteurisation, PEF, mild heat
treatment), carrot pieces (HP and heat pasteurisation, HP and heat sterilisation) and ready-
to-eat meals and dips (HP and heat pasteurisation, HP and heat sterilisation). In the
demonstration trials, other products were validated and demonstrated for novel
processing.

= Elucidation of cold plasma as a decontamination method for surfaces at the laboratory
scale (food and packaging materials) was foreseen and resulted in a commercially available
lab-scale unit for cold plasma processing.

= Creation of one unified Platform for private bodies to discuss on regular basis the impact
and potential of novel processing schemes and to provide feedback for NovelQ was
foreseen. The Industry Advisory Platform of NovelQ was set up at the start of the project
and had 89 industrial members when the project has been finalised. The following activities
were organised for the IAP: industry-oriented workshops and meetigns, special part of the
NovelQ website, newsletters, business cases featuring novel processing technologies,
decision support tool to select the most appropriate novel processing technology, etc. At
the start of the project 12 regional meetings were promised. Over 20 public workshops
were held in different regions in Europe. The workshops were organised alongside large
international events to attract a large group or as stand-alone workshops for a specific
audience.
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= Creation of a strategic novel technology knowledge chain that links basic science to its
implementation, including training sessions. To stimulate interaction between young
scientists within and outside the NovelQ consortium, and to stimulate them to
communicate their results, the TCD Network was established following the NovelQ kick-
meeting in 2006. This network turned out to be very successful with over 40 members. TCD
activities included a TCD section at the NovelQ website, newsletters,
workshops/conferences, and scientific and soft-skill trainings. In September 2010, a very
successful, large PhD conference was organised at TU Berlin at which PhD students from
NovelQ and other EU projects presented their project results. The TCD Network was
recognised by the EC as an important tool within the European projects and resulted in a
specific FP6 call for projects on this topic.

It should also be mentioned that NovelQ contributed to a new activity on pulsed electric field
for safe water. The aim was to make safe drinking water - via a small, robust PEF unit -
available for third countries, in particular for disastrous areas. A safe-water workshop on this
topic was organised and a small prototype of a PEF unit for safe drinking water was
constructed.

In conclusion, the NovelQ project team was able to show incremental innovations with an
active industrial involvement. Even though the direct financial contributions of companies in
the project was limited, as compared to the ones from research institutes, the indirect
spending by companies such as OMVE and NC Hyperbaric has been substantial and leading to
new prototypes.

It should be emphasised that especially the SMEs has been actively involved. The 10C SME
approach, described in the NovelQ Special of New Food in more detail, is recommended to be
used in other EU projects:

= Combined basic science and applied research

= Construction of an Industry Advisory Platform

= Cross-sector involvement of SME

= Combined workshop with more EU projects

=  Communication with SME

= Competitive call for SME to join projects (with low bureaucratic burdens)

=  Compact proof of principles for SME

= Company visits to SME

= Continuity of SME in a dynamic, open, platform

= Co-ordinated feedback to the EC on new topics relevant for SME

1.6 References

Project website: www.novelg.org
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2  Description of main results

2.1 Mechanisms and kinetics of impact of NP on food safety and quality: description of
main results of SP1

2.1.1 Introduction to SP1 incl. main objectives, contractors involved

Situating the SP

Within the field of novel processing and preservation technologies, high pressure processing
and pulsed electric field processing are key technologies which are in an advanced state of
maturity (both in terms of their food science basis and their technology development) and
have recently been introduced or are likely to be introduced in the near future at an industrial
scale. On the other hand, the food science basis of cold plasma treatments, to a large degree,
remains to be developed.

This Sub-project has concentrated on the strategic basic (food) research that is required to
demonstrate, at industrial level, the introduction of novel technologies. On a long-term basis,
a strong multi-disciplinary scientific and technological basis must guarantee successful
implementation of new technologies in Europe to provide safe, nutritious and high quality
foods through environmentally friendly production methods. Building on the available
knowledge base, this SP focussed on missing links that could jeopardise the European food
industry against other competing economic communities, such as the United States and Japan.

Focus points were:

Food safety aspects requiring further documentation and understanding. These safety aspects
included microbial and chemical targets (spore inactivation, pathogens — vegetative cells,
inactivation of existing allergens, chemical compounds with negative health effects).

Food quality (functionality) aspects including nutritional/health-related targets as well as
sensory aspects such as texture, colour and flavour - with a particular focus on freshness.

The key targets were 1) mechanistic insight, 2) understanding of kinetics and 3) translation of
kinetic data and models into a toolbox (consisting of mathematical models and indicator
systems allowing performance evaluation of processes and products. These key targets
provided a unique basis for identifying, evaluating and optimising processes in demonstration
activities (performed in SP4).

This Sub-project focused on plant based foods (solids and liquids) and used carrots, tomatoes,
strawberry, apple and broccoli as raw materials (fresh and processed foods) as study
vehicles; these have been selected because they integrate (i) food safety issues (both
microbiological and processing related chemical safety), (ii) food structure issues, (iii) colour
and flavour-related aspects, (iv) health-related compounds, and (v) allergens. In addition, they
afford study of low acid- and acid foods (allowing study of processing intensities targeting
pasteurisation and sterilisation) and, crucially, they are economically important in European
fruit and vegetable chains.
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From the processing standpoint, SP1 examined processing variables such as time, temperature,
pressure, electric field strength, pulse frequency, total energy input. Understanding the
mechanistic and kinetic effects of such variables provided a necessary basis for demonstrating
high pressure/thermal processing and high electric field pulse treatment. The intensity of the
processing conditions were chosen such that different unit operations based on novel
technologies were considered such as pre-processing, intermediate and final
processing/preservation steps along the food chain from raw materials to final consumption.

These strategic choices were motivated directly by the state of the art in the field at the
beginning of the project, as largely described in a set of review papers (Delgado et al. 2008,
Gerlach, et al. 2008, Oey et al. (2008a) Oey et al. (2008b), Sila, et al. (2008), Van der Plancken
et al. (2008), Wilson et al. (2008)) and by the key objective of demonstration in this IP.

Research objectives

Considering the state of the art in this field, the key unresolved scientific questions to be
answered in this Sub-project on the effect of new processing technologies on food safety and
quality were:

Microbial safety (WP1):

=  What are the target bacterial spores, in particular pathogens, in relation to high pressure
sterilisation (HP/T)? What are the inactivation kinetics of the key targets and what are the
mechanisms of action? How does the food matrix influence these phenomena?

= What are the target pathogens in relation to pulsed electric field pasteurisation? What are
the inactivation kinetics of the key targets? What is the influence of the food matrix?

= Can cold plasma be used to decontaminate food surfaces? What are the target bacteria?
What are the kinetics and mechanisms involved?

Chemical safety (WP2):

= Can high pressure/thermal or pulsed electric field processing change the allergenicity of
existing allergens in plant based foods? What are the mechanisms and kinetics of these
processes? What is the effect of the food matrix?

= Does high pressure/thermal processing or pulsed electric field processing evoke chemical
reactions affecting product safety/quality? What are the mechanisms and kinetics of these
processes? What is the effect of the food matrix?

Food quality aspects, freshness character (WP3 and WP4):

= How can texture, firmness, consistency and viscosity aspects of plant-based food products
be optimised (maintained or improved) during high pressure thermal treatments? Is there
a role of exogenous enzymes to maintain or improve texture of delicate plant structures?
What are the kinetics and mechanisms involved?

=  What is the effect of high pressure thermal processing or pulsed electric field processing on
health related compounds, freshness related flavour compounds and colour aspects of
plant based foods?

= What are the kinetics and mechanisms involved?
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Considering the scientific and technical state of the art, and the kinetics on microbiological
food safety, chemical food safety and food quality aspects to be obtained in this IP, process
impact evaluation tools developed in this sub-project (WP5) were:

Tools, available as software and sensors (indicator systems), that allow determination of
process impact in phases of design, validation and optimisation including analysis of process
uniformity for high pressure thermal processes.

Tools, available as software and sensors (indicator systems), that allow determination of
process impact in phases of design, validation and optimisation including analysis of process
uniformity for pulsed electric field processing.

Expected impact

By successfully addressing these objectives the following needed to be achieved (as compared
to the state of the art at the beginning of the project):

To understand and quantify the effects of high pressure thermal processing on all quality and
safety aspects of foods in the context of processing intensities covering pasteurisation and
sterilisation levels.

To understand and quantify the effects of pulsed electric field processing on all safety
(pathogens) and quality aspects in the context of processing intensities covering pasteurisation
levels.

To explore, understand and quantify the effects of cold plasma on microbial food safety
aspects.

To develop the first sensors and models for design, validation and optimisation of novel
processing technologies based on high pressure thermal and pulsed electric field processing.

Contractors involved

SP1 consisted of a highly interdisciplinary research team, all key experts in the areas of novel
food processing, food microbiology, analytical biochemistry, nutrition, food allergens or
process modelling.

# |Partner Expertise Involvement in SP1

1 |A&F Novel processing technologies: HP, WP1 Spore inactivation by HPHT processing
cold plasma, PEF, Cold gas plasma decontamination (kinetics)
Equipment design, process research,
microbiology, quality, consumer
attitude

2 |TuB Basic research related to WP2 Provision of PEF processed samples for LIFE UC
Processing effects on cellular levels of and IFR
plants and microorganisms Data analysis
Production of plant and microbial WP4 | Generation of health related compounds by mild
metabolites PEF and HP processing
Stress responses of plants and micro- Kinetic modeling
organisms WP5 Model development for PEF processing
Process development in the area of Development of indicator systems for PEF
PEF, HP, ultrasound and thermal processing
processing

3 KULeuven |Effect of conventional and novel SP1 coordinator
processing technologies on food WP2 Provision of HP(HT) processed samples for LIFE
properties of technological, UCand IFR
organoleptic or nutritional importance Data analysis
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Partner Expertise Involvement in SP1
related to (bio)chemical and chemical |WP3 | WP leader
changes. Mechanism and kinetics of textural changes
Mechanistic and kinetic approach under HP(HT) processing
Process design, evaluation, WP4 | Effect of HP(HT) processing on anthocyanins
optimisation Effect of HP(HT) processing on glucosinolate-
Sensors for process impact evaluation myrosinase system
Kinetic modeling
WP5 Development of indicator systems for HP(HT)
processing
IFR Food structure WP1 |WP leader
Microbiology Mechanism of HPHT spore inactivation
Allergens Mechanism of PEF microbial inactivation
Cold gas plasma decontamination
WP2 | WP leader
Allergen inactivation by PEF and HP(HT)
processing
WP3 Cellular disruption by processing
Development of probes
udL Effect of PEF processing on food WP4 | WP leader
quality related enzymes and food Effect of PEF processing on food colour
quality aspects component availability and stability
Effect of PEF processing on food flavour
component availability and stability
VTT Effect of HP processing on food WP4 | Effect of HP(HT) processing on food colour
texture and health and flavour component availability and stability
compounds Effect of HP(HT) processing on food flavour
Enzymatic applications for industrial component availability and stability
processes
LIFE UC Analytical biochemistry WP2 | Analytical-biochemical evaluation of chemical
Development of qualitative and reactions with negative health implications
guantitative methods of analysis related to PEF and HP(HT) processing
WP4 | Analytical-biochemical evaluation of generation
and retention of flavours, colours and health
compounds related to PEF and HP(HT)
processing
UNIZAR Effect of novel and conventional WP1 Microbial inactivation by PEF processing (kinetics
preservation technologies on and mechanistic aspects)
microbiology ( microbial resistance,
sublethal injury, kinetic modelling, ...)
FAU Theoretical and experimental fluid WP5 | WP leader

mechanics

CFD modelling

High pressure in situ measurement
techniques

Energy balances

Model development for HP(HT) processing
Model development for PEF processing
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2.1.2 Working approach

The central approach in SP1 was the integration of all key safety and quality aspects from both
a mechanistic and kinetic point of view (Figure 2.1.1). Research was conducted following a five-
level approach, considering (i) microbial inactivation (WP1), (ii) allergen inactivation (WP2), (iii)
chemical safety (WP2), (iv) improved food structure (WP3) and (v) improved colour, flavour
and health functionality (WP4).

SP1 followed a five-step research innovation approach, consisting of (i) identification of
processing conditions and food matrix, (ii) detailed kinetic studies based on a common
methodological approach, (iii) development of predictive models, (iv) mechanistic
understanding of the phenomena observed (WP1-4) and (v) compilation of all information
obtained in integrated models and specific sensors (WP5). As a consequence, common and
specific windows of processing conditions and food matrices were defined, allowing not only
maximal interaction between the work packages, but also comparison of (novel) unit
operations on a quantitative basis and from a viewpoint of true equivalence.

1. Identify
andscreen
targets

Microbial
inactivation

5.Integrated 2. Kinetic
modelsand methodology
o Colour,
indicators and data
flavourand Allergen

health Kinetics inactivation

functionality -
echanisms

HP/T
PEF

Food Chemical
structure safety

4. . .
Mechanistic 3. Predictive
modelling

aspects

Figure 2.1.1 Five-level, five-step innovation research approach.
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2.1.3 Main results achieved

References mentioned in bold result from SP1 research and are listed separately bellow,
together with all other SP1 papers. References from outside the project (not in bold) are
mentioned to contextualise the NovelQ results.

High pressure (high temperature) processing

Microbial safety

While in earlier research spore inactivation with high pressure was attempted by using a
cycle approach involving spore germination at relative low pressures followed by
inactivation of the germinated spores at elevated pressure, in recent years, the interest of
researchers has focussed on a combination of high pressure and temperature. Nevertheless,
insight in the mechanisms of HP/HT spore inactivation is far from complete (Wilson et al.,
2008).

In SP1, C. sporogenes strain NCIMB 8053 (=PA3679) was used as the model organism in a
detailed kinetics study. The methodology of choice to enumerate the surviving spores was
that of the most probable number (MPN) because of its very low detection level (factor 10-
100 lower as compared to conventional plate counting methods), the possibility to detect
spores which are not completely killed but only reversibly inactivated and sometimes
capable to grow out only months after treatment and the low risk of post-treatment
contamination of the spore samples. The aim of the study was to distinguish the pure
pressure effect from the thermal effect of HPHT induced spore inactivation. Little difference
in spore inactivation was observed between thermal inactivation at 121°C and the
combined thermal/pressure inactivation at 121 °C and 600 MPa. At pressures above 600
MPa, inactivation occurred faster for the combined pressure/thermal inactivation. However,
from the matrix of conditions tested, Z1,1-c (pressure increase required to obtained 10-fold
faster inactivation at 121°C) was determined to be 267 MPa. This pressure increase above
600 MPa cannot be reached as the current constraint for industrial scale processes is that a
maximal pressure of 800 MPa is feasible.

Conclusion:

Therefore, the data suggest that possibilities to enhance inactivation rates by increasing the
pressure for an industrial scale process are limited. Nevertheless, because of the strong
effect of pressure on heating and cooling rates, UHT-like processes can be designed for
packed foods, which will positively affect the overall quality of the product.

Chemical safety

Thermal processing of carbohydrate-rich foods, such as potato and cereal products can lead
to the formation of the potential human carcinogen acrylamide, predominantly through the
Maillard reaction between the amino acid asparagine and a reducing sugar. The Maillard
reaction is also responsible for the formation of desired as well as undesired colour and
flavour compounds and is therefore considered one of the most important chemical
reactions in determining the quality of heated foods.
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Limited information is available on acrylamide formation during HP/HT processing. Within
SP1 (De Vleeschouwer et al., 2010), the impact of HP/HT-conditions (100-115 °C, 400-700
MPa, 0-60 min) on the different stages of the Maillard reaction was elucidated in equimolar
asparagine-glucose model systems, measuring the concentration of acrylamide, reactants,
hydroxymethylfurfural, organic acids, and melanoidins, as well as pH before and after
treatment. The retarding effect of high pressure on the overall Maillard reaction was
demonstrated (Figure 2.1.2), although the rate at which acrylamide was formed strongly
depended on the buffer system used and the temperature and pressure dependence of its
pK,. Based on the results obtained in model systems, it could be demonstrated that maximal
acrylamide concentrations generated (~1700 ppb) during a 60 min HP/HT-treatment at 115
°C and 600 MPa are considerably lower than during a conventional heat treatment (~6500
ppb). Moreover, the time frame that is relevant for high pressure sterilisation applications is
much shorter (3-5 min holding time at 121 °C) than the frame selected in the study for
kinetic purposes.

1000 -

900 1 ——0.1MPa

800 7, s00mpa

700 -
Tﬁ_ 600 - —*600MPa
£ 500 700MPa
S 400 -

300

200 |

100 |

0 20 40 60

] time (min)

A. Brown colour of equimolar 0.1M aspargine- B. Acrylamide concentration in equimolar 0.1M
glucose mixture (16% water content, MES buffer aspargine-glucose mixture (80% water content,
pH 6.0) after pressure treatment at 110°C and phosphate buffer pH 0.6) after treatment at
500 or 700 MPa 110°C and atmospheric or elevated pressure.

Figure 2.1.2 High pressure processing at elevated temperature, not only retards browning (A), but also
acrylamide formation (B).

In addition, methods to analyse effects of HP processing were developed in SP1. Analytical
fingerprinting was based on chemometric analysis of electropherograms from capillary
electrophoresis of LMW containing raw extracts of the various processed and non-
processed plant materials. Principal component analysis (PCA) was performed to see
whether specific degradation patterns could correlate to the processing parameters. PCA
analyses of data on all water-soluble LMW compounds detected by MECC from HP/HT
processing of carrots lead to an unidentified marker for HP processing in combination with
high temperature (unpublished results).
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Conclusion:

Based on these considerations and the fact that only high water content products are
relevant for high pressure processing applications, it was concluded that acrylamide
formation is not expected to pose a major hazard to this type of products.

The major results obtained in SP1 with regard to high pressure/high temperature processing
and chemical safety are reviewed in Van der Plancken et al. (2011).

Allergens

Allergens pose another safety risk for susceptible consumers. It is known that the secondary
and tertiary structure of food allergens is crucial to their allergenic potential. Processing
techniques affecting this structure, like HP treatment, can thereby possibly reduce the
allergenicity of foods. Several studies have been performed on the effect of HP at ambient
to moderate temperature on different food allergens. In SP1, the effects of temperature
and/or high pressure (150-800 MPa) treatments were studied on three selected, purified
plant allergens: Ara h 2,6 (peanut 2S albumins) and the predominant apple allergens, Mal d
1 and Mal d 3.

High pressure treatment had little effect on the structure of the ‘prolamin-fold” proteins Ara
h 2 and 6 from peanut at either room temperature or at 80°C, as shown by FTIR-
spectroscopy. In the case of apple Mal d 3, changes in secondary structure due to pressure
processing at 80°C were observed and attributed to the temperature, rather than the
pressure. These changes were also reflected in the antibody recognition of Mal d 3. The
heterologously expressed Mal d 1 showed small changes in secondary structure following
high pressure treatment at 20°C with rather more alteration at 80°C. The secondary
structure of Mal d 1, whilst less stable, was able to refold after heat treatment and showed
no consistent changes after treatment. The changes that were observed were attributed to
changes in aggregation state and thus concentration. However, these observations may not
be representative of what happens when the allergens are heated in the fruit, where the
chemical environment of the proteins is very different (Johnson et al., 2010).

Therefore, Husband et al. (2010) studied the impact of thermal and high pressure processing
on the immunoreactivity of the two main allergens in apple (Mal d1 and Mal d 3), as well as
the Bet v 1 homologue Api g 1 in celeriac. The results showed that Mal d 1 was subject to
chemical modification as soon as the apple tissue was disrupted although it was remarkably
resistant to both thermal (10 min at 115°C) and HP/HT (10 min at 115°C and 700 MPa)
processing. This is in contrast to the Bet v 1 homolog from celeriac, Api g 1 that was
susceptible to thermal processing at either pressure. The other major allergen in apple, Mal
d 3 was found to be resistant to chemical modification and thermal processing in apple,
which is in contrast to its behaviour in solution. This study also showed that pectin
protected Mal d 3 from thermal denaturation in solution and is one possible candidate for
the protective effect of the fruit matrix towards heat susceptibility. The combination of
pressure and temperature significantly reduced its immunoreactivity. The conclusion to be
drawn from these results is that HP/HT processing is an effective method to reduce the
allergenicity of both apple and celeriac but for allergen-specific differing reasons. Mal d 1
will have its allergenic potential reduced by disruption of the apple cell structure either prior
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to or during the processing. The celeriac allergen Api g 1 will have its immunoreactivity
reduced by thermal processing at ambient or elevated pressure, while the apple allergen
Mal d 3 requires HP/HT processing.

Conclusion:

In conclusion, HP/HT processing makes apple safer to eat with respect to allergens as the
Mal d 3 is modified by the process and the Mal d1 allergen is modified by the disruption of
the tissue. It is difficult to draw a general conclusion on the effect of HP/HT processing, as
there is clearly an effect of the matrix on allergen inactivation and the mechanism seems to
differ between allergens.

The major results obtained in SP1 with regard to high pressure/high temperature processing
and food allergens are reviewed in Van der Plancken et al. (2011).

Textural functionality

In edible fruits and vegetables, texture is mainly determined by the structure of their
parenchyma cells which are weak and non-specialised. The structural integrity of the
primary cell wall and middle lamella, in addition to the turgor pressure generated within the
cells due to osmosis, determine the texture of such tissues. Loss of this structural integrity,
for instance during processing, can mainly be attributed to depolymerisation of cell wall
pectic polysaccharides, leading to weakened cell adhesion. During processing, pectin,
particularly abundant in the middle lamella, is susceptible to both chemical and biochemical
conversions that can either be beneficial (demethoxylation) or detrimental
(depolymerisation) to the texture of the fruit or vegetable.

While the effect of high pressure processing on texture at ambient pressure has been
studied extensively, the number of investigations on the effect of HP/HT processing on
texture is limited. In SP1, carrots were selected as a case-study as they have high pectin
content and their textural changes largely depend on pectin modifications.

In an exploratory study on the effect of processing on texture of carrots, De Roeck et al.
(2008) observed that although both heated (at 80 or 100°C) and HP/HT processed (at 80°C
and 600 MPa) carrots showed an initial texture loss attributed to loss of turgor pressure,
HP/HT treated carrots, unlike HT treated, did not undergo further softening as the process
continued. Two possible explanations were suggested for the improved retention of
hardness under pressure: (i) inhibition of the beta-eliminative depolymerisation, either
directly by pressure or indirectly by the observed extensive demethoxylation and (ii)
formation of fortifying networks of the low methoxylated pectin with endogenous Ca’" ions.
It was confirmed in pectin model systems that beta-eliminative depolymerisation occurred
at a lower rate and demethoxylation at a higher rate during HP/HT processing (90°C, 500-
700 MPa), in comparison to during heating at ambient pressure (De Roeck et al., 2009). The
retarding effect of pressure at elevated temperature on the texture of carrots was also
demonstrated in a kinetic study (De Roeck et al., 2010). Both for thermal and HP/HT
processing, the changes in texture after processing could be described by a fractional
conversion model. Although the residual level of hardness at long treatment times did not
differ between treatments, the rate constants were significantly higher for heat treatment
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at ambient pressure. Extensive pectin demethoxylation during the HP/HT pre-process
(heating to the initial temperature at ambient pressure and pressure build-up phase) could
be responsible for a retarded beta-elimination, which is considered to be the main cause of
thermal softening of carrots. The formerly established pre-treatment strategy of lowering
the DM and adding exogenous Ca2+ for texture improvement of thermally processed fruits
and vegetables, was also successful in case of HP/HT processing. However, an almost
identical outcome was obtained by HP/HT treating the carrots directly in a calcium chloride
solution without applying a pre-treatment. Given the strong demethoxylation, the HP/HT
dynamic build-up phase can be regarded as an implicit HP pre-treatment. Obviously,
excluding a separate pre-treatment step will lead to time savings and a lower cost.

Furfaro et al. (2009b; 2009a) showed using two-dimensional NMR cross-correlation
relaxometry in combination with optical microscopy that rapid pressurisation to 600 MPa
immediately following a pre-cooking step at 60°C (20 min) results in intact cell wall structure
of both carrot phloem and xylem without evidence for cell wall separation or extracellular
pectin-filled domains, while compartmentalised gelatinisation does occur. This study also
revealed that carrot phloem is richer in pectin that can be thermally or high pressure
gelatinised than xylem, so that texture is more affected by processing in the former. This
also suggests that in processed tissues, the texture is predominantly determined by cell wall
strength and degree of biopolymer cross-linking rather than by turgor pressure.

Finally, De Roeck et al. (2010) showed that for processing conditions leading to the same
microbial impact, both for pasteurisation and sterilisation purposes, high pressure processes
were the better option in retaining carrot hardness. In the case of HP pasteurisation, only
limited texture loss was observed as processing temperatures were not high enough to
support beta-eliminative pectin degradation. Both thermal and HP sterilisation processes
were accompanied by significant hardness loss, although less pronounced in case of HP
sterilisation. The latter could be attributed to two effects: (i) faster heating and cooling rates
corresponding to shorter treatment times and (ii) enhanced pectin demethoxylation during
combined HP/HT processing resulting in low methoxylated pectin which is less susceptible
to beta-eliminative depolymerisation and can form fortifying networks with Ca2+ present.
This pronounced loss of texture was reflected in carrot microstructure where extensive cell
separation and polymer solubilisation was observed. During consecutive storage of the
treated carrots, the hardness did not change within 9 days (Figure 2.1.3).
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Figure 2.1.3: Carrot relatve hardness and microstructure after equivalent HT and HP sterilisation
The clear effect of HP/HT processing on the texture and structure will not only affect the
consumer’s appreciation of the food, but might also alter its nutrient bioavailability.

Conclusion:

In conclusion, HP/HT processing leads the way to new and even unexpected or different
textures and structures for products having the same microbial safety as those treated with
conventional thermal processing.

The major results obtained in SP1 with regard to high pressure/high temperature processing
and textural functionality are reviewed in Van der Plancken et al. (2011).

Colour, flavour and health functionality

Generation of health-related compounds due to stress reactions

In SP1, the effect of mild HP treatment on the stress induction of different plant (apples)
and plant cell cultures (apple, tomato and carrot) has been investigated through external
stimulation of cell metabolic activity and subsequent production of secondary metabolites
(phenolic compounds). Plant cell and tissue cultures were used as model systems for plant
tissue in particular to acquire more information about biosynthetic pathways that were
investigated through alterations of polyphenolic content as well as related enzyme activity
(Phenylalanine ammonia-lyase (PAL)). Additionally the cell permeabilisation was examined
in order to obtain information whether the treatment resulted in a extraction process (high
cell disintegration index) or a stress response was measured. In connection with the studies
of effects on enzymes and chemical reactions processing, highly specific methods for online
determination of substrate transformation and production of products have been
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developed based on MECC. This has been the case for the enzyme systems PAL, PPO, POD
and myrosinase.

A wide range of treatment intensities has been performed to achieve a response from
plants or cell cultures. Not every treatment caused specific changes in plant tissue that
could have been characterised as a stress response. Apples treated with 50MPa for 20s
showed a significant increase in phenolics right after treatment as well as after a stress
reaction time of 24h, whether longer treatment times and/or higher pressures resulted in a
sharp decrease within 48h. For the treatment of plant cell culture (e.g. apple) even lower
pressure and treatment times were needed. A positive stress reaction (eustress) was
observed after a treatment for 30s at 25MPa. This reaction was approved by corresponding
enzyme activity as well as a negligible cell permeabilisation grade.

A biological tissue of other treated plants and cell cultures used within this project
underwent similar specific changes in metabolic activity, after different treatment
intensities and/or stress reaction time, indicating that changes were product and treatment
specific. It is most likely that mechanisms for phenolic production were triggered by HP
treatment and our results confirmed that changes in phenolic content after certain
treatment condition, stress reaction time, or storage condition were related to changes of
PAL activity (unpublished results).

Food colour and flavour stability

High pressure processing enhances reactions that are associated with a volume decrease. As
the change in volume upon breaking of covalent bonds is small, its effect on low-molecular
mass compounds such as vitamins and flavour compounds is expected to be limited. This is
corroborated by many studies, as reviewed by Oey et al. (2008b). Nevertheless, loss of
nutritional value during consecutive storage occur, for instance due to limited enzyme
inactivation by high pressure. In HP/HT processing, the additional process parameter
temperature can nonetheless be responsible for loss of nutrients, as shown by a limited
number of studies prior to the NovelQ project (Taoukis et al., 1998; Kim et al., 2001; Oey, et
al., 2006). Flavour is the sensory impression of a food that is determined mainly by taste and
smell. Even small changes in the flavour-active components can alter the overall flavour of
the fruit or vegetable to a large extent. High-pressure as such is considered to have a limited
effect on low-molecular-weight flavour compounds, but as on health-related compounds,
high-pressure processing may result in undesired changes in the overall flavour of plant-
based foods for example during storage if enzyme inactivation has been incomplete.
Although several studies have been performed describing the limited change in flavour
immediately after high pressure treatment of fruit and vegetable products, as reviewed by
Oey et al. (2008a), in only one was the additional effect of temperature considered
(Krebbers et al., 2002).

In SP1, next to flavour compounds, health related compounds with an additional colour
(carotenoids and anthocyanins) or flavour functionality (glucosinolates) were studied.
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Dietary carotenoids play a role in reducing the risk of various diseases, including certain
cancers, cardiovascular disease and eye diseases. The review paper by Oey et al. (2008b)
already indicated that studies on carotenoid stability towards pressure are limited to
ambient temperatures. These showed that carotenoids are relatively pressure stable and
that extraction yields can be improved. In the NovelQ project, the processing window under
investigation was expanded to HP/HT processing. Carrots are a major source of a-carotene,
[3-carotene and lutein. No major losses in a-carotene or B-carotene occurred when carrot
puree was heat-treated at atmospheric pressure (0.1 MPa) at 40-74°C or high pressure-
treated at 800 MPa and 40-74°C. Lutein was slightly more sensitive to high-pressure
processing than a- or B-carotene. Also in tomato puree, a major source of lycopene, no
losses of this carotenoid were observed after a pressure treatment of 30 min at 800 MPa
and 55°C.

It is generally accepted that vegetables of the Brassicaceae family have a health promoting
effect, mainly due to the presence of high concentrations of glucosinolates. Although the
latter by themselves are biologically inactive their hydrolysis products show anti-
carcinogenic potential. In intact tissue, myrosinase and glucosinolates are separated,
necessitating cell disruption (for instance by processing) for the active hydrolysis products to
be formed. However, the thermolabile enzyme is often already inactivated before the
health related compounds are formed. On the other hand, strong hydrolysis is associated
with bitter taste, calling for a good control of the myrosinase activity. Furthermore, any
health related compound formed, such as isothiocyanates, needs to be stable during the
process as well. The stability of both myrosinase and isothiocyanates under high pressure
was poorly described prior to the NovelQ project.

In a series of papers, Van Eylen and co-workers (2007; 2008a; 2008b; 2009) investigated on
a kinetic basis how the different aspects of the glucosinolate-myrosinase system could be
affected through targeted HP processing (100- 600 MPa) at mild temperatures (20-50°C) to
obtain optimal formation and stability of the health related glucosinolate hydrolysis
products. Myrosinase activity and inactivation, cell leakage and glucosinolate conversion
reaction products were assessed. Preliminary experiments indicated that high pressure
processing at high temperatures was not relevant for optimal functionality of this system.
The integrated effect of HP processing at mild temperatures on the glucosinolate-
myrosinase system clearly illustrated that by proper selection of processing conditions
specific hydrolysis products, with potentially higher health beneficial effects can be obtained
in pressure processed broccoli.

In addition to being responsible for the red colour of strawberries, anthocyanins are
important due to their role as bioactive antioxidants. These compounds are relatively stable
during HP processing at moderate temperature, although this treatment can not prevent
their enzymatic degradation during storage because of insufficient inactivation of the
endogenous enzymes.

Verbeyst et al. (2010) compared the degradation kinetics of the major anthocyanin in
strawberry paste (pelargonidin-3-glucoside) during HP/HT treatments (80-130°C and a
pressure range of 200-700 MPa) to similar temperature conditions at ambient pressure. For
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all processes, the degradation of pelargonidin-3-glucoside followed a first-order kinetic
model. A positive effect of both temperature and pressure on the degradation rate was
observed, although the effect of increasing pressure was smaller than that of increasing
temperature. Temperature dependence of the degradation rate constants was higher at
atmospheric pressure than at elevated pressures, while only a small pressure dependence
of the reaction rate constants was demonstrated. A model describing the combined
temperature—pressure dependence of the degradation rate constants was proposed as a
tool to design and optimise HPHT processes. Although pressure plays an additional role in
enhancing the degradation rate of anthocyanins, the shorter treatment times during these
processes (due to fast heating and cooling rates), might lead to a lower integrated process
impact in comparison to an equivalent thermal process.

The typical flavour of strawberries is contributed to a complex mixture of furanones, esters,
aldehydes, alcohols and sulphur compounds. Some compounds have a greater impact on
overall flavour than others due to differences in the characteristic odour thresholds of the
compounds. Previous studies (Lambert et al., 1999; Zabetakis et al., 2000) have shown that
high pressure treatment does induce some changes in the amounts of volatile compounds,
although to a lesser extent than thermal processing, and probably due to insufficient
enzyme inactivation. However, because of differences in odour thresholds, these changes
might exert only a limited effect on the actual appreciation of the overall strawberry flavour.
Furthermore, there are no known studies on the combined effect of pressure and
temperature on this quality attribute.

Combing descriptive sensory analysis, GC-olfactometry (Figure 2.1.4) and GC-MS of volatile
compounds, Lille et al. (2011) concluded that HP/HT treatment affects the overall flavour of
strawberry purée. They were able to link many of the volatile compounds to specific verbal
descriptions. Nevertheless, there were some descriptions that remained without a positively
identified volatile, probably due to differences in odour threshold and GC-MS detection
limits.
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Figure 2.1.4. GC olfactometry links volatile compounds to aroma perceived by humans

HP-processing at the most intense conditions (10 min at 800 MPa, 60 °C) resulted in a clear
increase in dried fruit- and tea-like odour and a loss in acidity. The odour of the strawberry
purée treated at 800 MPa at ambient temperature was perceived very similar to that of the
untreated purée (0.1 MPa, 20 °C).

An intense resin or dried fruit resembling odour was also detected by GC-olfactometry in
the strawberry samples treated at 60°C (at 0.1 or 800 MPa). This odorous event also
appeared in the sample treated at 800 MPa, 20°C, but at a lower intensity. The volatile
compound responsible for the dried fruit-like odour remained, however, unknown (Figure
2.1.4).

GC-MS revealed that high-pressure processing at 800 MPa (20 or 60°C), as well as heating at
60 °C at atmospheric pressure, resulted in increased concentrations of many aldehyde and
ketone compounds, which are typical lipid oxidation reaction products. Lipid oxidation is
initiated already when the strawberries are homogenised, but it appeared to be enhanced
during processing at the above mentioned conditions. Many of the aldehydes, which
showed increased concentrations due to high-pressure processing at 20°C, are known to be
responsible for green or grass-like notes. An increase in the intensity of green notes in the
high-pressure processed samples was also detected by GC-olfactometry, but not in the
sensory evaluation of overall odour. This might be due to the fact that GC-olfactometry
splits the odour to its odorous components, whereas the overall odour is perceived as its
entity in sensory assessment.

High-pressure processing at 800 MPa (20 or 60°C) did not, according to GC-MS, cause
significant losses in ester compounds, which are important compounds in fresh strawberries
since they are responsible for fruity and sweet notes in the overall flavour. By GC-
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olfactometry, however, a reduction in the intensity of fruity notes was detected as a result
of high-pressure processing (800 MPa, 20 or 60°C) or heating at 60 °C (0.1 MPa).

By GC-olfactometry, an additional metallic odour was detected in the high-pressure
processed strawberry purée (800 MPa, 20 °C and 800 MPa, 60 °C). This odour was absent in
the untreated (0.1 MPa, 20 °C) and heat-treated (0.1 MPa, 60 °C) samples. The compound(s)
responsible for the metallic odour could not be identified in the study.

In conclusion, HP/HT processing does not appear to be the ideal substitute for thermal
processing with regard to strawberry flavour.

More than 30 volatiles have been identified that probably contribute to the typical tomato
flavour. The flavour is not only directly reflected by the sum of the volatile and non-volatile
components, but also depends on their relative amounts and interactions (Buttery et al.,
1987; Buttery, 1993). The knowledge on the effect of high pressure processing on the
flavour of tomato is limited, although the concentration of hexanal, has been shown to
increase due to high pressure treatment, leading to a rancid aroma (Porretta et al., & Vicini,
1995). Lipoxygenase and hydroperoxide lyase, naturally present in many vegetables and
fruits, were held partially responsible for the increased concentration of this lipid derived
volatile compound (Oey et al., 2008a).

In SP1, Viljanen et al. (2011) observed that the effect of HP/HT processing on the amount of
volatile compounds could mainly be attributed to the heat treatment rather than to the high
pressure treatment itself. The levels of most aldehydes decreased as the temperature
increased (20°C to 60°C). Most significant decreases were observed in hexanal, E-2-hexenal
and 1-penten-3-one, which are important volatiles in fresh tomato flavour. In tomato purée
treated at 800 MPa (20°C and 60°C) for 10 min a reduction in the intensity of fresh tomato
odour was coupled with a decrease in the amounts of enal aldehydes, 1-penten-3-one, 1-
penten-3-ol, 1-pentanol and 2-pentylfuran. Simultaneously with the loss of fresh tomato
odour, an increased intensity of cooked tomato odour and tea aroma was perceived in
samples treated at 800 MPa and 60°C. On the basis of the observed changes in volatile
composition and perceived odour, the authors concluded that high-pressure processing, at
least under the conditions studied, is not suitable for preserving fresh tomato flavour.

Conclusion:

In conclusion, while high pressure processing at ambient temperature has a limited effect
on health related compounds; the additional process parameter temperature in HP/HT
processing can induce losses in some nutrients. This strongly depends on the type of
nutrient. The results obtained within the NovelQ project suggest that fat soluble nutrients
are less sensitive to HP/HT processing than water soluble, at least for the ones studied
(carotenoids versus anthocyanins). In addition, HP/HT processing for a long time has
detrimental effect on the fresh flavour of strawberries and tomatoes. However, because of
the shorter treatment times during these processes (due to fast heating and cooling rates),
integrated process impact might be lower in comparison to an equivalent thermal process.
By proper selection of processing conditions specific hydrolysis products, with potentially
higher health beneficial effects can be obtained in pressure processed broccoli.
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The major results obtained in SP1 with regard to high pressure/high temperature processing
and colour, flavour and health functionality are reviewed in Van der Plancken et al. (2011).

Modelling and impact measurement of HP(/HT) processing

One of the targets of SP1 has been the development of methods to evaluate quantitatively
the process impact and uniformity of high pressure (HP) thermal processing of foods. Such
methods serve as a basis for design, evaluation and optimisation of processes. Two
approaches for temperature uniformity mapping in HP reactors were adopted: (i)
computational thermal fluid dynamics modelling and simulation of temperature fields and
(i) use of protein-based, extrinsic, isolated pressure-temperature-time indicators for
experimental temperature uniformity mapping.

In numerical simulations, HPP uniformity can be evaluated regarding flow fields,
temperature fields and, based on experimentally determined kinetics, the resulting process
impact on food quality or safety. For that purpose, specifically adapted mathematical
balance equations based on the governing equations of thermofluiddynamics were solved
(Delgado et al., 2008; Rauh et al., 2009; Rauh & Delgado, 2008; Rauh & Delgado, 2010a3;
Rauh & Delgado, 2010b). Validation of the mathematical models and numerical simulations
has been done based on comparison with experimental measurements of temperature and
velocity fields applying measurement techniques specially developed for HP conditions
(Song et al., 2010; Song et al., 2008a; Song et al., 2008b; Song et al., 2009) and analytical
considerations (Rauh & Delgado, 2010a; Rauh & Delgado, 2010b). In SP1, a quantitative
analysis of uniformity of temperature distributions and impact of HP treatment using three-
dimensional numerical simulations taking into account several pressure generation systems
(e.g. cylinder-piston systems, injection systems) was developed (Rauh et al., 2009; Rauh &
Delgado, 2008; Rauh & Delgado, 2010a; Rauh & Delgado, 2010b).

Thermal boundary conditions and process media were varied and examined concerning
their ability to reduce temperature heterogeneities in HPP (Rauh et al., 2009). In addition,
kinetic data of several biochemical conversion reactions were used to predict the effect of
temperature heterogeneities on process impact uniformity. Different aspects of the
approach used were new, since before, contributions in literature modeled HPP either with
injection or plunger system for pressure build-up leaving aside the movement of the plunger
(Denys et al., 2000; Hartmann et al., 2004; Hartmann & Delgado, 2002a). In this context,
symmetrical flow and temperature fields throughout the whole process were assumed and
two-dimensional numerical simulations were conducted. Investigations of the flow in a
cylindrically shaped vessel with walls cooler than the liquid delivers unstable and
asymmetrical flow patterns during the pressure holding phase due to unstable thermal
layering at the top of the vessel (Baars et al., 2007; Rauh et al.,, 2009). Hence, three-
dimensional numerical simulations were required and implemented. Regarding this, the
pressure generation was considered by a free jet of pressure transmitting medium (indirect
compression) or by prescribing the movement of a plunger located at the bottom of the
vessel (direct compression). The pressure build-up and release rates resulted from these
two measures. In the simulations at the vessel walls, corresponding thermal and
fluiddynamical boundary conditions were described (e.g. heat fluxes, temperature
conditions, etc).
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Using a step-wise, kinetics-based research strategy consisting of (i) selecting and evaluation
of candidate sensors, (ii) screening of the p,T sensitivity, (iii) kinetic calibration for
isothermal conditions and (iv) validation of the kinetics under dynamic conditions, four
different protein-based, extrinsic, isolated pTTls (based on Bacillus amyloliquefaciens
amylase, Bacillus subtilis amylase or ovomucoid), spanning the pressure-temperature
domain of HP pasteurisation and sterilisation, were developed in SP1 (Grauwet et al. 2009,
2010a,b,c). At step 2 and 3, solvent engineering was used as a corrective feedback action.
Hereby, the protein solvent condition (e.g. buffer pH, buffer type, protein concentration,
addition of sugars, etc.) was purposely modified to obtain the desired indicator
characteristics and to reach three objectives: (i) the read-out windows of the protein
systems coincides with the application window; (ii) the read-out windows of all indicator
systems differs; (iii) the p,T-sensitivity of inactivation is adjusted.

The potential of these 4 systems for use in uniformity mapping was investigated at two
levels: pilot (both for pasteurisation and sterilisation conditions) and industrial scale (only
available for pasteurisation conditions) and two orientations (horizontal or vertical).
Differences in pTTl read-outs at different locations in the vessel illustrated low and high
temperature zones (Grauwet et al. 2009, 2010a,b,c). The former could be attributed to
combinations of conduction phenomena and free convection phenomena as evidenced by
CFD modelling (Grauwet, Rauh et al. 2011). The zone of lowest temperature needs to be

addressed in relation to the food safety objective (Figure 2.1.5).
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Figure 2.1.5 Use of a prototype indicator for HPHT applications: detection of zones of lowest temperature in a
pilot scale HPHT vessel.

Page 33



Il
.l"" |||'
-

* *

* *

* *

* ok
<=

&@

Conclusion:

pTTls and CTFD modelling are complementary methods for documenting HPP conditions. In
this context, CTFD modelling can be a method to compare the temperature distribution of
different equipment designs in combination with different pressure media, food packages,
isolating materials, etc. before the HP equipment is actually built. In addition, the
thermofluiddynamical characterisation of the HP vessel by CTFD modelling enables
definition of critical vessel positions that have to be checked with pTTIs to validate the
process impact. When the most uniform set-up has been selected and has been
constructed, pTTIs can be a fast and easy way to document and validate the HP process in
terms of temperature uniformity during actual processing.

Some recommendations can be made to improve the temperature uniformity: (i) selecting
components with comparable compression heat behaviour, either (ii) promotion of heat
transfer between vessel content and wall, resulting in a homogenous vessel-content
temperature or (iii) prevention or reduction of heat transfer between vessel content and
wall, to obtain uniform temperature approaching the process temperature as much as
possible, for instance by fast pressure build-up, use of isolation, control of both the vessel
content temperature and the vessel wall temperature.

The major results obtained in SP1 with regard to modelling and impact measurement are
reviewed in Grauwet, Rauh et al. (2011).

PEF processing

Microbial safety

In SP1, first the PEF resistance of five strains of Listeria monocytogenes, Staphylococcus
aureus, Escherichia coli, and Salmonella Typhimurium were investigated in order to identify
microbial targets for PEF pasteurisation. The screening study (Saldafia et al., 2009)
demonstrated that the PEF resistance of strains of a given bacteria and of strains of different
bacteria may vary greatly. As the most resistant strains at low pH are not necessarily the
most resistant at neutral pH, the target microorganisms for PEF pasteurisation could be
expected to be different for foods, depending on their pH. The most PEF-resistant strains
found in this study was taken into consideration in the kinetic studies. Saldafia et al. (2010a,
2010b) developed predictive models that described the PEF inactivation of the most
resistant strains of each microorganism selected in the screening study in the range of pH of
most foods (3.5-7.0), a wide range of electric field strengths (15-30 kV/cm), and treatment
times (0-500 us). They observed that the relationship between the Logyo of survivors and the
time for constant electric field strength and pH was not linear for the four strains
investigated. A primary model based on the Weibull distribution was used to describe the
concave upwards survival curves obtained. Secondary models were based on quadratic
equations that described the relationship between the two parameters of the Weibull
model (p and 0 values) and the three parameters investigated (E, t, pH) and permitted
comparing the PEF resistance of the four strains under a wide range of treatment
conditions. The PEF resistance of E. coli 0157:H7 at pH 5.5 was similar to that of S. aureus
4459 and Salmonella Typhimurium 878. However, E. coli 0157:H7 showed a slightly lower
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resistance than L. monocytogenes 5672 at pH 4.5 and 7.0 and a slightly higher resistance at
pH 3.5. Based on these results, strains of L. monocytogenes 5672 and E. coli 0157:H7 could
be used as target microorganisms of public health concern for design of PEF pasteurisation
processes. However, the highest level of inactivation achieved in these two strains, which
was approximately 1 Logjo cycle reduction, was too low to reach an appropriate level of
public health protection. Increasing the process temperature or combining PEF with other
preservation methods could be feasible approaches to achieve the sufficient microbial
destruction required for designing PEF pasteurisation processes.

In SP1, a static parallel-electrode treatment chamber with tempered electrodes (Figure
2.1.6) that permitted to obtain data at different temperatures under quasi-isothermal
conditions and uniform electric field strength was designed in order to obtain a better
understanding of the influence of the temperature on PEF microbial inactivation. Saldafia et
al. (2010c) showed that microbial inactivation by PEF is highly dependent on the
temperature, even when the treatments are applied at temperatures that are not lethal for
the microorganisms. Therefore, the temperature during treatment is a critical parameter
that should be considered in future studies in order to characterise microbial PEF resistance
and to obtain reliable kinetics data to design predictive models.

25mm
@ ! TREATMENT ZONE @

INSULATOR |

40.0mm

Figure 2.1.6 Scheme and picture of static parallel-electrode treatment chamber with tempered electrodes

The SP1 study on the combined effect of PEF and antimicrobials showed (Figure 2.1.7) that
the application of PEF in the presence of LAE (N%lauroyl ethylester) at moderate
temperatures has a great potential for achieving effective control of pathogenic
microorganisms. The lack of synergy between nisin and PEF to inactivate Gram-negative
bacteria makes this combination an ineffective application for pasteurising foods in which
both Gram-positive and negative microorganisms are present (Saldaia et al., 2011a, 2011).
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Figure 2.1.7. Resistance of Listeria monocytogenes and Escherichia coli 0157:H7 to PEF treatments (30 kV/cm,
100 us) applied at different temperatures in Mcllvaine buffer of pH 3.5 added with 50 ppm of LAE (N*-lauroy!
ethylester).

As commercialisation of PEF processing for liquid food pasteurisation requires the
application of continuous flow treatments, results obtained in a batch treatment need to be
validated in a continuous flow before they can be successfully implemented on a large scale.
In SP1, inactivation of the strain of E. coli 0157:H7 in apple juice was investigated using a
parallel electrode treatment chamber in which the maximum temperature was between 55
and 60°C to avoid microbial inactivation due exclusively to heat. An inactivation of 3 Logig
cycles was obtained at 25 kV/cm with a treatment time of 80 us when the initial
temperature was 209C, 48 ps when the initial temperature was 302C, and 36 us when the
initial temperature was 402C. The presence of LAE at a concentration of 50 ppm drastically
increased the efficacy of PEF treatments in flow. A reduction in the E. coli 0157:H7
population of 6 Logg cycles or higher was observed when the initial treatment temperature
was 20, 30, or 40°C.

Conclusion:

Results obtained during the Novel Q project indicate that there is a considerable variation in
the susceptibility of different strains of pathogenic microorganisms to PEF treatments. This
must be taken into consideration in studies that aim at defining a process criterion to
achieve a given performance criterion. If studies are not conducted with the most PEF-
resistant strains selected in previous screening studies, results should be validated with
different strains.

In addition, when operating at room temperature, PEF process conditions that are
commercially applicable are not sufficient to obtain substantial inactivation in the most PEF-
resistant strains of pathogenic microorganisms.

Furthermore, microbial inactivation by PEF is highly dependent on the temperature of the
treatment medium. Therefore, kinetic studies on microbial inactivation by PEF at different
temperatures are required to evaluate the real potential of this technology for food
preservation because the incremental lethality of PEF treatments at moderate temperatures
introduces the possibility of pasteurising liquid foods using short treatments at moderate
electric field strengths.
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Combining the PEF treatment at moderate temperatures with the presence of an
antimicrobial, which was effective against Gram-positive and Gram-negative pathogenic
bacteria, such as LAE at 50 ppm, would permit reducing the number of pulses and the outlet
temperature, and consequently the energy costs would be lower, but one could obtain an
even higher level of inactivation in the four strains investigated.

The major results obtained in SP1 with regard to PEF processing and microbial safety are
reviewed in Saldafia et al. (2011).

Allergens

Allergens pose another safety risk for susceptible consumers. It is known that the secondary
and tertiary structure of food allergens is crucial to their allergenic potential. Processing
techniques affecting this structure can thereby possibly reduce the allergenicity of foods.
Studies of the effect of PEF on protein structure are limited in number. It is reported to
affect protein denaturation, aggregation and structure attributed to conformational change,
although the contribution from indirect effects (e.g. associated Ohmic heating) should not
be ruled out in these studies.

In SP1, the effect of PEF processing on three selected, purified plant allergens: Ara h 2,6
(peanut 2S albumins) and the predominant apple allergens, Mal d 1 and Mal d 3 was studied
(Johnson et al., 2010). PEF treatment did not significantly affect the secondary structure of
any of the plant allergens in this study. However, the scarcity of studies on the effects of PEF
on protein structure in general means that it is difficult to predict whether other allergens
may be affected under similar processing conditions. It is, however, difficult to imagine a
mechanism by which PEF treatment could directly influence the structure of allergenic
proteins. It is more probable that highly localised thermal fluctuations in the treatment cell
are responsible for the minor observed structural changes.

Further investigations were performed to see whether juice extraction after PEF treatment
of apple pulp yielded a higher allergen (Mal d3) content. It was found that Mal d3 was
associated with the cellular material i.e. the pulp and pomace. PEF treatment of apple mash
induces higher protein content in the juice; depending on the variety (ldared, Piros, Elstar,
Roter Gravensteiner, Royal Gala and Jonagold), this also resulted in a higher ratio of Mal d3.
There was little or no correlation between either the processing conditions and the amount
of protein released, or between the amount of protein released into the juice and the
amount of Mal d 3 found in the juice. Neither was there a correlation between the hardness
of the apple on the one hand and the amount of protein or Mal d 3 released into the juice
(unpublished results).

Conclusion:

Pulsed electric field treatment does not induce any significant changes in the structure of
any of the allergens studied, nor does it clearly increase the allergen content following
extraction of apple juice.
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Chemical safety

Chemical reactions in the processed fruits and vegetables occur in the native matrix systems
at room temperature and atmospheric pressure, when enzymes and their substrates come
into contact in appropriate reaction media. The biomolecules-LMW-components and their
enzymes are physically separated by membranes in the undamaged tissues. However, at
some processing conditions, enzymes and their substrates are mixed, and this give basis for
initiation of autolysis processes i.e. degradation or transformation of the native components
in non-enzymatic or enzyme catalysed reactions.

PEF processes operate at relatively low temperatures, but still at conditions where
unwanted chemical reactions can occur. The potential chemical reactions resulting from PEF
processing depend on the type of components in the matrix systems, and for the
allelochemicals their occurrence are chemotaxonomic defined. This mean that the
components and their chemical reactions are different for the different plants and plant
families considered.

Methods to analyse effects of PEF processing were developed in SP1. Analytical
fingerprinting was based on chemometric analysis of electropherograms from capillary
electrophoresis of LMW containing raw extracts of the various processed and non-
processed plant materials. Principal component analysis (PCA) was performed to see
whether specific degradation patterns could correlate to the processing parameters. For PEF
treated carrot samples no specific processing related (electrical field strength, pulses,
temperature) variations were observed, only variations due to matrix (unpublished results).

Conclusion:
Under the conditions of the study (food matrix, processing conditions, compounds studied),
PEF processing does not seem to result in water soluble compounds that are typical for the
treatment.

Colour, flavour and health functionality

Generation of health-related compounds due to stress reactions

In SP1, the effect of mild PEF treatment on the stress induction (as evidenced by lycopene,
amino acid and polyphenolic content as well as related enzyme activity (peroxidase,
polyphenol oxidase, phenylalanine ammonia-lyase)) of different plants (apples, grapes,
tomatoes and carrots) and plant cell cultures (apple, grape, tomato and carrot) has been
investigated. In connection with the studies of effects on enzymes and chemical reactions
processing, highly specific methods for online determination of substrate transformation
and production of products have been developed based on MECC. This has been the case
for the enzyme systems PAL, PPO, POD and myrosinase.

A wide range of treatment intensities has been performed to achieve a response from
plants or cell cultures. When PEF treatment of 300 V/cm was applied, no changes in
polyphenolic content could have been observed. When increasing treatment intensity to
1600 V/cm, phenolic content of PEF treated tomato cell culture observed immediately after
treatment (referred as 0 h stress reaction time) was much lower than in referent sample.
Consequently, polyphenolic content measured in cell media increased, suggesting
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permanent permeabilisation of the cell membrane, and release of phenolic substances out
of the cells. After 3, 6, 24 and 48 hours stress reaction time, decline of phenolic substances
was observed in PEF treated cells, whereas corresponding increase was observed in cell
growth/treatment media. PAL activity was suppressed as well after such a treatment,
indicating cell damage and inability to perform vital functions.

Biological tissue of other treated plants and cell cultures used within this project underwent
similar specific changes in metabolic activity, after different treatment intensities and/or
stress reaction time, indicating that changes were product and treatment specific. It is most
likely that mechanisms for phenolic production were triggered by PEF treatment and the
SP1 results confirmed that changes in phenolic content after certain treatment condition,
stress reaction time or storage condition were related to changes of PAL activity
(unpublished results).

Food colour and flavour stability

Other work conducted in SP1 has aimed at evaluating the effect of PEF treatments on the
concentration and stability of different health-related phytochemicals, as well as on flavour
compounds of treated fruit and vegetable juices. Also the effect of the treatments on
enzymes having an incidence on these compounds has been assessed. At the same time,
PEF applications have been compared with heat-processing to offer a comparison with
conventionally used treatments.

Higher retention of health-related compounds having an impact on colour of fruit juices was
generally observed for PEF-treated products. The stability of these compounds through
storage is dependent for each case on the residual amounts of enzymes involved in their
degradation.

Carotenoids: SP1 studies on tomato (Odriozola-Serrano et al., 2007, 2008ab, 2009a) and
carrot juice (Quitdo-Teixeira et al., 2008, 2009), have demonstrated that PEF processing can
better maintain the initial content in carotenoids than thermal processing, or even cause
significant increases in tomato and carrot juices, ranging from 1.0% to 46.2% in the case of
PEF-treated tomato juice. A look into individual carotenoids seems to point that the
observed increase in lycopene could be, at least partially, a consequence of the conversion
of some carotenoids acting as precursors of this compound. On the other hand, an increase
in the availability of the carotenoids could be caused in comparison to an equivalent
thermal treatment. No substantial losses in carotenoids were observed through storage of
PEF samples, thus leading to a better colour preservation (Aguilé-Aguayo et al., 2009a). PEF-
processing succeeded in inactivating almost completely peroxidase in tomato juice samples,
whereas lipoxygenase was only slightly inactivated (20%) (Aguil6-Aguayo et al., 20083,
2008b, 2009b). As shown in Figure 2.1.8, enzymatic activities in PEF-treated juices greatly
differed upon enzymes.
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Figure 2.1.8. Residual activities of some of the main quality-deleterious enzymes during storage of a HIPEF-
pasteurised tomato juice.

Phenolic compounds: Changes in anthocyanins content were minimal in PEF-treated
strawberry juices. Results achieved within the project (Odriozola-Serrano et al., 2008c,d,
2009b,) suggest that anthocyanin retention inversely depends on treatment intensity.
However, some inconsistent results have been found, because not all anthocyanins appear
to respond equally to the effect of various degrading agents. Treatments of high-intensity
have been found to induce the conversion of proanthocyanins into anthocyanins. The
concentration of anthocyanins after a PEF pasteurising treatment was found to be 38.1
mg/100 mL, which is slightly higher than that found for an equivalent thermal treatment
(36.2 mg/100 mL). In the untreated juice, the content of anthocyanins was 29.5 mg/mL.
Regarding storage, it was observed that the main anthocyanins, pelargonidin-3-glucoside
and pelargonidine-3-rutinoside, were depleted in both PEF and thermally-treated
strawberry juices. These changes in the PEF treated juices have been associated to the
residual amounts of B-glucosidase (Aguilé-Aguayo et al., 2008c, 2009c). In this case, PEF
treatments failed at inactivating the totality of this hydrolytic enzyme.

Regarding other phenolic compounds, it has been found that PEF-treated juices (tomato and
strawberry) exhibit higher concentrations of phenolic acids and flavonols than heat-treated
juices (Odriozola-Serrano et al.,, 2008c, 2009a). These observations are consistent for the
main individual compounds from each group. Changes in minor phenolic acids such as
ferulic acid, p-coumaric acid and caffeic acid were also observed in tomato juice through
storage. Caffeic acid content was slightly increased over time, which was directly associated
with residual hydroxylase activities. Regarding strawberry juice, ellagic and p-coumaric acids
were found to be in greater concentrations after a PEF treatment and over storage, in
comparison to heat-treated products.
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Chlorophylls: PEF treatments have been also shown to cause a little impact on the
chlorophyllic content of broccoli juices. Products derived from the degradation of
chlorophylls, such as pheophytin and pheophorbide, are formed in the PEF-treated samples
in lower amounts than in heat-processed. Hence, the original green color of broccoli is
preserved through PEF processing. However, chlorophyll stability through storage was poor.
The reason for that was that maximum chlorophyllase activity was found to be 74%.
Because of its conductive properties, PEF-processing does not seem to be an option for
broccoli juice (unpublished results).

In the same context of health-related compounds, it was shown that PEF processing results
in a significantly greater vitamin C retention, apparently independent of the food matrix
(tomato: Odriozola-Serrano et al.,, 2007, 2008a,c; carrot: Quitdo-Teixeira et al.,, 2009;
strawberry: Odriozola-Serrano et al., 2008c,d, 2009b). In addition, vitamin C depletion
during consecutive storage was diminished in comparison with thermally treated juice, as
evidenced by the smaller rate constants.

PEF-processed juices initially exhibited higher concentrations of the main flavour
compounds. Certain flavour compounds contributing to strawberry juice flavour such as 2,5-
Dimethyl-4-hydroxy-3(2H)-furanone and ethyl butanoate were better maintained by PEF-
than by thermal-processing. Therefore, no differences in the aromatic impact of just
processed juices, measured in terms of the olfactive activity values of the different
individual compounds, were found when comparing untreated and PEF-treated juices. In
contrast, heat-treated juices exhibited a loss in their aromatic profile caused by processing.
An increase in the concentration of 1-butanol in heat-treated samples was also found
through storage, leading to an unpleasant flavor to the product. In conclusion, flavor
stability during storage of PEF-processed strawberry juice was greater than for heat-
processed juices, even though enzymes contributing to the generation of flavours and off-
flavours in the juice, such as lipoxygenase and B-glucosidase, were scarcely inactivated
(Aguilo-Aguayo et al., 2008c, 2009d).

A parallel study has been undertaken for tomato juice (Aguil6-Aguayo et al., 2008a,b, 2009b,
2010). Similar levels of residual lipoxygenase activity were observed for PEF- and heat-
treated juices. In contrast, PEF-processing inactivated roughly a 50% of the initial
hydroperoxide lyase activity, in front of the complete inactivation reached with a thermal
treatment. Regarding flavour, PEF-treated juices exhibited higher concentrations of
compounds contributing to tomato aroma than untreated and heat-treated juices
throughout storage.

Conclusion:

PEF can induce stress related responses and the phenolic content after certain treatment
condition, stress reaction time or storage condition are related to changes of PAL activity.
PEF processing results in better retention and storage stability of carotenoids, phenolic
compounds and flavonols, in comparison to thermal processing.

PEF processing can be industrially implemented to render juices that better resemble the
freshly squeezed, especially in what regards to their aroma profile.
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The major results obtained in SP1 with regard to PEF processing and microbial safety are
reviewed by Odriozola-Serrano et al. (2011).

Modelling and impact measurement of PEF processing

Pulsed electric field (PEF) processing of liquid foods has been numerically and
experimentally evaluated in SP1 in order to improve process efficiency in terms of microbial
inactivation while keeping heat sensitive compounds. Optimisation procedures have been
applied to reduce process parameters inhomogeneity, reduce the thermal load and ensure a
safe and high quality food product. Modifications of insulator shape geometry, impact of
process parameters, finding optimal treatment conditions, insertion of static mixing devices,
implementation of electrode cooling devices, numerical simulation of process parameters,
enzyme inactivation and pH-shifts during the PEF processing have been investigated (Jaeger
et al., 2010, Meneses et al. 2010, 2011a-d., Moritz et al., 2011, Saldafia et al., 2010).

The results of computational simulation showed how an adequate treatment chamber
design can increase the electric field strength, resulting in an improvement of the microbial
inactivation. Process parameters, such as the flow rate also affected the microbial
inactivation, which was improved when increasing the flow velocity of the product.
Furthermore, it was shown that enzymes can be used as integrators of temperature-time
domains under dynamic conditions, as coupled to the multiphysic simulation of PEF
processing.

The SP1 results clearly showed that numerical optimisation can be extended to more
complicated insulator geometries, and multiple residual activity models, which in
combination with temperature considerations, depicted that process parameters should be
properly selected so that valuable food contents are minimally damaged. Furthermore, it
was shown that to reach reasonable level of inactivation a high number of PEF chambers
should be serially connected.

It was revealed that a large part of the microbial and enzyme inactivation was related to the
overall thermal load to which the product was exposed during the PEF processing
considering the temperature increase due to ohmic heating. A model capable to distinguish
between thermal and PEF effects was built.

The modification of the treatment chamber by inserting static mixing devices provided a
possibility to improve electric field strength and temperature distribution resulting in an
increased microbial inactivation and retention of heat sensitive components. The insertion
of grids of the dimension used in the study has shown applicability for the treatment of low
viscosity products like milk or clarified fruit juices. The implementation of jacket heat
exchanger surrounding the electrode was shown to provide a capable tool in order to
reduce thermal effects and to improve the retention of heat sensitive compounds.

Due to the high inhomogeneities present during a continuous PEF processing with a co-
linear treatment chamber configuration, PEF treatments should be characterised in terms of
the electric field strength, treatment time and specific energy input (for a given initial
temperature). An average value from the previously mentioned parameters with their
respective standard deviation, maximal and minimum value should be given for the whole
process. The lowest value of electric field strength, treatment time and energy input will be
the limiting factors for food safety reasons and the maximum value for the resulting product
temperature should be considered with regards to product quality.
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Regarding PEF treatment within parallel plate electrodes and batch systems, it was
concluded and demonstrated that controlling the temperature at quasi-isothermal
conditions is the basis to study PEF inactivation kinetics. These systems are less affected by
superimposing temperature effects occurring in continuous systems and are more suitable
to investigate synergetic effects of PEF and temperature under defined conditions. Finally, a
numerical simulation was performed in order to describe the shift of pH during PEF
treatment. The numerical simulation was based on the Nernst-Plank and general heat
transfer equations including a time-dependent solution in a batch treatment chamber with
parallel plate configuration.

Conclusion:

Computational simulation showed that PEF processing can be optimised to improve process
homogeneity, reduce the thermal load and ensure a safe and quality food product by
increasing the flow velocity, using serial PEF chambers, inserting static mixing and
implementation of jacket heat exchanger.

Controlling the temperature at quasi-isothermal conditions is the basis to study PEF
inactivation kinetics using parallel plate electrodes and batch systems.

pH changes need to be taken into account in conventional small scale batch systems when
evaluating the PEF effect on microorganisms, enzymes or other food constituents.

The major results obtained in SP1 with regard to modelling and impact measurement are
reviewed by Meneses et al. (2011d).

Cold plasma decontamination

Microbial safety

Plasma treatment is envisioned as a versatile disinfection agent that can be applied by a jet
of carrier gas at reduced temperatures. Despite the large R&D efforts that have been made
so far the mechanism of the bacterial action has remained unknown. The SP1 approach was
focused on identification and quantification of the critical parameters of a plasma treatment
and unraveling the interaction mechanism of micro-organisms with the plasma by
thermodynamic assessment of the gas.

To this end, inactivation kinetics of Salmonella enterica serovar Typhimurium 4/74 subjected
to distinct charge transfer processes were determined and an overall decimal inactivation
time for Salmonella of 2.85 +/- 0.16 min as a result of charge transfer in a nitrogen based
plasma was detected.

Two distinct electron exchange processes of electron transfer processes were measured in
situ and discrimination between events of the uptake of negative charge (reduction) and the
release of negative charge (oxidation) of the system as a whole could be made. Results
showed that no differences occur in the inactivation rate of Salmonella exposed to either
reductive or oxidative stress when exposed to (elastic) charge transfer processes. It is
therefore suggested that the inactivation occurs through a common factor in the reduction
and oxidation process that is invoked by the plasma. In addition to the elastic electron-
electron scattering process, the (inelastic) recombination processes of electron uptake and
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electron release that are known to occur in closed redox cycles. These types of charge
transfer processes are the only candidates that can explain the observed inactivation
(unpublished results).

Another SP1 study (Fernandez et al., 2011) showed that the rate of inactivation of S.
Typhimurium is inversely proportional to initial bacterial concentration, with the D-value
observed at the highest cell concentration assayed (108 CFU/filter) being 14 fold higher than
seen at the lowest starting concentration (105 CFU/filter). Addition of increasing
concentrations of Pseudomonas fluorescens cells to a Salmonella population of 105
CFU/filter resulted in an exponential decrease in the rate of killing of the Salmonella cells.
However, whilst the addition of heat-killed S. Typhimurium cells to 105 CFU/filter live S.
Typhimurium cells resulted in a significant decrease in the killing rate, this effect was dose
independent. This suggests that although biomass plays a role in the protection against cold
atmospheric gas plasma inactivation seen at high cell densities, dead cells and their
components released during the heating period are not as effective as viable cells.
Fluorescence microscopy showed that, unlike the single dispersed cells observed at low cell
densities, at higher cell densities bacteria were present in a multilayered structure. This
phenomenon could explain the reduced inactivation by the plasma, since the top layer may
present a physical barrier that protects underlying cells.

Conclusion:

The microbial inactivation by cold plasma is evoked by (inelastic) recombination processes
of electron uptake and electron release occurring in closed redox cycles.

Cell density strongly affects the efficacy of cold plasma processing as upper layers of
bacterial multilayer structures can act as a physical barrier to the underlying cells. This
should be taken into account in both further studies and in the practical application of this
technique to food industry.

2.1.4 Main dissemination activities

SP1 dissemination activities were performed at different levels. An overview is given in the
table on the next page.
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Overview of dissemination in SP1

Type of dissemination Total number! Category Number®

Peer review publication 95 (12) Published 87 (9)
Submitted 14 (4)

Conferences & workshops 182 (10) Oral 106 (4)
Poster 84 (6)

TCD 88 Oral 41
Poster 47

Book chapters 16

Other 25 (2)

Awards 13

PhD 15

! joint dissemination activities are indicated between brackets

The major disseminative outputs were scientific publications and presentations. The
promised number of 50 draft publications was more than doubled, with 87 published and 14
submitted peer review papers (draft papers not included). At the beginning of the project, 6
review papers were published in a NovelQ-dedicated issue of Trends in Food Science and
Technology, describing the then state-of-the-art in all research levels considered in SP1 with
regard to high pressure processing. These reviews were well-cited (between 7 and 20
times), with one even leading the journal’s “Most downloaded” list at the time of
publication. Also on the subject of pulsed electric field processing, 3 review papers were
submitted. A book chapter was devoted to cold plasma in food processing. At the end of the
project, the major results obtained in SP1 were reviewed in 5 multi-partner review papers
submitted to be published in yet another special issue of Trends in Food Science and
Technology.

The subproject was also well represented at scientific conferences (106 oral and 85 poster
presentations). The quality of the research performed was recognised with 13 awards.

SP1 young scientists made up a large part of the TCD network. They accounted for 47 poster
presentations and 41 oral presentations at TCD activities. A highly successful TCD activity,
organised by SP1 partner TUB, was the PhD symposium in Berlin (September 2010). Eight
oral presentations at this conference were of SP1 signature, in addition to 7 posters. 2" and
3" prise of the best oral presentation were awarded to two SP1 researchers (one in
cooperation with SP4). Within SP1, 15 PhDs were and two will be obtained.

Dissemination activities in SP1 not only targeted a scientific public, but also the general
public with 13 publications in professional magazines.

2.1.5 Interaction with other Sub-projects

Sub-project 2: Specification of a common set of processing conditions, as packaging
materials need to perform under the same conditions as the foods are treated.
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Sub-project 3: The products and processes considered were the same in both sub-projects.
SP 3 based its activities on the product/process framework identified in SP1.

Sub-project 4: Interactions occurred at two levels:

In the initial phase of the project, technical aspects related to small scale equipment for
detailed kinetic studies at high pressure high temperature conditions were studied in SP4
forming the basis for adjusting existing equipment towards specific needs for kinetic studies,
in particular short duration high pressure high temperature conditions.

SP1 formed the scientific product/process knowledge base for demonstration activities in
SP4. Direct deliverables of SP1 flowed as input into SP4 (different aspects of WP 12-14,
WP15-19 and WP20-23). For instance, SP1-developed indicators were applied in evaluation
of the homogeneity of HP treatments (WP19). Information on kinetics was used to establish
processing conditions for the integral demonstration of product improvement using NP
technologies in WP20. Knowledge obtained on HP non-uniformity in WP5 was translated
into industry guidelines in WP12 . This resulted in several papers (e.g. Landfeld et al. 2011,
Vervoort et al., 2011 and Timmermans et al., 2011)

Sub-project 5: SP1 delivered all necessary input for dissemination activities at all levels of
SP5. There was a strong participation of SP1 scientists in the TCD activities.

2.1.6 Conclusions and future research needs

The major conclusions of the individual topics investigated in SP1 have been drawn after
the description of the corresponding major results (section 2.1.3).

In general, the approach applied in SP1 (section 2.1.2) allowed to perform highly controlled
kinetic studies to fully quantify and understand the effects of high pressure thermal
processing and pulsed electric field processing on quality and safety aspects of foods in the
context of processing intensities covering pasteurisation and sterilisation (in case of HP
processing) levels. As the same study vehicles were used throughout the sub project,
comparison of (novel) unit operations on a quantitative basis and from a viewpoint of true
equivalence became within reach (as for instance undertaken in SP4).

Furthermore, the first sensors and models design, validation and optimisation of novel
processing technologies based on high pressure thermal and pulsed electric field processing
were developed. Finally, a step forward has been made in the understanding and
guantification of the effects of cold plasma on microbial food safety aspects. Thereby, the
objectives of this subproject have been reached.

Although major progress was made in the knowledge on the effect of novel processing on
plant-based foods, some future research needs could still be identified in SP1:

High pressure (high temperature) processing

= Experimental set-up: Proper experimental set-up and description thereof is vital to
compare kinetic information obtained by research groups. The proportion between
the processing time (including pressure build-up time, holding time, temperature
equilibration time) and the time constants of the kinetics (microbe, enzyme,
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nutrient) complicate model discrimination for kinetics. In case of fast inactivation
kinetics, the processing-induced changes can be masked by the dynamic processing
effects if not properly taken into account during the data analysis.

Comparison between HP/HT processing and conventional thermal processing needs
to be made for processing conditions that result in equivalent microbial safety.
Microbial safety: HP/HT inactivation kinetics of target strains need to be performed
in different media. Kinetic models of microbial inactivation by HP/HT need to be
validated in real food systems. Furthermore, the mechanism of spore inactivation
needs to be further elucidated.

Allergens: The influence of matrix on allergen reduction by HP/HT needs to be
studied in real food systems. The mechanism of allergen reduction by HP/HT needs
to be further elucidated.

Chemical safety: The effect of HP/HT on chemical risk reactions such as acrylamide
formation also needs to be studied in matrices of lower water content. Furthermore,
there is a need for “in vitro” tests for toxicological assessment of HP/HT treated
foods.

Textural functionality: The consequences of the different food textures obtained
during HP/HT processing on the nutrient bio-accessibility need to be determined.
Colour, flavour and health functionality: To fully unravel the stress response of plant
tissue to HP treatments, a better insight into the different branches of
phenylpropanoid pathway (lignin, salicylic acid and flavonoid production with related
enzyme activity) is necessary. Regarding the treatment of plant cell cultures it might
be useful to screen the material for additional parameters e.g. vitality and different
ages.

In order to completely grasp the effect of HP/HT processing on flavour and colour,
mechanistic insight in flavour development and colour changes during post-
treatment storage is required.

Modelling of HP(/HT) processing: CTFD models require experimental information
about the pressure and temperature dependent thermophysical properties of the
treatment media (e.g. transmitting medium, food product). However, the knowledge
of the combined effect of temperature and pressure on these properties is far from
complete.

Impact measurement of HP(/HT) processing: Indicators are characterised by a
specific temperature sensitivity. Consequently, uniform read-outs evaluated at
different coordinates in a HP vessel do not necessarily prove that no temperature
differences existed. Consequently and if possible, it is important to link the
temperature sensitivity of the targets to the temperature sensitivity of the indicator
applied. To this end, kinetic data on the target attributes are needed.

Pulsed electric field processing

Microbial safety: The lack of uniformity in the distribution of the temperature and
electric field strength can impair the evaluation of the treatment lethality. An
approach to estimating the microbial inactivation in a continuous PEF treatment is to
assume that the inactivation in an in-homogeneous PEF process is a function of the
momentary electric field strength and temperature in the different zones of the
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treatment chamber. To validate this approach the integration of numerical
simulation techniques in order to know the distribution of temperature and electric
field strength in continuous treatment chambers with the development of predictive
models generated from microbial inactivation data obtained under uniform
conditions of temperature and electric field strength should be required.

= PEF at moderate temperatures and treatments conditions commercially applicable
has proven to be effective to obtain substantial inactivation of very PEF-resistant
strains in continuous treatments of apple juice. These process criteria should be
considered in the future during studies on the impact of PEF on quality attributes of
foods.

= Colour, flavour and health functionality: To fully unravel the stress response of plant
tissue to PEF treatments, a better insight into the different branches of
phenylpropanoid pathway (lignin, salicylic acid and flavonoid production with related
enzyme activity) is necessary. Regarding the treatment of plant cell cultures it might
be useful to screen the material for additional parameters e.g. vitality and different
ages.

= Modelling of PEF processing: The presented investigations suggest further studies
under homogeneous process conditions. Kinetics data of microbial and enzyme
inactivation or other components of interest at a uniform distribution of electric field
strength, homogeneous treatment time and homogeneous and isothermal
conditions are desired in order to validate and standardise PEF processing between
research centres and make a successful industrial scale-up.
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2.2 Material research for packaging foods through NP: description of main results of
Subproject 2

2.2.1 Introduction to SP 2 incl. main objectives, contractors involved; Material research
for packaging foods processed through NP

Sub-project 2 focused on the analysis of the effect of NP treatments on structural and
functional properties of polymeric materials used for packaging and on the assessment of
the suitability of novel materials for these technologies. As far as novel materials are
concerned, SP2 focused on the development of biobased sustainable materials for
packaging and on the effects of NP on packaging materials and package material
interactions with the food itself (e.g. migration/scalping). Specific objectives are described
below:

= Extraction, purification, and structural understanding of alcohol-soluble (prolamin),
non-allergenic proteins from cereal grains (oats and pearl millet) and one cereal
processing waste stream (sorghum beer spent grain) to be used as novel
biopolymers for the development of coating and films.

= To develop formulations and processing technologies for the preparation of novel
films and edible coatings.

= To develop biodegradable nano-composite packaging materials suitable for the
development of packaging films with improved mechanical and barrier properties.

= To study the effect of high pressure (HP/T) treatments on the relevant functional and
structural properties of commercial packaging materials and novel packaging
systems

= To study the effect of the HP/T treatments on migration and scalping phenomena
during processing and storage

= To extend the shelf life of plant foods by combining (i) High Pressure Processing (HP)
with edible coatings and (ii) combination of microwave drying and edible coatings.

= To develop mathematical models as well as their numerical implementation for
predicting the change of physical/chemical properties of packaging materials
subjected to HP/T conditions and for predicting the effect of HP/T treatments on
migration phenomena

Considering the state of the art in this field, the key open scientific questions addressed in
this Sub-project were:

Formulation and processing for the preparation of novel packaging materials

= How can plasticization/formulation be optimised to produce biodegradable films and/or
edible coating with appropriate mechanical and barrier properties that are suitable for
HP/T processing?

= What are the components and the processing conditions in order to enhance
compatibility between natural polymers and plasticizers for the preparation of coatings
and films?
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= How to incorporate active substances that can have an antimicrobial action during HP/T
as well as during shelf-life?

Effect of novel technologies on material properties

= What is the influence of HP/T treatments on structural and functional properties on
packaging materials?

= How does HP/T modify the chemical-physical, mechanical and barrier properties of
biodegradable films and edible coating compared to common polymeric systems?

Food packaging interactions

= How do new materials and existing materials interact with food and food additives
during HP/T treatments and advanced heating and during shelf life, with a particular
emphasis on migration/scalping issues?

= How can edible coatings be used prior to advanced heating and HP/T treatments, i.e.
microwave-assisted drying to extended shelf-life of semi-dried plant foods?

= How can edible/active coatings or biodegradable packaging be used on NP processed
food to trigger and/or control migration of moisture, gases, vapours (i.e. aroma
compounds) and specifically added active compounds (i.e. antimicrobial or antioxidant)
and act as active packaging?

This sub-project is also aimed to the development of a mathematical model as well as to its
numerical implementation (WP8) for predicting the change of physical/chemical properties
of packaging materials subjected to NP conditions and for predicting the effect of NP
treatments on migration/scalping phenomena.

Contractors involved and their role are described below:

Organisation Participant | Country Role
short name

Wageningen UR A&F The Netherlands | HP treatments

Food & Biobased

Research

IMCB-CNR IMCB Italy Novel biodegradable films,
structural characterisation

University of Naples | UNINA Italy Commercial films, functional
properties, modelling

SIK SIK Sweden Edible and bioactive coatings,

combination of novel packaging
concepts and NP treatments

University umM?2 France Food/packaging interactions,
Montpellier I bioactive films

INTI-Plasticos INTI Argentina Spread coating, nanocomposites
CSIR CSIR South Africa Extraction and use of novel protein

formulations
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2.2.2 Working approach

The food packaging materials investigated were i) commercially available common films, ii)
commercially available biodegradable films, iii) novel polymeric materials developed in the
research project.

High pressure Pasteurisation (HP/LT) (temperature increase from 20 to 40 °C during
treatment) and high pressure sterilisation (HP/HT) (temperature from 90 to 115 °C during
treatment) were applied on packaging films alone and on packaged foodstuff. The selection
and analysis of the effects of HP Pasteurisation and Sterilisation on properties of common
packaging materials were done on monolayer as well as on multilayer packaging films (see
table below). Laminated structures differ for a) types of layers used obtaining different
ratios of mechanical and thermal expansion properties of the components layer; b) type of
adhesive layers characterised by different mechanical and thermal properties. Multilayer co-
extruded structures were also analysed for comparison to laminated structures.

Table 2.2.1. Packaging structures employed for HP Pasteurisation and sterilisation of packaged

foodstuff

Material identification Material type HP HP
Pasteurisation | Sterilisation
Al) LLDPE Monolayer commercial X X
A2) PLA Monolayer commercial X X
biodegradable

A3) PET-PPcast (adh.1) Multilayer laminated commercial X X
A4) PET-LLDPE (adh.1) Multilayer laminated commercial X X
A5) PETmet-LLDPE (adh.1) Multilayer laminated commercial X X
A6) PET/PA/Aluminum foil/LLDPE Multilayer laminated commercial X X
A7) PCL/Zein(TPZ)+PCL Novel material X X
(60%,40%)/PCL
B1) PPcast Monolayer commercial X
B2a) PET-PP (adh. 2) Multilayer laminated commercial X
B2b) PET-PP (adh. 3) Multilayer laminated commercial X
B2c) PET-PP (adh. 4) Multilayer laminated commercial X
B3) PP-EVOH-PP Multilayer coextruded commercial X
B4) PP cast-PET-PVDC coated Multilayer laminated commercial X
C1) PA cast-PP cast (adh. 2) Multilayer laminated commercial X X
C2) PA cast-ink-PP cast (adh. 2) Multilayer laminated commercial X X
C3) PA cast-PP cast (adh. 6) Multilayer laminated commercial X X
C4) PA cast-PP cast (adh. 6) Multilayer laminated commercial X X
C5) PA cast-PP cast (adh. 5) Multilayer laminated commercial X X
C6) PA cast-ink-PP cast (adh. 5) Multilayer laminated commercial X X
C7) OPA-PP cast (adh. 2) Multilayer laminated commercial X X
C8) OPA-PP cast (adh. 6) Multilayer laminated commercial X X
C9) OPA-PP cast (adh. 5) Multilayer laminated commercial X X
C10) PET-PP cast (adh. 2) Multilayer laminated commercial X X
C11) PA cast-PP cast (adh. 7) Multilayer laminated commercial X X
C12) PP-EVOH (3 um)-PP Multilayer coextruded commercial X X
C13) PP-EVOH (10 um)-PP Multilayer coextruded commercial X X
C14) PP-PA-PP Multilayer coextruded commercial X X
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Legenda:

EVOH: ethylenevinylalcohol; LLDPE: linear low density polyethylene; OPA: bi-oriented polyamide; PA cast:
polyamide cast; PCL: polycaprolactone; PET: bi-oriented polyethyleneterephthalate; PETmet: metallised
(aluminium) bi-oriented film with optical density 2.2 (it measures the amount of deposited aluminium layer);
PLA: polylacticacid; PP cast: polypropylene cast; PVDC: polyvinylidenechloride; Zein (TPZ): thermoplasticized
zein

Adhesive 1: E735 +C2. NCO terminated polyurethane adhesive [100 parts:110 of diisocianate (MDI, E735) 10
parts:110polyol (high m.w. polyester, C2)] produced by Rohm&Haas.

Adhesive 2: 811A + CatF. OH terminated polyurethane adhesive [100:110polyol (811A) + 10:110NCO
terminated hardener (Cat F)]. Produced by Rohm&Haas.

Adhesive 3: L719 + CR719C1. NCO terminated aliphatic polyurethane adhesive [100:110diisocianate (L719) +
10:110polyol (high m..w. polyester CR719C1)]. Produced by Rohm&Haas.

Adhesive 4: L719 + CR719C4. NCO terminated aliphatic polyurethane adhesive [100:110diisocianate (L719)
+10:110 polyol (high m..w. polyester with silane CR719C4)]. Produced by Rohm&Haas.

Adhesive 5: FP44A+FP75. OH terminated polyurethane adhesive [100:110 polyol (FP44A) + 10:110 toluene-
diisocianate (TDI, FP75)]. Produced by Sapici.

Adhesive 6: FP45B+ FP45C. NCO terminated polyurethane adhesive[100:110 toluene-diisocianate (TDI, FP45B)
+10:110 polyol (FP45C)]. Produced by Sapici

Adhesive 7: L0O50. Water based, acrylic adhesive. Produced by Rohm&Haas

The novel polymeric materials that were developed during the project are summarised

below:

1) Biodegradable polymeric films. Materials based on blends of biodegradable polymers,
i.e. natural polymers from renewable resources including both proteins and
polysaccharides and/or polymers obtained through chemical synthesis (e.g. polylactides
(PLA) and polycaprolactones (PCL)).

2) Edible coatings. These materials were investigated with the objective to explore the
potential of extending the shelf-life of solid foods by combining in the proper way edible
coatings, HP treatments and microwave drying.

3) Bioactive materials. In this case, biodegradable films and edible coatings were modified
with additives (preservative and antioxidant) that inhibit microbial or oxidative
deterioration.

4) Bio-nanocomposites. Nanoparticles were added to biopolymers to improve process and
properties of the packaging material in view of their potential use for HP treatments.

2.2.3 Main results achieved

Formulation and processing for the preparation of novel packaging materials based on
bio-polymers

Biodegradable films, edible coatings and bio-active packaging materials based on polymers
from renewable resources were developed. Both thermoplastic (dry) and solvent (wet)
based technologies were employed. Selected packaging systems were used in combination
with HP treatments to improve shelf life of selected food systems.
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Figure 2.2.1 Examples of novel films and edible coating developed for HP treatments.

Thermoplastic based technologies

While thermoplastic synthetic polymers can be melt-processed by simply applying heat and
shear; unfortunately, the high crystallinity and the strong intermolecular interactions
present in the proteins and polysaccharides lead to thermal degradation of the material
before achieving melt flow. The flow of these natural occurring macromolecules is however
possible if a thermoplasticization process, based on a combination of heat, mechanical shear
and suitable plasticizers occurs. In this way, several products can be formed by using
traditional shaping methods, such as extrusion, compression molding, thermoforming,
calendering, injection molding and film blowing. The material compositions and the
technological procedures to prepare novel biodegradable films based on synthetic and
natural polymers were developed. The activities were focused on the thermoplastic
processing of plastic materials based on zein, wheat gluten, proteins from spent grain
(kafirin and zein), starch, and on the development of technologies aimed to prepare
multilayer films and nano composites with improved functional properties.

A variety of thermoplastic zein (TPZ), wheat gluten (WG) and thermoplastic starch (TPS)
materials were prepared and characterised in order to evaluate the correlation between
material composition, thermoplasticization conditions and extensional rheology. In
particular Oliviero et al. (2010) studied the feasibility of preparing thermoplastic films of
zein by film blowing without the time consuming and expensive solubilisation step of the
proteins in suitable solvents. The zein powder was plasticized directly in the extruder,
without the use of solvent and of a premixing phase. Blown films from zein plasticized with
PEG 400 were produced and sufficiently low thickness ( 80 um) were achieved. The
preparation of films based on thermoplastic starches (TPS) by using the film blowing
technique was also challenging. Zullo & lannace (2009) investigated different varieties of
starch in order to study the suitability of these materials to be processed in a film blowing
line. As for the materials based on TPZ, the increase of the melt deformability and the
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elongational properties of the melt were assessed to be crucial in the film blowing process
of TPS.

Multilayer films based on TPZ with tailored barrier to oxygen and water vapour were
successfully developed for HP Pasteurisation treatments. In these multilayer systems, TPZ
was employed for the high barrier properties to oxygen and carbon dioxide while PCL was
used as a water barrier layer. The important requisite for the preparation of multilayered
novel biodegradable films based on TPZ and PCL was the adhesion between the hydrophilic
layer (TPZ) and the hydrophobic layer (PCL) This was successfully obtained by developing
TPZ/PCL blends. HP Pasteurisation performed on carrot juice and solid carrots packaged
with multilayer TPZ-PCL structures, revealed the compatibility of such packaging structure
with this type of process. In fact, HP treatment up to 700 MPa did not promote any
detectable change in mechanical properties as well as of oxygen and water vapour barrier
properties (Gontard ed al. 2010, Mensitieri et al., 2011)

Nanocomposite packaging films

Bio-nanocomposites based on nanoclay and POSS dispersed in several biopolymeric
matrices were investigated with the aim of improving barrier, thermal and mechanical
properties of packaging films. Nanocomposites from montmorillonite (MMT) and wheat
gluten as well as from MMT and zein were prepared by using thermo-mechanical
processing. In the range of studied glycerol contents (25-42.8 wt %), it has been shown that
glycerol had no significant effect on the mechanical properties or water sensitivity of WG-
based films. Increasing the thermoforming temperature from 60 to 120°C led to
considerable improvements of the mechanical properties (increases in both the stress and
strain at break) and a significant reduction of the water sensitivity. The introduction of MMT
(up to 5 wt %) allowed the achievement of mechanical properties that were not possible by
just the variation of the glycerol content and the processing temperature. The film stiffness
(Young’s modulus) could be increased more than three times on addition of 5 wt% MMT
and the stress at break was almost doubled (Angellier-Coussy et al. 2008).

Bio-nacomposites were successfully obtained also from TPZ and MMT. In this case, MMT
without any organic modification was first mixed with the plasticizer and then added to the
zein powder directly in the mixing chamber employed for the thermoplasticization process
at controlled heat and shear conditions. The efficient dispersion of the inorganic
reinforcement, as proved by X-ray diffraction, allowed for an effective improvement of
thermal, rheological and mechanical properties of the bionanocomposites with respect to
the neat TPZ. A significant increase of the storage modulus in the whole temperature range
was observed in dynamic-mechanical experiments (Nedi et al. 2011). A dramatic increase of
mechanical properties has been observed, with Young’s modulus increasing from 296 MPa
for neat TPZ to 1205 MPa at 5%wt of clay and to 1478 at 10%wt of clay (Mensitieri et al.,
2011). Little increase of tensile properties were observed in some cases after HP treatments.
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Other main results achieved within the NovelQ project are summarised below:

» Biodegradable clay nanocomposite films based on PHB, PCL, PHB/PCL blends,
commercial PLA blends (BIO—FLEX®) showed a remarkable increase of mechanical
properties. The use of clay allowed for a better phase morphology of the blends.

» Formulation based on wheat gluten, nanoclay and crosslinking agents were specifically
developed for the spread coating technology.

= Development of PHB and wheat gluten nanocomposite based on polyhedral oligomeric
silsesquioxanes (POSS). PHB composites (PHB—-MA —POSSGPTS) showed better
mechanical performance but did not contribute on material thermal stability
improvement.

—TPZ
10 4~ '\\ ==TPZMMT 1%

s ——TPZIMMT 5°

Log EPa]

: . . . : Nanocomposites increase the thermal stability
20 0 20 40 60 80 100 120 for HP/T treatments

Temperature [°C]
j ijo
w: ’

2D (1 nano- dlm)
,.’?‘ ‘ ®->Ca2+ (or other cation

exchange)
SASE RS LA

S 3 b
Improvement of mechanical and mass transfer aieNesed®— Si
resistance of conventional and agro-polymers

network Migration of nanoparticles ?

Figure 2.2.2 Examples of bio-nanocomposite based on nanoclay for HP treatments. Films have been
developed with improved mechanical and dynamic-mechanical properties. The following matrices
were employed: thermoplastic zein (TPZ), TPZ/PCL blends, wheat gluten, PHB, PCL and their blend.

Formulations for solvent based technologies: edible and spread coatings

Proteins and polysaccharides have been used in combination with suitable plasticizers to
produce coatings for the relevant application together with high pressure/temperature
(HP/T) treatment. Formulations for coatings of zein from maize, starch and acetoglycerides
were developed for improved combined properties and improved appearance. Other
formulations were based on avenin and kafirin extracted from South African cereals. Barrier
and mechanical properties of these edible coatings have been determined and evaluated
Zein, the main seed storage protein of maize, has been widely studied as a possible source
of material for the production of biodegradable plastic films. Plasticization of zein is critical
to make functional films. While there have been a number of publications which report the
behavior of systems with a wide variety of plasticizers, there have been few which attempt
to examine the interactions of protein and plasticizer at the molecular level. The plasticizing
effects of water, glycerol, and 2-mercaptoethanol were examined by a combination of
spectroscopy (FTIR and dielectric) and thermomechanical methods. The results suggest that
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both water and glycerol are adsorbed onto the protein and form hydrogen bonds with the
amide groups. The plasticizer then builds up in patches on the protein surface. 2-
Mercaptoethanol only exhibited a weak plasticizing effect due probably to disulfide bond
breaking (Gillgren at al., 2009)

The mechanical properties of zein based films were all dependent on the plasticizer content
with higher strain at break and lower modulus and max stress with higher plasticizer
content. Prolamins are known to be difficult to plasticize and a set of different plasticizers
were screened. Food grade plasticizers for the protein films were developed and a mixture
of glycerol and either citric or ascorbic acid were displaying good functional properties.
Ascorbic and citric acid gave equivalent plasticization but ascorbic acid produced darker
films. The best formulation for zein coatings was an aqueous ethanol (70 wt%) solution
containing citric acid and glycerol (2:1) with a total plasticizer/protein ratio of 0.3

A food approved lightly hydroxypropylated oxidized potato starch was mixed with glycerol
and was applied on the foods by dipping. The coatings were transparent and it was possible
to produce “invisible” coatings with a texture similar to the fruit and vegetable itself. The
coatings were hydrophilic and therefore easily plasticized and swollen by water. The best
formulation for starch coatings was water solution of 3 wt% starch and glycerol with a total
glycerol/protein ratio of 0.3.

Acetem™, a mixture of mono and di-glycerides (Danisco Ingredients, Brabrand, Denmark),
was used due to its hydrophobic character and good water vapor properties. An Acetem
with dripping point at 35°C was chosen to give good mouth feel. The coating was applied by
dipping from a melt and the melt temperature and dipping time were adjusted to give a thin
coating. The Acetem coatings had a waxy appearance and were therefore also mixed with
zein to produce more “invisible” coatings. The WVP was shown to be proportional to the
amount of zein and could therefore be regulated accordingly.

Model waxes. Two waxes were characterized in a separate study as a basis to understand
the moisture migration through crystalline, waxy structures similar to the Acetem. Confocal
laser scanning micrographs of the petrolatum sample showed a more open microstructure
with coarse crystals separated from each other, whereas the microcrystalline wax appeared
to have a more networked crystalline structure consisting of somewhat finer crystals. The
petrolatum sample, however, had higher water vapour permeability than the
microcrystalline sample. Both waxes melted and crystallised over a broad temperature
range. Their melting and crystallisation characteristics were however quite different,
probably owing to a different oil content. The microcrystalline wax melted and crystallised
through two steps, whereas thepetrolatum melted and crystallised through only one step
(Petersson et al., 2008)

Novel protein coatings and films: Coatings and films were prepared from avenin, zein and
kafirin (sorghum prolamin). Avenin displayed potential, although it did not exhibit the
mechanical qualities of wheat gluten, which resembles avenin at the molecular level.
However, avenin has the advantage in edible applications of less allergenicity compared to
wheat gluten. Compared to kafirin and zein, avenin was more extensible at low plasticizer
contents, while kafirin and especially zein were more extensible at the highest plasticizer
content. Avenin was far weaker than the other two at all plasticizer contents. Kafirin and
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zein displayed similar barrier properties, whereas avenin was notably more permeable
(Gillgren et al., 2008).

Other main results achieved in the NovelQ project are summarised below:

= Development of extraction methods for cereals proteins at lab and pilot scale: protocols
for extraction and purification of pennisetin (from pearl millet), zein (from maize) kafirin
(from sorghum) and proteins from spent grain.

= Development of novel formulations of edible coatings based on the extracted cereal
proteins for carrots, broccoli and strawberries.

= Development of agro proteins formulations with suitable physical-mechanical
properties, gas permeability and mass transfer to be processed to obtained films by
spread coating processing. In particular, spread coating formulations with crosslinking
agents (glyoxal, ferulitic acid, tannic acid) were successfully developed. Decrease of
water solubility and permeability as well as improvement of mechanical properties were
obtained.

Active packaging films and coatings

Edible films and coatings consisting of polysaccharides, proteins or lipids can be used to
preserve the quality of food by acting as a barrier between the food and the environment.
By incorporating a preservative or an antioxidant, the film or coating can contribute, in a
more active way, to food safety and quality. The release of active substances, as well as the
release of functional coating components, from edible coatings was investigated on three
different coatings. The two first coatings had matrices consisting of only one material;
respectively the maize protein zein and a mixture of acetylated monoglycerides referred to
as acetem. The third coating consisted of zein dispersed in an acetem matrix. The active
substances used were sorbic acid, sodium propionate and ascorbic acid. In addition, the
release of the plasticizers citric acid and glycerol, mixed into the zein coatings, was studied.
The coatings were all covering a model food consisting of a gelatin gel with a water activity
similar to the one of semi-dried fruits. The results show that all active substances, as well as
plasticizers, were released from the coatings and the coatings can thus be used for
controlled release of active substances to food. The active substances released from the
acetem or mixed coatings were present in a high concentration close to the surface at all
times. The coatings containing acetem can consequently be used in situations where the risk
of microbial growth and contamination is highest at the food surface.

An additional challenge of the NovelQ project was the investigation of the potential interest
of the combination of novel packaging concepts and novel processes for shelf life extension.
In this way a new active antimicrobial biopolymer was designed based on PLA as polymer
matrix containing volatile active agents (carvacrol or allylisothiocyanate, two naturally
occurring antimicrobial compounds found respectively in Oregano and in plants from the
Cruciferea family) for an action by direct or indirect contact with food. The objective was to
assess the antimicrobial properties of the processed materials on Botrytis cinerea, a widely
spread crop pathogen in combination or not with high pressure treatments of increasing
intensity. The assessment of the effectiveness of combined treatments was carried out with
the processed material that displayed the best antimicrobial properties. The combined
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action of active packaging and HP treatment was proved to be a promising antimicrobial
system for inhibiting Botrytis cinerea growth during at least 10 days at 22°C. Moreover,
combining mild HP treatment (at 300 MPa) and use of active film of PLA including AITC
previously encapsulated in cyclodextrins was more efficient than either a HP pasteurisation-
like treatment (800 MPa) or the antimicrobial packaging alone (Raouche et al., 2011). This
combined action between pressure and antimicrobial agent could be used to reduce the
intensity of the HP treatment and/or the quantity of antimicrobial compound added in the
film and consequently would permit to reduce the impact on food and the cost of the
treatment.
Table 2.2.2 :Antimicrobial activity on Botrytis cinerea of bio-active packaging combined

with high pressure treatment
+ + + +

PLA/AITC e 4= - -

Ctrl

PLAJAITC encaps = - = =

+ microbial growth / - no microbial growth after 10 days exposure

Effect of HP/T treatments on material properties

Packaging materials for HP treatments have to be flexible enough to withstand the
compression forces while maintaining physical integrity without losing the properties which
guarantee the adequate protection of packaged food. In fact, HP treatment can promote
changes in crystallinity, density and orientation of plastic packaging materials that could
affect, in turn, mechanical and mass-transfer (vapour and gas barrier, migration/scalping)
properties of the package in a significant extent. Moreover, interfacial stresses arising
between the different elements of multilayer structures as a result of the high pressure,
could bring about delamination and extensive detachment of the layers. A systematic
analysis has been therefore performed to investigate the behaviour of flexible single
materials and multilayer commercial plastic structures used to package selected foodstuff
(i.e. tap water, carrot juice, carrot puree and solid sliced carrots) to be HP treated.

Effect of mechanical action of pressure in HP pasteurisation and sterilisation treatments
Pouches made of single and multi-layer commercial film structures used to package tap
water, solid carrots, carrot puree and carrot juice were subjected to the following high
pressure treatments 1) Pasteurisation (25-40°C) at 200, 500 and 700 MPa; 2) Sterilisation
(90-115°C) at 200, 500 and 700 MPa.

As a result of these tests, it was found that:

1) all single layers and multilayer structures are able to mechanically withstand HP
pasteurisation, at least up to 700MPa. The only exception being multilayer structures
containing aluminium foil or metallised layers which present extensive delamination
phenomena;

2) single layer commercial films were able to mechanically withstand HP sterilisation, at
least up to 700MPa, with the exclusion of PLA which embrittles and shows a partial phase
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change, likely due to hydrolysis phenomena induced by water, which is the main component
of the pressure transmitting fluid used in HP treatment ;

3) only multilayer structures with layers having close mechanical properties are able to
mechanically withstand HP Sterilisation, at least up to 700MPa, without delamination
phenomena. This behaviour has been rationalised by using analytical and numerical (finite
element methods) modeling of the behavior of multilayer pouches under high pressure, as
detailed later in this document. It has been theoretically predicted and experimentally
verified that, in the cases where delamination occurred, it is essentially due to development
of very high interlayer mechanical stresses and not to the different thermal expansion
properties of the layers composing the film structure.

In fact, best results have been obtained with laminated PAcast/PPcast films with adhesive 5
and 6 (samples C3, C4, C5 and C6), in view of close values of mechanical moduli of PAcast
and PPcast: these film structures are compatible with HP sterilisation even with a
demanding foodstuff as is solid carrots. Satisfactory results were also obtained with a)
PAcast/PPcast laminated samples C1 and C2 with adhesive 2, as well as with OPA/PPcast
films samples C7, C8 and C9. Worse results have been obtained with PET/PP cast (sample
C10) laminated bi-layer, in view of the significant difference in mechanical moduli of the
various layers. PP/EVOH 3 um/PP (sample C12) and PP/EVOH 10 um/PP (sample C13)
coextruded tri-layer film and PP/PA/PP (sample C14) coextruded tri-layer film also displayed
unacceptable performances in HP sterilisation. Multilayer structures containing aluminium
foil or metallised layers are unsuitable also for HP sterilisation.

PET/PP @ 200MPa

water as food simula

OPA/PP.@ 700MPa
Carrots as food simulant

e 1Pa’
| fap Water as food simulant

e

Figure 2.2.3 Examples of multilayers films subjected to HP sterilization: i) delamination
occurring after HP sterilization in PET/PP bilayers and ii) structural integrity after HP
sterilization in PA/PP and OPA/PP bilayers. PP: Unoriented Polypropylene; OPA: Biaxially
oriented polyamide; PA: Unoriented polyamide
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Analysis of the possible changes of relevant functional and structural properties of
commercial packaging films to be used for HP/T treatments

Permeability (Oxygen, carbon dioxide and water vapour), Sorption Isotherms (Oxygen,
carbon dioxide and water vapour) and Dynamical-Mechanical analysis were performed both
before and after the HP treatments to assess the occurrence of possible changes of
functional and mechanical properties of packaging structures due to HP treatments. It was
found that:

1) HP (both sterilisation and pasteurisation) do not promote any significant change in
functional (barrier) properties of tested single layer films (PP, LLDPE), for any kind of
packaged foodstuff (tap water, solid carrots, carrot puree and carrot juice). PLA properties
are affected only in the case of HP sterilisation process.

2) In the cases in which the commercial multilayer structure are able to mechanically
withstand the effects of the stress field associated to HP pasteurisation and sterilisation,
without displaying delamination, the functional properties (e.g. thermal and mechanical
properties, oxygen and carbon dioxide permeability and diffusivity, water permeability and
diffusivity) also are practically unchanged as compared to starting materials. Hence, the
mechanical integrity remains, in general, the main point of attention when considering
suitability of commercial multilayer packaging structure for use in HP
sterilisation/Pasteurisation.

Understanding of the phenomena involving structure/morphology of the materials that
occur as a consequence of HP treatments.

Changes of structure/morphology occurring in the packaging materials during HP treatment
could, in turn, promote changes in functional properties of packaging structures. The
experimental evaluation of structure/morphology changes have been conducted for single
layer films (PP, LLDPE, PLA) also with the purpose of gathering information to be used in
theoretical modeling of the changes of functional properties of packages after HP
treatments. For these reasons it was important to evaluate a) the density evolution of the
amorphous regions for the case of PLA; b) the evolution of the degree of crystallinity and of
average orientation for the case of PP, LLDPE and PLA. This evaluation regarding the
changes of structure/morphology of polymeric films has been achieved through the use of
advanced characterisation techniques such as: i) Modulated Differential Scanning
Calorimetry; ii) Thermo-mechanical analysis (thermal dilation at atmospheric pressure), iii)
Measurement of PVT behaviour (from room temperature up to the molten state, from 10 to
200 MPa, iv) X-ray scattering; v) Raman confocal microscopy; vi) Density measurement, vii)
polarised FTIR microscopy, viii) Differential interference contrast microscopy.

As an example, HP sterilisation and pasteurisation treatments can possibly induce several
changes in structural and morphological properties of PLA and, in turn, in its functional
properties. The pasteurisation and sterilisation HP treatments are proved to induce in PLA
packaging films some changes in crystallinity, density, orientation and the action of water
(used as main component in pressure transmitting fluid) promotes, during sterilisation,
hydrolysis of PLA. HP pasteurisation has rather limited consequences on functional
properties of PLA packaging films which remain substantially unchanged. On the other hand,
HP sterilisation promote unacceptable embrittlement and opacification likely due to
hydrolysis phenomena (ref. New Food).
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Identification of processing windows for several materials of interest in food packaging
applications

A procedure to assess the processing windows of commercial materials (single and
multilayer) has been identified which is based on the following points:

a) processing conditions should not exceed the actual glass transition temperature (Tg,
which is pressure dependent) of any plastic layer, which is glassy at ambient conditions, to
avoid possible wrinkling and deformation due to polymer shrinking.

b) processing conditions should not exceed the actual melting temperature (Tm, which is
pressure dependent) of any plastic layer, to not compromise structural integrity of the
packaging.

c) interlayer stresses under pressure should not exceed the mechanical resistance of
adhesive layers.

On the basis of the experimental evaluation in a PVT apparatus of Tg and Tm increase as a
function of pressure up to 200 MPa on single layer films, for the case of LLDPE, PP, PLA, PET,
it is possible, by extrapolating data with theoretical models, to estimate Tg and Tm increase
with pressure up to 700 MPa.

As far as multilayer commercial structures are concerned, packaging films usually adopted in
food packaging are generally able to with stand HP pasteurisation treatments with the
notable exception of structures containing metallised films, which display delamination. On
the other hand, only some of the possible multilayer structures are suitable for HP
sterilisation, as is the case of cast nylon/cast polypropylene films. Other common structures,
such as bioriented polyethylenterephthalate / cast polypropylene films are unable to
withstand the state of stress and delaminate during HP sterilisation. However, all the
multilayer structures which do not display delamination, are also suitable for HP treatments
in terms of their functional (e.g. barrier) properties since display very limited or virtually no
change in these properties as a consequence of treatment. (Gontard et al., 2010)

Food packaging interactions

Migration and scalping related to HP/T treatments

The interactions between the food product and the packaging material include both (i) the
sorption or “scalping” by the packaging material of substances contained in the food
product (aroma compounds generally) and (ii) the migration of substances from the
packaging material (monomers, process aids and additives as plasticizers, antioxidants or
light stabilisers) to the food product. Unlike other stabilisation technologies, high pressure
treatments require the food product to be packaged during the treatment (at least in its
primary packaging). Therefore, assessment of the food/packaging interactions must
necessary be investigated under the conditions of the treatments in order to be in
compliance with the legislation on food contact materials (FCM)* with the goal to carry out a
complete assessment of the potential impact on packaging of high pressure treatments,
both performing a pasteurisation treatment with a temperature increase from 20 to 40 °C

1Regulation (EC) No 1935/2004 of the European Parliament and of the Council of 27 October 2004 on materials and articles
intended to come into contact with food.
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(HP/LT) and a sterilisation from 90 to 115 °C (HP/HT). The study of migration and scalping of
relevant model molecules was conducted to simulate the conditions that the FCM
undergoes during all the service life of the packed novel food i.e. the HP/T treatment and a
further storage of 26 days.

The apparition of directive 2002/72/EC? allowing the use of models to determine the
compliance of food contact materials was a turning point in the approach of migration tests.
In the NovelQ framework, a specific effort was made on the development of software tools
for prediction of migration and scalping phenomena within polymer and Food Simulating
Liquid (FSL). Four different mathematical models depending on the type of set-up used to
obtain experimental data were developed and implemented in MATLAB® software. The
toolboxes requiring the diffusion coefficient (D) of the targeted compound in the packaging
material as main input (in addition to the partition coefficient), new approach was
developed using non-destructive spectroscopic methods to quickly determine D values. FTIR
and Raman micro-spectroscopies turned out to be especially adapted for gathering kinetic
profiles of average concentration (FTIR) and even concentration profiles in the polymer
thickness (Raman) (Mauricio et al.,, 2009, 2011c). By this way, the characterisation of
diffusion coefficient is achieved within a few hours.

This approach was successfully applied to fully assess a range of common and innovative
packaging materials, using the same conditions for high pressure pasteurisation and high
pressure sterilisation. Two already commercialised materials (LLDPE and PLA) were selected
so that they represent different characteristics of packaging materials, i.e. at ambient
temperature LLDPE is above its glass transition temperature (Tg) while PLA is below; LLDPE
is very apolar whereas PLA shows a moderately polar character. Finally LLDPE comes from
fossil resources whereas PLA is currently the most available bio-sourced material.

The results show that the temperature was indeed the most critical factor during the
treatments. Both materials, polyethylene and PLA were found suitable for high pressure
pasteurisation. Concerning migration, no detrimental effect was demonstrated as a
consequence of the high pressure treatment since migration levels of targeted additives
(Uvitex OB and Irganox 1076) measured on HP treated samples were not significantly
different from the control (Mauricio et al., 2010a).
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B HP treatment

w
w I 90
o 3
- c
J c
P [
9 =
ko 3
3 g
5 £
13 o
X 3
o
Ctrl LT HT > e & 0
Distilled water C:t'hLT TT Ctrl LT HT Ctrl LT HT Cl LT HT  Ctrl T rﬁ (ﬁ gﬂ Ctrl LT HT
ano, Acetic Olive oil Distilled water
o, Ethanol Acetic i i
(15%) acid (3%) (15%) acid 5 Olive oil

Figure 2.2.4 migration of Uvitex OB and Irganox 1076 from LDPE after HP treatment at 40°C (LT) and
115°C (HT) and subsequent 26 days of storage

“Commission Directive 2002/72/EC of 6 August 2002 relating to plastic materials and articles intended to come into contact
with foodstuffs
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As for scalping, the uptake of aroma compounds did not increase for both materials during
the high pressure pasteurisation. Moreover, it decreased significantly for PLA. The impact of
temperature was particularly clear for PLA. The migration of the selected surrogate (Uvitex
OB) was still non-detectable but the uptake of low molecular weight aroma compounds
after HP/T sterilisation was significantly higher than the control (at 115°C and 0.1 MPa,
atmospheric pressure). Compared to the HP/T pasteurisation at 40°C, the aroma uptake
increased nearly eight folds after HP/T sterilisation (Mauricio et al., 2011a). Furthermore,
after the treatment in aqueous FSL, PLA became brittle, whitish and opaque what made it
unfit for packaging purposes. Therefore, PLA undergoes a glass transition during at least a
part of the HP sterilisation process which appears to be a critical factor. According to Di
Maio et al. (2008) the increase in opacity and brittleness observed for samples HP sterilised
in aqueous media is caused by an increase of crystallinity, but also hydrolysis phenomena
are expected to play a role. In particular, water could act as an inductor of crystallisation,
which takes place between the glass transition temperature and the melting point of a
polymer.

It is interesting to compare the behaviour of LLDPE towards a conventional thermal
sterilisation (121°C, 20 min) and a HP/T sterilisation (115°C, 5 min, 800 MPa). HP/T
sterilisation did not have a significant effect on the migration of two different additives
(Irganox 1076 and Uvitex OB), even compared to control samples at 40°C (Mauricio et al.,
2010a). However, the uptake of aroma compounds of HP/T treated LDPE showed a three to
five-fold increase compared to control at 115°C and atmospheric pressure (Mauricio et al.,
2011a). As for the conventional sterilisation, LLDPE did not even withstand the treatment
and melted. Actually, the melting point of a polymer also increases with pressure, allowing
thus to extend the temperature range of use of LLDPE. As consequence, LLDPE could be
used for HP/T sterilisation whereas it does not stand a conventional thermal treatment.

In addition to the investigation performed on commercial packaging material, a novel nano-
composite material based on wheat gluten/montmorillonite3 (WG/MMT) was subjected to a
HP/T treatment (800 MPa, 40°C, 5 min) and subsequently assessed in terms of
migration/scalping phenomena. The analysis of compliance of the upcoming FCM was
performed according the conditions recommended by the directive relating to plastic
materials with a particular attention on the nanoparticule behaviour after treatment and
during subsequent storage. While no effect of HP/T treatments was observed on overall
migration and proteins migration from the WG nanocomposite films into the four standards
simulating liquids (FSL) the release of nanoparticles was particularly issued but the influence
of HP/T treatments on the release of MMT could not be clarified. The investigation of the
respective migrations of silicon and aluminum used as tracers of MMT revealed two
important results :(i) the content of silicon was higher in aqueous FSL in contact with
samples containing montmorillonites (MMT) and (ii) the HP treatment led to a significant
increase of the content of silicon compared to the untreated samples (Mauricio et al.,
2010b). Structural analyses by X-ray diffraction, FTIR and differential thermogravimetrical
analysis, carried out to clarify the effect of HP on the structure of MMT, showed that

*Montmorillonite is alumino-silicate minerals organised in tetrahedral sheets. The addition of MMT is generally performed
for enhancing the mechanical properties and water sensitivity of bio-sourced materials.
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important modifications took place, mainly focused on the tetrahedral sheet of MMT
(Mauricio et al.,, 2011b). As a conclusion, the use of nanocomposite materials for HP
treatments should be assessed in a case-by-case basis that cannot based on the results for
the untreated nano-composite.

| M 0% MMT
1375 | W 5% MMT
‘ W 5% MMT HP/LT

Distilled . [} ! 0 Distilled
water A.CF,‘tIC Eipne B water Acetic 0
acid (3%) e Blvedh acid (3%)  Ethanol
(15%) ive oil (15%) Olive oil

Figure 2.2.5 Migration of aluminium and Silicon from control and HP treated WG
nanocomposites after 10 days of contact with the four food simulating liquids

Combination of novel packaging concepts and NP processes for shelf life extension

The work focused on: (i) combination of High Pressure Processing (HP) with edible coatings
and (ii) combination of microwave drying and edible coatings. The work intended to develop
and evaluate innovative concepts to extend the shelf life of plant foods.

Different types of coatings and HP conditions were tested, and the best way to combine
high pressure processing with edible coatings was selected. A variety of fruits and
vegetables were tested, and the most promising results were achieved for minicarrots and
fruit-based candy. A lipid based edible coating (GrinsteadTM Acetem) alone or combined
with zein showed to be a suitable coating for the selected products. Pressures of 700 MPa in
combination with pure Acetem coating showed to have the best ability to prolong shelf life
as it resulted in best appearance and less weight loss. Shelf life extension of 3 — 5 days could
be reached using this method.

The same approach was applied to fruit-based candy (42 % apple, 42 % raspberry, 15 %
pectin and 0.15 % CaCl2) and the shelf-life was determined based on visual appearance,
texture, water loss and microbial growth changes during storage at 20°C and 50 % RH.
Results showed that the combination of high pressure treatment and lipid based edible
coating prolonged the shelf-life. The products were acceptable for consumption after 15
days. There was no significant difference between the two high pressure treated samples (at
400 or 700 MPa) in any of the test parameters.

Combination of microwave assisted hot air drying and edible coatings also resulted in the
shelf-life increase of semi-dried plant foods. Quality changes of coated carrot and apple
slices were evaluated during storage at 15°C and 30%RH and 20°C and 50%H in terms of
weight loss, water content and colour and compared to uncoated carrots. Bi-layer coatings
with zein as first layer covered with Acetem, had the best effects on water retention and
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prevented carrot slices from microbial growth and shrinking. These kinds of bi-layer films
were found to be the most effective edible coatings to extend the shelf-life of semidried
carrots. The shelf-life of semidried apple and carrot can be extended by approximately one
week, being microbial and enzymatic browning the main problems.

Active coatings in combination with microwave drying or high pressure was found to be a
way to further extend shelf-life of fruit products such as semi-dried apples and fruit based
jelly. For example, combination of high pressure (400 and 700 MPa) and active acetem (acid
sorbic 0,5%) improve significantly quality and shelf-life during storage in air at 20C:50% RH.
Water loss was reduced, colour is more stable, appearance is acceptable even after 14 days
and the product is safe (no microbial growth).

Mathematical models and numerical implementation

Mathematical models and their numerical implementation have been developed to predict
the evolution of structure/morphology and the barrier properties of polymeric materials
employed for the realisation of flexible packaging structures subjected to HP/T treatments.
In particular, a number of these numerical tools allow the prediction of several relevant
structural properties such as i) the density evolution of the amorphous phase of glassy
polymers, ii) the dependence of glass transition temperature on pressure, iii) the
dependence of amount of crystallinity as a function of temperature and pressure, iv) the
evolution of PVT properties. Other theoretical models and numerical tools use this
information to predict sorption isotherms of gases and vapours and their diffusivity in glassy
and rubbery polymers employed in food packaging, based on equation of state theories and
free volume theories. As a whole, the different numerical tools implemented within the
project are able to model and predict functional properties of starting materials and, on the
basis of temperature/pressure histories, are also able to model and predict changes of
functional properties promoted by HP treatments.

For example, the density evolution of semi-crystalline, glassy, Poly(lactic acid), used as
biodegradable packaging material, under ultra/high pressure histories can be effectively
modeled assuming that the volume relaxation kinetics involves only the amorphous part of
the polymer. In particular, a scaling law for relaxation times is utilised in the framework of
KAHR (Kovacs Aklonis Hutchinson and Ramos) phenomenological theory in order to model
the volume relaxation behavior. With this approach and only two fitting parameters, it is
possible to predict accurately the density evolution of the PLA during the HP sterilisation
and pasteurisation treatments in HP industrial processes (Grassia el al, 2011)
Thermodynamic models for sorption of low m.w. compounds in polymers supply relevant
information to predict barrier properties of packaging films both before and after HP
treatments. In the case of water vapor sorption in poly-B-caprolactone (PCL), a
semicrystalline and rubbery biodegradable polymer, a possible formation of water-polymer
and water-water hydrogen bonding has to be accounted for. A very statisfactory modeling
of sorption thermodynamics of water in PCL is in fact obtained by using an equation of state
approach where, in the framework of a lattice fluid model, mean field and an hydrogen
bonding contributions are combined in an additive fashion. This model, beside correctly
predicting sorption isotherms, also supplies an accurate estimate of the number and types
of hydrogen bonds formed in the PCL-water mixture (Scherillo et al. 2011).
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Figure 2.2.6. Development and validation of scientific toolboxes

Moreover, analytical and finite element approaches, can be used to evaluate the stress state
which develops as a consequence of high pressure treatments in multilayer film structures.
The stress developed in multilayer polymeric films, used to package foodstuff, when
submitted to HP pasteurisation and sterilisation treatments can be calculated by using an
analytical approach on simple idealised packaging shapes or, more in general, by adopting
Finite Element (FE) methods that allow the calculation on more realistic package shapes.
Quite interestingly, interlayer shear and normal stresses develop at the interface between
the component layers of the multilayer structure, thus possibly determining delamination
phenomena, as experimentally observed in the case of several multilayer films, if these
stresses go beyond the resistance limit of the adhesive layers interposed between the single
layers. This approach allow a proper design of multilayer structure in terms of the type of
films to be coupled with ht aim of preventing delamination phenomena. In fact, it is
demonstrated that these phenomena are more likely to occur in the cases in which
mechanical moduli of the laminated layers differ significantly (Fraldi et al., 2011).

Figure 2.2.7 Comparison between experiment and FE analysis: similarity in terms of
localized delamination phenomena.
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Criteria for material selection, towards the design of packaging structures

The integration of numerical tools developed to model and to predict functional and
structural properties of polymeric materials, represents a useful theoretical framework for
the assessment of the suitability for use in HP treatments of certain polymers and multilayer
structures and is of help also in designing package structures. In fact, these tools allow for
the quantification i) of possible decrease of barrier properties as a consequence of
treatment, ii) of development of inter- and intra-layer stresses as well as iii) of identification
of HP processing windows for packaging materials in terms of compatibility of processing
conditions with actual melting and glassy temperatures of polymeric films.

This supploes an important guidance for the selection of i) the multilayer materials, ii) their
relative thickness and iii) the most appropriate adhesive (in the case of laminated
structures) or, alternatively, given a certain structure, for the specification of the limiting
conditions for its use.

To this aim, these tools have to be coupled with a proper database obtained by collecting
experimental information on specific materials such chemical structure, crystallinity, glass
transition temperature, density, PVT behavior, mechanical properties. In particular, in the
frame of the NovelQ project, these data have been experimentally determined for some
polymeric materials: PET, PP, LLDPE, PLA; PCL, PA.

2.2.4 Main dissemination activities

Sub-project 2

Referred journal papers published 17
Referred journal papers accepted -
Referred journal papers submitted 7
Technical articles submitted in magazines 3
Major international conference papers presented 39
Workshops/meetings organised 2
Other (video) 1
Thesis 13
TCD contributions (oral, posters) 10
Draft papers, planned papers, planned conferences 2

2.2.5 Interaction with other Sub-projects

= Sub-project 1: Packaging materials treated with NP. Strong interaction with Sub-project
1 on HP/T treatments. The set of processing conditions to treat packaging materials
were harmonised with processing conditions utilised to process food to evaluate the
packaging materials at relevant process conditions.

= Sub-project 3: Products and processes considered in both sub-projects were the same.
Sub-project 3 set-up their work based on the product/process framework identified in
Sub-project 2.
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= Sub-project 4: Decision support system. Interaction between the scientific toolbox for
process impact on structural and functional properties of packaging materials and the
decision support system for implementation of NPs with the aim of supporting
information to potential users on packaged food processed by NPs.
Integrated hygienic product handling and packaging. Interaction includes process-
packaging interaction and appropriate packaging following NP treatment, including
hygienic handling.
Demonstration project. Generation of product/process scientific data that were used for
the demonstration project. Examples are: (i) hygiene handling following NP treatments;
(ii) scaling-up problems related to optimal processing conditions; and (iii) interaction
between NP methods as pre-treatments prior to HP/T and advanced heating treatments,
such microwave-assisted drying to extended shelf-life of semi-dried plant foods using
edible coatings as protective barrier.

= Sub-project 5: Sub-project 2 delivered all necessary input for dissemination activities.

= Sub-project 7: Sub-project 2 delivered all necessary input for the development of
innovative packaging structures.

2.2.6 Conclusion

Major progress was made in the knowledge on the effect of novel processing on packaging
materials through an extensive evaluation of the impacts of NPs on the performance of
common and novel packaging materials and on their interaction with the packaged food.
Particular emphasis was given to HP/T treatments and combination of novel packaging
concepts (i.e biodegradable films and edible coatings, nanocomposites, bio-active polymeric
systems) with novel processes that permitted to prolong the shelf-life above that accessible
with currently available technologies.

Key issues such as the evolution of material properties with process conditions as well as
food-packaging interactions associated with NPs were analysed and modelled through the
development of integrated theoretical and numerical tools that allowed a) the prediction of
functional and structural properties of the packaging materials, b) the prediction of the
process/package-product interactions for simulating and controlling migration of unwanted
compounds (for regulatory issues on undesirable compounds and quality maintenance by
avoiding scalping), c) the assessments of the suitability for use in HP treatments of certain
polymers and multilayer structures in view of designing specific package structures.
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2.3 Consumer perception and socio-economic background of novel processing
methods: description of main results of Subproject 3

2.3.1 Objectives and contractors involved

The aim of the SP3 was to research and promote consumer acceptance of NP and NP

products:

* Perception of consumers towards NP technologies

* Perception of consumers towards NP products

* Perception of consumers towards NP products in real life situations and sensory
research

Successfully addressing these objectives allow the following to be achieved:

* To understand consumers’ perception towards NP technologies and NP products and
the perceived benefits and costs.

* To develop guiding principles for implementation of NP technologies to be used by for
example SMEs in various regions in Europe.

These goals were achieved in the framework of three workpackages:

Workpackage 9: Innovation and consumer perception of novel technologies
WP leader: Prof. Dr. Didna Banati, CFRI
Partners: CFRI, A&F-EFFoST, SCA, Nofima, ASB

Workpackage 10: Consumer attitude and behaviour towards real products produced with
novel technologies

WP leader: Mrs. Dr. N. Veflen Olsen (Nofima)

Partners: Nofima, CFRI, ASB, A&F-EFFoST

Workpackage 11: Consumer attitude and behaviour towards NP products in real life
situation and sensorial evaluation

WP-leader: Mrs. Dr. N. Veflen Olsen (Nofima)

Partners: CFRI, ASB, A&F, A&F-EFFoST, Nofima

2.3.2 Working approach

Consumer perception of novel technologies

A systematic analysis of earlier research was conducted to investigate food consumer
values, attitudes and behaviour according to the previous researches. A searchable database
was created with free accessible scientific publications in the theme of consumer
acceptance of novel technologies.
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To discover the place of novel technologies (HPP, PEF) in the desires of consumers focus
group interviews were conducted in Norway, Denmark Slovenia, Hungary, Serbia, Slovakia,
and the Czech Republic.

Innovation in food industry

Our aim was to discover the barriers and facilitators for innovation in the food sector in the
EU (Scandinavian and Central and Eastern European countries) with an internet based
questionnaire survey.

Consumer attitude and behaviour towards real products produced with novel
technologies

This work included studies on products produced by novel technologies in comparison with
those produced conventionally. Consumer attitudes and actual behaviour towards such
products were studied through two approaches: a qualitative means-end chains analysis
method and a quantitative conjoint analysis method based on the results of the previous
qgualitative results. In the framework of means-end chains analysis 30-30 laddering
interviews were conducted in Norway, Denmark, Hungary and Slovakia. The conjoint
analysis was conducted to examine consumers’ trade-off among different product attributes
with 150-150 respondents in Hungary and Slovakia and in Denmark and Norway.

Consumer attitude and behaviour towards NP products in real life situation

A consumer observation study was carried out to evaluate the sensory characteristics of
freshly pressed, mildly pasteurised and high pressure processed orange juices and assess
the influence of different technologies on perceptual quality of the product. The second
objective was to assess the influence of repeated exposure on the perception of sensory
attributes of differently treated orange juices and to examine the consumer behavior in a
real life out-of-home condition in the “Restaurant of the Future” of Wageningen UR in
Wageningen, The Netherlands.

A quantitative consumer acceptance study was conducted in Denmark and in Hungary to
obtain a better understanding of the mechanisms governing consumer acceptance of new
food technologies and to investigate how trial of the product affects attitudes to the
technology.

Sensorial evaluation of NP products

The sensorial evaluation of NP products compared to conventional products was examined.
Assessors evaluated fresh, untreated, frozen control, HPP, heat treated and PEF treated
samples during 28 day long storage period. PEF treated samples were not tasted in the
framework of this study.

To refine the results of the sensory study additional sensory test with tasting was made on
PEF, heat treated, and fresh samples later.
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To rename of ‘Pulsed Electric Field’ to ‘Micro Pulse’

The additional task was to examine the consumers opinion about the rename of ‘Pulsed
Electric Field’ to ‘Micro Pulse’ with focus group interviews, because previous results show,
that the name ‘Pulsed Electric Field” make the fear of electricity in the consumers. Three
focus group interviews were made with consumers (older age consumers, young adults and
health conscious consumers) and one with the experts of different fields of food sciences.

2.3.3 Main results achieved

Consumer perception of novel technologies

A searchable knowledge database was created with 118 articles from 57 scientific journals
that were collected systematically and elaborated electronically. In the database there are
95 articles about consumer perception of genetic modification, 22 articles about irradiation,
4 articles about high pressure treatment and 1 about pulsed electric field treatment derived
from 239 authors. The database was continuously used during NovelQ.

The results of the focus group interviews regarding the place of novel technologies in the
desires of consumers indicate that there are both top-down and bottom-up processes that
affect consumers’ attitudes towards the HPP and PEF technologies and the products
manufactured by means of these. The attitudes towards the PEF and HPP processes are
based both on general socio-political attitudes and on a risk/benefit trade-off of the product
attributes. The main advantages of HPP and PEF perceived by the consumers were the
products’ expected naturalness, improved taste and high nutritional value, whereas the
main disadvantage were lack of information about the PEF and HPP products.
Environmental friendliness and the more natural products were seen as the main
advantages, while concern for body and health, the more expensive products, lack of
information about the technologies and a general scepticism were seen as the main
disadvantages of the PEF and HPP processes. According to the respondents, in a potential
buying situation the participants said that quality and especially taste play a critical role in
accepting and maintaining the commercial marketability of these novel products. There
were more negative attitudes and less positive attitudes towards the PEF process and the
PEF products compared to the HPP process and the HPP products. The participants were
sceptical towards PEF because of its name, which was not the case with HPP. This scepticism
is partly due to the fact that the name generates a fear of electricity. In addition, PEF
products are seen as negative as they are believed to trigger allergic reactions. By
comparing potential differences between the North and East European consumers’
attitudes towards the two technologies it can be seen that in general the North European
consumers are a bit more sceptical towards PEF and HPP products than the East European
consumers. Secondly, the North European consumers are a bit more sceptical towards the
environmental benefits of the products, and thirdly many of the North European consumers
think that there is a big lack of information about products produced by means of PEF or
HPP. The East European participants see the higher pri