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Abstract

High pressure processing (HPP) has the potential of extending the shelf life of fruits and
vegetables whilst preserving nutrients and, importantly, many sensory attributes. Although
there is a developing body of literature identifying the advantages of this technology for
specific products under specific conditions, it is important to gain further understanding of
why undesirable quality changes can also be enhanced by this process. For this reason, this
work focused on the changes that HPP promotes within the microstructure of the product
(carrots, Daucus carota L.) considering that macroscopic quality is determined at a cellular

level.

This project was part of a government funded flagship programme at CSIRO Australia,
where carrots were chosen as a model product of study. The effects of HPP on this
commodity were studied for a range of pressures (100-600 MPa) applied for different
holding times (2, 10 and 30 minutes) at ambient temperatures (20 °C). The effects were
measured qualitatively and quantitatively by using several microscopy techniques, textural,
physiological, biochemical and sensory analysis and through comparison with unprocessed
(raw), frozen and heat processed (boiled, steamed and sous vide) carrots. The information
collected provided understanding of how different pressure levels affected the physical and
physiological responses of carrots based on cellular changes. It also allowed HPP to be
positioned within the range of other preservation techniques and to identify relationships

between quantitative and sensory quality attributes.

The key findings of the study can be divided into HPP effects below and above 200 MPa,
as near this pressure a “tissue break point” was identified. Pressures below 200 MPa only
slightly affected the cellular structure arrangement according to microscopy techniques,
which explained small textural changes, but there was an interesting shift in the metabolic
response from aerobic to anaerobic metabolism, presumably due to stress. Above 200
MPa, cell structures became less organized and more disrupted resulting in significant loss
of textural characteristics such as hardness and cutting forces compared to raw carrots.
This texture loss was related to cellular leakage and loss of turgidity. Considering that



texture is one of the most important quality attributes in carrots, this study searched for
ways of ameliorating the impact of pressure by manipulating turgidity before and after the
HPP process. One possibility was by weight loss prior to high pressure processing, but this
approach did not help to overcome texture losses after HP treatments above 200 MPa, as
structures were irreversibly damaged. Below 200 MPa, cells were still able to regain some
turgor pressure (pressure of the cell content against the cell wall); however changes in cell
permeability were evident. The addition of calcium chloride solutions in samples high
pressure treated at above 200 MPa showed no quantitative texture improvements,
confirming membrane damage as the principle mechanism and limited influence of
biochemical reactions (pectin degradation by pectin methylesterase) affected cell walls at

the conditions studied.

Sensory perception by a trained panel showed a positive response toward HPP carrots
treated at 600 MPa for 2 minutes. It was interesting to observe no significant differences
in many sensory attributes in comparison to raw and sous vide samples, while boiled
carrots showed low acceptability due to loss of most volatiles, texture and colour attributes.
Storage trials confirmed that high pressure treated samples retained higher quality after 14
days at 4°C by supporting a lower count of lactic acid bacteria and consequently having

less ethanol and acetic acid production in the pack.

Overall, this research has provided a greater understanding of the application of high
pressure on whole vegetable pieces by following microstructural changes. Based on this
work, HPP can be considered equivalent to other ‘lightly processed’ technologies such as
sous vide and may offer benefits as a complementary process to this or other similar
preservation techniques. Future opportunities could be investigated taking advantage of the
changes observed in cell permeability (< 200 MPa) for diffusion processes such as salting
and candying. Health benefits arising from nutrients being more exposed and preserved
after pressure treatments should be further studied by following nutrient availability and
body absorption. Furthermore, studies on altering rates of compression or decompression
and various pressure cycling effects could assist in optimisation of future commercial HPP

applications.



Acknowledgements

This work was done thanks to Massey University (New Zealand) and Food Science
Australia (FSA) with support from the Food Futures National Research Flagship Funding
Australia. A special thanks also to Dick and Mary Earle Scholarship in Technology for

their financial assistance during six months of research in Belgium.

I would like to thank John Mawson, Nicholas Smale and Cynthia Stewart for taking me on
board in this project. A huge thanks to my supervisors John Bronlund and Julian Heyes for
their constant support, encouragement at all times. I fully dedicate this to you.

I would also like to thank Food Science Australia staff for their guidance and support in my
journey, special thanks to David Tanner, Dimitros Zabaras, Vicki Eggleston, Bob Steele

and Barbara Bojarski.

During my PhD programme I had the privilege to spend six months of the research at the
Catholic University of Leuven, Belgium as a visiting scholar. This opportunity was kindly
given by Professor Marc Hendrickx and Dr Bert Verlinden, who I enormously thank for
their excellent guidance and time. 1 also thank all the staff members of the Food

Technology Laboratory of KULeuven for their support, especially Professor Ann Van Loey

and José Terclavers.
Finally to my family and friends and those who believed in me and my work at all times.
To my loving husband Andrew and my little Sam.

Thanks



The more I learn, the more I realise how little I know (Socrates).
1 wish we had more time in our hands to just observe and take in

all the knowledge that is out there.



AB ST RACT et h et bt b e R e b e bR b bR R e Rt R e Rt bt bt e bRt e bt nn b b eteas |
ACKNOWLEDGEMENTS ...ttt st b ekttt b e et e s e e sbe e nbeanre s 11
INDIEX ettt bbb R R e R R R E e R e re s \Y%
1 RESEARCH BACKGROUND.......cciiitiitt ettt b bt snesne e nresne s 1
2 LITERATURE REVIEW ......oiiii bbbt e 4
2.1 INTRODUCTION ....coiuiiiiiiiiiiiniiet ittt bbb 4
2.2 QUALITY ATTRIBUTES OF FRESH FRUITS AND VEGETABLES DURING STORAGE AND PROCESSING........... 4
2.2.1  Respiration and packaging effects on quality during fresh fruit and vegetable storage .. 7
2.2. 1.1 RESPITALION ...ttt ettt ettt ettt ettt 7
2.2.1.2 MICTODIal QUALILY ...c..ouviiiiiiiiieiiiit e e e 9
2.2.2  Water loss during storage and drying ............c..cccccocceiiiviioiiniinoeniiiiiieneeese e 10
2.2.3  Colour changes AUring STOFAZE...............c.ccuecueecuesieiiesieeeesiieiesieeieeseveeaese e ese e e 12
2.2.4  Organoleptic changes during storage 1S5
2.2.5  Relating structure to texture .. 16
2.2.5.1  PhySICAl CRANEES ...cueeiieiieiieiieeese ettt sttt et et e e e n et esn e e s et e s neese e beeneeneennenenn 20
2.2.5.2  Enzymes involved in carrot textural changes during processing...........ccecceeeeeeruerenereereenereereeseneens 23
2.3 QUALITY CHANGES AFTER CONVENTIONAL THERMAL PROCESSES.......ccoteieniiriinrienienirenieenieseenieenenne 24
2.4 QUALITY CHANGES AFTER MILD-THERMAL AND NON-THERMAL PROCESSING .......coctruieneieieneeienneenne 26
2.5 HIGH PRESSURE PROCESSING: BACKGROUND AND PRINCIPLE ........cccviiieiuiieeiuiieeeitreeeereeeeenreeeeesveeeennes 29
2.5.1  Introduction and technological ASPECES...............ccccccoviioinciiniiiiiiiiiiteeeese e 29
2.5.2  High pressure effects on biological structures w32
2.5.3  High pressure effects On Proteins ...............cccccuvuiieiiiiiiiiniieniiniiiieieieeeeeee e 36
2.5.4  High presSSure effects ON @NZYIMES...........ccccuuueiirceisiiiiesieiesitee sttt 36
2.5.4.1 High pressure effects on pectin methylesterase and polygalacturonase ..............cocceveeveveeneniecinennne 37
2.5.4.2 High pressure effects on polyphenoloXidase ............cccoeeiruiriiiiiiiiniiiiiiniiiciieseeee et 38
2.5.4.3 High pressure effects on lipoxygenase and peroXidase ...........ceceverueirerieirerenienieineneeeeesiesieeeneseene 39
2.5.5  High pressure effects on nutrients and Pigments..................cccccceeevueceeoeoreceenrecrecennann. 40
2.6 HIGH PRESSURE EFFECTS DURING STORAGE ......ccccviiiuiiiiiiiiiiiiiiieii it 41
2.7 HIGH PRESSURE EFFECTS ON QUALITY ATTRIBUTES OF FRUITS AND VEGETABLES ......ccc0eeevvieeivreeennns 41

2.7.1  High preSSure effects ON CATTOLS............covvevueeieieeieeiieiese ettt sae s
2.8  APPLICATIONS OF PRESSURE WITHOUT EXTERNAL HEAT ....

2.9  APPLICATIONS OF HIGH PRESSURE COMBINED WITH HEAT ....ouvvviiiiiiiieiiieeeeeeiieeeeeeeeeneeeeeeeseenneeeeeseenes 45
2.10 CONCLUSIONS AND RESEARCH OPPORTUNITIES .....cuuvviiieiieiitreeeeeeeieisrreeeeeeeiinneeeeeessessssseeesessnsnnneeseens 47
CARROT TISSUE DAMAGE ON PROCESSING: AN INTRODUCTORY STUDY (%).......... 50
3.1 INTRODUCTION ....uuttiiiieeiiiireteeeeeeitareeeeeeeesraeeseeaesssresesesaassssaseseesisssssessesssssssseseesesssssesesasnssseseesenersrees 50
3.2 MATERIALS AND METHODS.......cceittttteeeeiitteeeeeeeeetnrereeeesesseeeseeesnssseeesessessssseessasssssssesssassssssesesssnssssees 51

3.2.1 PLaNT MALEFIQL...........coooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e et 51



3.2.2 MICFOSCOPY vttt ettt et ekttt ettt ettt ettt 51

3.2.3  Relative electrolyte 1eakage.................coccooviiiiiiiiniiiiiiiiiiiieitee et 52
324 StAtiSHCAL ANALYSIS ..........ocveeieieiieieeit ettt ettt ettt be s se s e sae e 53

3.3 RESULTS AND DISCUSSIONS ......couiiiuiiiiniitintitiiitcte ettt sa e es s ess s ss st ea e enesaensenenenes 53
3.3.1  Light microScopy iMage QRALYSIS ..............ccccoecimeeuimiiniiiiiieiieieeieeteete et 53

3.4 CONCLUSIONS ..ottt sttt a e snene s 57

4 IDENTIFYING CARROT TISSUE DAMAGE AFTER HIGH PRESSURE PROCESSING BY

FOLLOWING RESPIRATION RATES PATTERNS ..ot 60
4.1 INTRODUCTION ...uutietieetieeeteeteeeteessseeseeesseessseasseasseessseesseansesasseessseanseessseessseansesasseessssenseesseesssesnsenns 60
4.2 MATERIALS AND METHODS.......ceeitieetitetieateeneteaseeasseessseaseessseessssassesssseessssassessssessssesssesssseesssesssesssenns 61

421 Plant MALEFIAL................cc.oooeeeeeeeeeeeeeeee e 61

4.2.2  ReSpirations rate MEASUTEIIENLS. ............ccc.ueiueesieeeeeeseestee et esieeetee st esaee et e saeenaneenneas 61

4.2.3  High pressure and thermal PrOCESSING. ...............ccuviiviioiereiceiniereiee et 62

4.2.4  Headspace ethanol and acetaldehyde analysis ..............c.cccocoovcveviiiviniieveeiesieeienianns 62

4.2.5  Statistical ANALYSIS..............cccccociiiiiiiiiiiiiiiiieeeee e 63
4.3  EFFECTS OF HIGH PRESSURE PROCESSING (HPP) ON CARROT RESPIRATION ......c.eeruvieiienieenireeeeeneeenns 63
4.4  ANAEROBIOSIS MEASURED IN TERMS OF THE PRODUCTION OF ACETALDEHYDE AND ETHANOL........... 69
4.5 CUT AND HIGH PRESSURE WOUNDING EFFECTS ON CARROTS ...ccutteuieriiienireenieesiieenireeieeseeeniresneesaeeens 71
4.6  PHYSIOLOGICAL CHANGES DURING STORAGE ......utittieiiteiieniteniteeieesiteentteeeeesateesesesaaeesiseenasesneesaeeens 72
4.7  CUMULATIVE WOUNDING RESPONSE .....c..eeuterttrteriteieetenteetestteteetesseessesssessesnsesseesesssessessseseenseseense 73
4.8  EFFECTS OF PACKAGING DURING PROCESSING .....cuterttetettetenieeteeiesteentesssessesnsesseensessnessesseseenseseenne 75
4.9 CONCLUSIONS .....ouiiuiiuiimteiteiteuteiteiteuteateutesteuteaeeuteateuteueeseeseebeebesuesueeuesaesbeeaesae b et e saesbe st esaenaenaenaensennennens 76

5 UNDERSTANDING TEXTURE CHANGES OF HIGH PRESSURE PROCESSED FRESH

CARROTS ()t ittttteeett stttk et bbb bbb bbb ek bt bbbt bbbt r e 78
5.1 INTRODUCTION ....coiuiiiiiiiiiiiiie ettt h e s s s bbb 78
5.2 MATERIALS AND METHODS......cuiiiiiiiiiiiiiiiitiiiiii ettt 79

52,1 Plant MALEFIQL..............ccooieiiiiiieieee ettt ettt 79

5.2.2  High PreSSUre trEQEMENL .. ........c.ccvevveeeesieeiieeiiaiieeieesieetesseeiaeste e steesesssesseessesaeansesseensens 80

5,23 WALEF LOSS ... e 81

5.2.4  Calcium soaking pre-treatment .....................cccoeeuivirieiieiiiiiiiiiinieeeteeeteee e 81

5.2.5  Pectinmethylesterase (PME) QCHVILY QSSAY.............ccoeouevueseeieniaiesienieeiesieeniesienieennens 81

5.2.6  Determination of degree of Methylation...................cccccccocevevininioiniiiiiiiiiiieieeee 82
5.2.6.1 Preparation of alcohol insoluble residue (AIR)........ccceviiieiieriinieieiee e ees 82
5.2.6.2  Galacturonic aCid ANALYSIS. ......verueruieierierieeieierteeiete st eete e st eeesaeeseeseesteeseeneentesneensetesneeneesreenaenreeneens 82
5.2.6.3 Determination of degree of methylation ...........cccoveiririiiiinineiicr et &3

5.2.7  TOXTUFE QIALYSIS......oovveveeeieieeieee ettt et ettt sa e ssaebe e s e seensenneens 83

5.2.8  MicroStructural QRALYSIS .........cccccoooieiiiioiiniiiesie ettt 84

5.2.9  SAtiSHCAL ANALYSIS ..........ocveveeiieiieiecit ettt ettt sttt b e saeseeseesreens 84

5.3  RESULTS AND DISCUSSION ......couiiuiiiiiiiiiiiiiitiiiiite ettt st s st s 85

5.3.1  Textural CRANGES ............c.coccueviiiiiiiiiiiiicieete et
5.3.1.1 Effects of HPP on tissue hardness

5.3.2  Effect of high pressure processing on texture during CUttiNG...............coevevveeverceereenns 88

5.3.3  MicroStructural CRANGES ..............cc.ccoeviiiiiiiiiiiiiiiict ittt 94
5.3.3.1  Structural changes t0 CEIl WallS.........ceeuieiecieriiiieierieeieee ettt steesaesseesaesseseeens 94



6

5.3.3.2  SRAPE FACLOT .eevietieiieie ettt sttt ettt n et e bt e n e teeneenaenteeneenteeneenneneeneene 95

5.3.3.3  ELONEATION ....uiiiiiiiiiiiiciiet ettt ettt ettt e a e st 99
5.3.4  Biochemical CRANGES .................ccccoueviiiiiiiiiiiiiiiiiiiet e 102
5.4 CONCLUSIONS ..ottt sttt sttt b et 107

STRUCTURAL AND TEXTURAL CHANGES IN CARROTS SUBJECTED TO WEIGHT

LOSS AND OSMOTIC MANIPULATION BEFORE AND AFTER HIGH PRESSURE PROCESSING

7

110
6.1 INTRODUCTION .....ouviuiiiiiiiiiiieieti sttt sttt s eb e n e 110
6.2 MATERIALS AND METHODS. ..ottt ettt ettt see e et ese e e eseeseeseeneeaeeneesesaeeneenesaeenes 111
0.2.1  Plant MAtEFiaQl..............cccccoooiiiiiiiiiiiieeiee e 111
0.2.2  High PreSSUre treQiment .............c.cccuecueeeeeuesiesieaiiesiieieesieeiestesie et seaese e sse e nees 111
0.2.3  TeXTUFE TMEASUFCTNERLS .......c..eeeiieeeieeie ettt ettt ettt ettt 111
6.2.4  Juiciness and cellular [eakage......................cccovocveviecieiiieciiiieieiiesieeieee e 112
0.2.5  MICTOSCOPY ...t 113
6.2.6  Specific VOIUME CRANGE ...........cc.cccuiiiiiiiiiiiit it 113
0.2.7  SEAHISTICAL ANALYSIS c....ooeeeeii ettt 114
6.3 RESULTS AND DISCUSSIONS .....uuiuiiuiiteutenteiteteieeteeeeaeeeeseeteseeseeseeseeaeeseeseeseeseeseeseeneeneeseenesseenesnessennes 114
6.3.1  Effects of weight loss prior to HPP on tissue turgidity...........c.cccocevvieovencencencinoennnnne. 114
6.3.2  Changes in turgidity when using mannitol solutions on raw samples and after HPP.. 121
6.3.3  Specific volume changes of carrot tissue affected by high pressures ........................... 124
6.3.4  Specific volume changes in carrot tissue as related to leakage and juiciness.............. 125
6.3.5  Specific volume changes in carrot tissue as affected by mannitol as osmoticum pre and post
DGR PFESSUTE TFOAIIMENE ...ttt ettt 128
6.4 CONCLUSIONS ...ttt ittt et ea e eae e 130

SENSORY PERCEPTION AND QUALITY ATTRIBUTES OF HIGH PRESSURE

PROCESSED CARROTS IN COMPARISON TO RAW, SOUS VIDE AND COOKED CARROTS (*)

132
7.1 INTRODUCTION ....couviiieireeeitteeeeteeeesereeesereeeasseeesssseeeassseeesssessassesessssseesssseessssesssnssseesssseesssseesnsseeennns 132
7.2 MATERIALS AND METHODS......ccctttieittteeiitteeeateeeenreeeessseeesssseessssesessssesessssessssessssssseessssessssssesssssesennes 133
7.2 1 Plant MALEriQl..............cc...oocveeieeeeieie et 133
7.2.2  PFOCESSING PFOCEAUFES .....c..ccueeeiieiiiieieeieee ettt st 133
7.2.3  Sensory analysis training and aSSESSMENL ...................c.ccvvevveverceeseeireneeseessenseeseneeanns 134
7.3 GAS CHROMATOGRAPHY / MASS SPECTROMETRY AND OLFACTORY GAS DETECTION ANALYSIS ........ 137
7.4  PHYSICAL MEASUREMENTS......ccctiiittietteeteestteeseesssensseessesssseessssessassssesssssessessssesssssassesssessssssnsessssens 138
7.4.1 TEXTUIE MEASUFEIECIILS ..ottt et ee s 138
7.4.2  JUICINGSS MEASUFCIICIILS ........oeeeeeeeeeeeeeeeeeeeeee ettt ee e e e e et e e e e e e eaneeens 139
7.4.3 COLOUT MEASUTCINGALS ...t 139
7.5 CRYO-SCANNING ELECTRON MICROSCOPY (CRYO-SEM) ...cccuiiiiiiiiieiieeiiesee et 139
7.5 0 DA QRALIYSIS ...ttt ettt ettt 140
7.6 RESULTS AND DISCUSSION......cutettruteteeienitentesttesteetesstensestesseensesssenseensesseensesssesseensesseensesssessesnseseens 140
7.6.1 SENSOTY AESCHIPIION ...ttt ettt 140
7.6.2  APPEAFANCE Of CATFOLS ...ttt 141
7.6.3  TeXTUTE PEYCEPLION. ..ottt 142
7.6.4  OAOUF PEFCEPIION ...ttt ettt et eeaaeeaseeeneeen 143

7.6.5  Flavour and aftertaste perception

vii



8

9

10

7.7 PHYSICAL MEASUREMENT

7.7.1
7.7.2
7.7.3
7.7.4
7.7.5

7.8 CHEMICAL ANALYSIS

7.8.1
7.8.2
7.8.3

7.9  CRYO-SCANNING ELECTRON MICROSCOPY OF CARROT TISSUE

7.10

OVERALL DISCUSSION

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The effects of different treatments and storage time on carrot juiciness...................... 145
The effects of different treatments and storage time on carrot hardness...................... 147
The effects of different treatments and storage durations on carrot peak cutting forcel49
The effects of different treatments and storage time on carrot bending force.............. 150
The effects of different treatments and storage times on carrot colour........................ 152

Headspace vOIQLiles....................cccccociiiiiiiiniiiiiiiiiiiiiiieetite e 154
GC/MS-O perception of headspace carrot volatiles .................c.ccccoovceeiioicinviaonnnnne. 159
Microbiological quality CONTAMINALION ...............c.eocveveeeieieeeee et 161

REFERENGCES ...t s

Viii



