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Summary

Summary

The increasing request of fruit and vegetablesrisgmg the food industry, together with the
academia, to improve the processes targeted torydhe crops shelf-life. Preservation of foods
usually involves technologies that prevent micrbbggowth and retard enzymatic quality
degradation reactions. Traditionally, thermal pesteg £90 °C) and freezing<t40 °C) have
formed the core of food preservation. During fregzithe ice crystal formation causes damages of
vegetables cells walls. Furthermore, frozen vedesalare previously blanched and consumed
cooked, so they are subjected also to the detraheffect of thermal treatment.

Novel nonthermal technologies are one of the alidraes currently available for the preservation of
vegetables because they accomplish inactivatiomiofoorganisms and enzymes but minimize
adverse thermal exposure. Among them, the usegbfthydrostatic pressures for food processing is
finding increased application within the food intiys

Despite several studies have been conducted oeftbet of processes on vegetables, a lack of
literature is still present, because of the fragméinvestigation of the effect of traditional meds

and still poor data on the novel technologies.

Based on these considerations, the present Phi3 ttieals with the evaluation of the effect of
different conventional and innovative preservinghteologies on vegetables by means of selected
physico-chemical properties. Different approachesawnvestigated to reach this goal.

In the first section of this PhD thesis, the evabraof the effect of different steps of a convenal
industrial freezing process was investigated ora@gus, zucchini and green beans. Samples were
examined in all the stages of production “from fatonfork” as raw/uncooked (control test),
blanched, boiled from the raw samples and afteustréhl freezing. A deep investigation was
carried out to evaluate qualitative (texture antbwq, histological and nutritional (antioxidant
activity and bioactive compounds) aspects. Theaiobd results will show how manufacturers and

researchers have to join together in order to @gvehdustrial freezing process conditions
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according to the matrix of vegetable, with the fiaan being to offer the end-user consumer high
quality frozen products.

In the second section of the thesis, the evaluadiodifferent cooking methods as preservation
technique for vegetables was investigated. Theaegeneral lack of study in literature on the dffec
of cooking on the main quality attributes (i.e.tte®, colour) that have a great impact on the final
consumer acceptance of vegetables. When takercamsideration, only a single type of heating
treatment or one quality attribute was discusseausT this topic needs to be more deeply
investigated with the ultimate goal to offer a reglguality final cooked product to the consumers,
achieving a greater retention of the original gyabf the processed vegetable. Starting from this
observation, in a first study the effect of threenenon cooking procedures (boiling, steaming and
microwaving) on structure, texture and colour afais processed in an industrial plant was studied
and the obtained results were compared with thbssred from raw carrots provided by the same
manufacturer and cooked with the same procedurien, a relatively new little explored cooking
approach, the combined air/steam cooking, was theco of another investigation. Several
air/steam cooking time/temperature conditions wsakected and applied on two commonly used
vegetables, as pumpkin and Brussels sprouts, edlext the basis of their different nutritional
values and physical characteristics. The resuligiodd in term of cooking (cooking values, weight
loss), physical (texture and colour) and nutritiof@ntioxidant activity and phenol contents)
parameters were compared with those obtained cgollie same vegetables with a common
steaming procedure.

In the third section of the thesis, the impact ohavel non thermal technology, such as high
hydrostatic pressure process was studied at théreCéor nonthermal treatment of food of the
Washington State University of Pullman (WA) on lbeet, which presents a well-known high
nutritional value. In particular, the effect of pseire treatment realized at 650 MPa and a
temperature of 21°C was studied taking into accdlifferent times of processing evaluating

physico-chemical, enzymatic and nutritional aspebt® obtained results were compared to the raw
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product and those treated with classical thermehtinents as blanching and canning. The
preliminary findings obtained in this part of theesis, suggested that the high hydrostatic pressure
treatment could be used as valid alternative fergreservation of beetroots, being less invasive
than canning and quite comparable with blanching.

In the last part of this PhD work, a novel speatopscal approach as Raman spectroscopy was used
for the evaluation of carotenoid pattern changesr alifferent cooking treatments on carrots.
Changes on carotenoid profiles measured by meaRawfan spectroscopy were compared with
their quantitative determinations acquired by tightperformance liquid chromatography and the
colour parameters finding good statistical corretes among techniques.

In conclusion, this PhD thesis revealed the stienghd weaknesses of both the traditional thermal
and novel nonthermal vegetable treatments. In génehile the freezing and cooking traditional
methods resulted in an extended modification ofdghality parameters, the high pressure treated
samples revealed a better preservation degreeeXteat of the modifications observed after the
application of either thermal or nonthermal proesssas however related to the type of vegetable
and the process conditions, therefore this findshguld encourage to research and plan specific
processing conditions. A big effort was given te tiise of novel analytical technology, such as
Raman spectroscopy, for the fast and easy way tairobeal time information on the chemical

transformation of the nutrients under treatment.
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Introduction

Introduction

1. Vegetables research overview
Frequent consumption of fruit and vegetables ismenended in practically all dietary guidelines
(USDA, 2010; WHO 2014) in order to maintain a balkxh diet and to prevent obesity and chronic
diseases. A recent WHO/FAO expert consultation nteio diet sets population nutrient goals and
recommends intake of a minimum of 400 g of fruisl aegetables per day for the prevention of
chronic diseases such as heart diseases, caraleetal and obesity. Vegetables bring us vitamins,
minerals and fiber, some energy (mainly in the fafrsugar), as well as certain minor components,
often referred to as phytochemicals or secondaytgiroducts, which are potentially beneficial for
human health (Mobasheri et al., 2014). The incrgpattention to health and wellness, in order also
to reduce the health public expenditure, is briggthe governments to finance the scientific
research in this field.
The United States Department of Agriculture (USDigluded Nutrition and Childhood Obesity
among the seven identified priority research topic2012. In these efforts, USDA supports
nutrition education programs and encourages Ammesida consume more nutritious foods like
fruits and vegetables. Agriculture, food and health also significant themes in the last European
Union’s Seventh Framework Research Programme (BRELarthy et al., 2011). Based on this
supports, several scientific research are beingldped to show the evidence of the relationship
between vegetables intake and reduction of cardmuar and chronic diseases in these last years
(Boeing et al., 2012; Dauchet et al., 2006 ).
The strategy for research and innovation of a aguarcross all sectors, aim also at the increasing
commercial investments. Fruit and vegetables haitaessed consistent increases in the net
exporter position of many countries. These prodinege become the most important in value
terms. Over the 2000-2010 decade, the fruit ancttabdes sector has grown by more than 11
percent per year at the global level, by almosp@ent in Africa and by 17 percent in Asia, but

Europe continues to be the largest exporter (FAC320N 2003, 9.8 and 13.8 million metric tons
2
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of vegetables for freezing and canning, respectjweére produced in the United States with a total
farm gate value of US$1.4 billion (De Corcueralgt2004).

Internationalization of food supplies, more eatiogt (and less home-cooking), and growing
attention to ‘convenience’ are all influencing egtihabits and deserve close attention. While the
retail and catering industries are concerned wiibps/ and choice, food processing creates issues
of content, taste and safety. In the field of fqmdbcessing, the matters of design, preparation,
manufacturing and also home cooking, linked to theahd disease representing the interface
between industry and the scientific sector. Wit dm to address the balance between commercial
opportunity and consumer protection and satisfactibe research is investigating also in the
vegetable processing field. Several scientific istsichre so also focused on the development of
novel vegetables industrial processes, the impgpuirthe traditional ones and the impact that they
have on the crops (De Corcuera et al., 2004; Oal/,2008; Mazzeo et al., 2011).

2. Vegetable processing

Plant-based foods are subjected to cooking or peig to increase their edibility and palatability.
Furthermore, because of the varied growing and dsting seasons of different vegetables at
different locations, the availability of fresh vegleles differs greatly in different parts of thendo
Processing can transform vegetables from perish@ablducts into stable foods with long shelf-life
and thereby aid in the global transportation argdrithution of many varieties of vegetables. The
goal of processing is to deter microbial spoilagé natural physiological deterioration of the plant
cells while the original sensory and nutritionabperties are maintained as high as possible. To
achieve the balance between food quality and safegre is a need to optimize conventional
processing techniques currently applied in foodustdes and to develop novel processing
technique (Oey 2008).

Generally, the traditional techniques are basethemse of temperature as process variable.
Among the vegetable thermal treatments, in thisighi will be discussed blanching, canning and

freezing and cooking techniques.



Introduction

The novel technologies could be generally calledtimermal technologies because of the use of
process variables alternative to the temperatuieh sas pressure, electricity, electromagnetic
wavelengths etc. In this context, the high presserknology will be described.

2.1 Thermal treatments

- High temperature

Blanching

Blanching is a pre-treatment for freezing, cannenyj drying and it consists in the exposure of the
vegetables to heat treatment for a brief periochgpally to inactivate enzymes, but also to
modifying texture; preserving color, flavor, andtmtional value; and removing trapped air (De
Corcuera et al., 2004). Depending on its sevebpignching will also destroy some microorganisms.
The two most used commercial methods of blanchinglve passing food through an atmosphere
of saturated steam or a bath of hot water. MicreamMalanching is not yet used commercially on a
large scale (Fellows, 2009). Water blanching isfiggered in hot water at temperatures ranging
typically from 70 °C to 100 °C, resulting in a umnifn treatment. In steam blanchers, a product is
transported through a chamber where “food-grad#€am at approximately 100°C is directly
injected. It requires less time than water blanghbrecause the heat transfer coefficient of
condensing steam is greater than that of hot watewever, because of the high-temperature
gradients between the surface and the center gfrtthuct, larger products or pieces of product can
beoverblanchedear the surface anshderblanchedt the center.

Steam blanching is more energy-efficient and preduower effluents with less biological oxygen
demand (BOD) and hydraulic loads than water blarmghin addition, nutrient leaching is reduced
compared to water blanching. Microwave vegetabkndiiing is a promising technique. Early
studies showed the improvement of the blanched yatoduality, the reduction of the waste
production and the very short processing time imgarison to conventional water or steam
blanching. These first studies were however caraetdin batch ovens, so the technique is still

under industrial implementation (De Corcuera et2004).
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Practically every vegetable needs to be blanchdgesmptly cooled prior to every other process.
Blanching before canning is carry out for the fallng reasons: to remove the respiratory gases that
would reduce the ultimate vacuum in the can, ifytinere released during processing; to inhibit
enzyme activity that can take place during the titaken to reach sterilizing temperatures,
particularly in large cans; to soften the texture@getables to facilitate filling into containgrgor

to canning; to hydrate certain dry products; tohpeg the product in order to assist the vacuum
formation in the can (Ramaswamy & Chen, 2003). &témg before freezing furthermore, removes
trapped air (e.g., in broccoli florets) and metabglses within vegetable cells and replaces them
with water, forming a semicontinuous water phase favors a more uniform crystal growth (De
Corcuera et al., 2004).

If vegetables are not heated sufficiently, the emzy will continue to be active during storage and
may cause the vegetables to toughen or develdfawgtirs and colors. Enzymes, which cause a loss
of eating and nutritional qualities in vegetablad &uits, include lipoxygenase, polyphenoloxidase,
polygalacturonase and chlorophyllase. Two heastasi enzymes, which are found in most
vegetables, are catalase and peroxidase. Althcughdo not cause deterioration during storage,
they are used as marker enzymes to determine ticessiof blanching. Peroxidase is the more heat
resistant of the two, so the absence of residuaxmase activity would indicate that other less
heat-resistant enzymes are also destroyed (Fell@®89). Blanching also causes wilting or
softening of vegetables, making them easier to .platestroys some bacteria and helps remove
any surface dirtFor some vegetables, the blanching step also seéovesmove harsh flavors
(Barbosa Canovas et al., 2005). The vegetableshare ready for the various food-processing
methods described below.

Canning

With the canning treatment, vegetables undergaliz&tion, that is the complete destruction of
microorganisms and spores, allowing to obtain staibbducts at room temperature. Canning is the

major food processing method of the world. It istigalarly useful in developing countries where
5
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refrigeration is limited or nonexistent. Properlypopessed canned vegetables, moreover, can be
stored at room temperature for years. In the canpnocess, vegetables are often cut into pieces,
packed in cans, and put through severe heat treattoeensure the destruction of the bacteria
spores.

In brief, the steps of the canning treatment are:

-Food preparation by washing, sorting, grading, ipgekutting to size, pre-cooking and pulping is
conducted according to the type of product.

- Can filling of glass or metal containers may beriedr out manually or by using sophisticated
filling machinery. The filling weight and the volemheadspaces are important factor to be
considered, because can affect the rate of heatnagion affecting the extent of the treatment.

- Vacuum productiortan be achieved by filling the already heated pcothto the can, by heating
the can and contents after filling, by evacuating headspace gas in a vacuum chamber, or by
injecting superheated steam into the headspaceadh case, the can is sealed on immediately
afterwards. This process, called also exhaustinghef container, have the aim to create an
anaerobic environment in the can (vacuum), whicluldianhibit microbial spoilage and minimize
the strain on the can seams or pouch seals dumengrocess.

- Thermal processing usually carried out in an autoclave or retartan environment of steam
under pressure. The filled sealed can must be théata high temperature for a sufficient length of
time to ensure the destruction of spoilage micigaaisms.

- Cooling of the processed cans in chlorinated water temperature of 37°C. At this temperature
the heat remaining is sufficient to allow the wadewsplets on the can to evaporate before labelling
and packing (Ramaswamy & Chen, 2003).

The thermal process is the core of the cannindgnreat. The times and temperatures required for
heat processing have been determined experimetdadiysure that spores of the most heat resistant
food poisoning organisms know@Jlostridium botulinumare destroyed (Dauthy, M., 1995). For

this reasons, the sterilization frequently meamseatment of at least 121° C (250° F) of wet heat
6
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for 15 minutes or its equivalent. This treatmentsditions, note asminimum botulinum codk
reduce the chance of survival ©fostridium botulinunspores. It also means that every particle of
the food must receive this heat treatment (Dauthy,1995).

Bacterial spores have a greater resistance to weah the growth-medium is neutral or near
neutral, and neutrality is normally required forctesial growth to commence. Because of this,
canned foods have been broadly divided into twaigso

a) ‘acid’ foods having a pH of 4.5 or lower and

b) ‘non-acid’ foods having a pH of more than 4.5

‘Non-acid’ foods (vegetables) must, therefore bath@ocessed at high temperatures using steam
under pressure, whereas ‘acid’ foods (fruit) mayhmessed at the (lower) temperature of boiling
water, since this will kill moulds and yeasts. Idddion, if any bacterial spores survive the
combination of acid and heat, they will be inhibdifeom growth by the acid environment (Dauthy,
M., 1995).

For high quality products, aseptic canning is pcact Also known as high-temperature—short-time
(HTST) processing, aseptic canning is a processeblyepre-sterilized containers are filled with a
sterilized and cooled product and sealed in alstatmosphere with a sterile cover. The process
avoids the slow heat penetration inherent in tlagliional in-container heating process, thus
creating products of superior quality (Ramaswam@léen, 2003).

Cooking

Although cooking has traditionally considered a éstic process, it is also often carried out
outside in catering services, restaurants, or dcad/or hospital canteens. Nowadays, factory food
preparation has become common, with many "readatbfoods being prepared and cooked in
factories. "Home-cooking" may be associated withnfmst food, and some commercially produced
foods are presented through advertising or packaagrhaving been "home-cooked".

Most of vegetables can be cooked by different aogpknethods. The versatility of preparation,

cooking and serving is a great attribute of vedetablhe extent of cooking varies according to
7
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individual taste and regional or traditional dictuim the habits of the U.S. South, for example, the
boiling of vegetables is usually protracted, withsaft consistency and a blend of flavors in
combining ingredients considered desirable. Inniavelle cuisin®f France, on the other hand,
Chinese influence dictates minimal boiling or steagrio preserve fresh color, texture, and flavor.
In general it's possible to say that dense vegesabéquire longer cooking times e.g. carrots,
potatoes. Vegetables with higher water content daster (e.g. capsicums, leafy greens).

All the cooking methods are based on a heat tramsézhanism between two systems due to the
presence of a temperature gradient. There are theses in which heat may be transferred:
radiation, conduction and convection. Radiatiothis transfer of heat by electromagnetic waves;
conduction is the movement of heat by direct transef molecular energy within solids; convection
is the transfer of heat based to the density cleangesed to the temperature variations in the.fluid
At heating the density change will cause the flisidise and be replaced by cooler fluid that also
will then heat and rise (Fellows, 2009).

Boiling, steaming, microwaving and baking are thestrused techniques for vegetables cooking.
During boiling, the food is cooked by immersionwater that has been heated to near its boiling
point (100° C) at sea level. The direct contactveen the food and the heating medium allows to
transfer heat by convection.

During steaming the water is continuously keeghathoiling phase, causing vaporization. Steamed
food is cooked by the heat carried by the steanduymed by the vaporization of water by
convection transfer mechanism.

Microwave cooking is an example of heat transfeirrbgdiation. In particular, microwave ovens
has a device called magnetron that converts atatnergy in oscillating electromagnetic energy
at frequency around 2450 megahertz (MHz). Thesekguiwaves are remarkably selective,

primarily affecting polar molecules. Dipoles in twater and in some ionic components such
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as salt, attempt to orient themselves to the fi8ldce the rapidly oscillating electric field chasg
from positive to negative and back again severdlianitimes per second, the dipoles attempt to
follow and these rapid reversals create frictidredt. The increase in temperature of water
molecules heats surrounding components of the fiyjodonduction and/or convection (Fellows,
2009).

The mode of heat transfer can coexist within thmes@ooking technique. For example, during
baking heat is transmitted simultaneously by cotidac convection and radiation: conduction is
given by the plate of the oven on which the fooglaced, convection is obtained with the air (or
with the steam) contained therein and the irraollatty means of electrical resistances or direct
flame fueled by fuel gas.

While at the domestic level, cooking conditions ehesen according to the taste of consumers, at
the industrial level it's necessary to use cookimticators standardize the processes.

Many factors affect the performance of a cookirapteque rather than another.

In conventional cooking such as steaming for examptating starts at the surface of the food, and
heat is slowly transferred to the center by condact Conversely, in microwave cooking,
microwaves permeate the center of the food by tiadiaand the heat generated within the food is
transferred toward the surface of the food. In tespect, an equivalent rise in temperature occurs
more quickly in microwave processing than stean{idgutson et al., 1987). Steam cooking, in
turn, has a faster temperature increase than bakingoiling, because latent heat, other than
sensible heat, is transferred to food when sattiisteam condenses (Fellows, 2009).

Studies on the mechanisms of heat transfer ledalitulate, for the convective heat treatments,
‘convective heat transfer coefficients’ for somentoon fluids in different conditions (Rohsenow et
al., 1998). They are dependent on the type of megha or liquid, the flow properties such as

velocity, viscosity and other flow and temperatdependent properties.

- Free Convection - air, gases and dry vapors : Q@0 (W/(m2K))
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- Free Convection - water and liquids: 50 - 3000 (W2K))

- Forced Convection - air, gases and dry vapors: 1000 (W/(m2K))
- Forced Convection - water and liquids: 50 - 1008(m2K))

« Forced Convection - liquid metals: 5000 - 40000(("#2K))

- Boiling Water : 3.000 - 100.000 (W/(m2K))

« Condensing Water Vapor: 5.000 - 100.000 (W/(m2K))

These coefficients could be discriminating critegan the choice of a convective technique or
system of cooking food rather than another.

The depth of penetration of microwaves energy atwtes determined by the dielectric constant and
the loss factor of the food. They vary with the stoie content and temperature of the food and the
frequency of the electric field. In general, thevéw are both the loss factor (i.e. greater trarespar

to microwaves) and the frequency, the greateragptnetration depth (Fellows, 2009).

In this way, it is possible to choose a frequenoynf the permitted bands that will give a suitable
electric field strength for a given loss factor.

The amount of heat penetration in the food is noly alue to the medium of heat transfer
characteristic, but it is also strictly dependeatrf the shape and the nature of the product.

To compare the total thermal effect of differendqesses, the degree of cooking valig.{) can

be used (Chiavaro et al., 2006) . Measuring thepezature in the geometric centre of the samples
at fixed time intervals, the heat penetration caraee obtained. From the integration of the heat
penetration curves it's possible to calculate tlegrde of cooking value, expressed using the

following equation:
Z
Chrer = j 10(T-Tref/2)q¢
0

where t=time; Tref=reference temperature, set etua00 °C; z=temperature increase that induces

a 10-fold increase of the reaction rate of the ahahreaction taken as reference. Common used

10
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zvalues are reported in Tab.1 (see below). Frorsetihesults also the rate of cooking or the time of
cooking for fixed degrees can be calculated. Ia Wy, the food business operators can streamline
the cooking processes.

- Low temperature

Freezing

Freezing is the unit operation in which the temperaof a food is reduced below its freezing point
and a proportion of the water undergoes a changtate to form ice crystals. It is one of the otdes
and most widely used methods of food preservafldre immobilization of water to ice and the
resulting concentration of dissolved solutes inrozén water lower the water activity of the food
(Fellows, 2009). Preservation is achieved by a doation of low temperatures, reduced water
activity and, for vegetables, pre-treatment by thamg that inactivate the deteriorative enzymes
(Barbosa Canovas et al., 2005). The low temperatamdid the microorganism’s growth, the
chemical and the cellular metabolic reactions. Erep preservation allows therefore to the
retention of the quality of agricultural productseo long storage periods extending the usage
during off-season other than the transportatioretoote markets that could not be accessed with
fresh products. As a method of long-term presemwafior fruits and vegetables, freezing is
generally regarded as superior to canning and dahgd, with respect to retention in sensory
attributes and nutritive properties (Barbosa Camataal., 2005). The availability of different tygpe
of equipment for several different food productsutes in a flexible process in which degradation
of initial food quality is minimal with proper apphtion procedures. From a technical point of
view, it is also one of the most convenient andesaf food preservation methods. In terms of
energy consumption, the freezing process and storagstitute approximately 10 percent of the
total cost (Barbosa Canovas et al., 2005). Theziingeprocess starts with the subtraction of seasibl
heat to the matrix since the first seed of crysigbears. The process producing this seed, upon
which the crystal can grow, is called nucleationfdod systems there is the co- existence of free

and bound water. Bound water does not freeze eveara low temperatures. During the freezing
11
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process, the concentration of soluble solids irs@eain the unfrozen water, resulting in an
increaseof freezing temperature below the 0 °C. Whe product temperature reaches the point
where most freezable water has been convertecetdhe process could be considered ended and
the temperature is reduced to storage temperatlBeQ).

The freezing time and rate are the most importarameters in designing freezing systems.
Freezing time depends on several factors, incluthegnitial and final temperatures of the product
and the quantity of heat removed, as well as dimesgespecially thickness) and shape of product,
heat transfer process, and temperature. The figeaia (°C/h) for a product is defined as the ratio
of difference between the initial and final temgera of the product to freezing time at a particula
location within the product. Since the temperatdigtribution within the product varies during
freezing process, the thermal center is generalkert as reference. Generally, if freezing is
instantaneous, there will be more locations withim food where crystallization begins. In contrast,
if freezing is slow, the crystal growth will be sler with few nucleation sites resulting in largee i
crystals. Large ice crystals are known to causehar@cal damage to cell walls in addition to cell
dehydration.

The industrial equipment for freezing can be categd in many ways, namely as equipment used
for batch or in-line operation, heat transfer systgair, contact, cryogenic), and product stability
The temperature of freezing is generally around -80°C.

In the equipments in which air is used as freexmeglium, the food is placed in freezing rooms
(Air-blast freezers), or on trays placed in racksrolleys which can be moved continuously inside
a tunnel (tunnel freezers), or on a multi-tier os@ral conveyor belt (Belt freezers). Still, air
freezing is the cheapest way of freezing and hasattded advantage of a constant temperature
during frozen storage; however, it is the slowesthod of freezing due to the low surface heat
transfer coefficient of circulating air inside treom.

The individually quick frozen foods (IQF) technologvas developed with the aim of quick

freezing. Food is placed on a bed with a perfordietom through which cold air is blown
12
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vertically upwards and completely surrounds thedfaesulting very effective especially for
particles with a tendency to stick together. Diliemtnersion of a product into a liquid refrigerast i
the most rapid way of freezing since liquids hagtdr heat conducting properties than air. Indirect
contact freezers are instead type of freezer, irchwimaterials being frozen are separated from the
refrigerant by a conducting material, usually @&kpdate (Barbosa Canovas et al., 2005).

The frozen food market is one of the largest andtrdgnamic sectors of the food industry. The
global frozen food market is expected to grow fr$218.41 billion in 2010 to $261.50 billion in
2015 at an estimated CAGR (compound annual growtlate)r of 3.7%
(www.marketsandmarkets.com - Market Research Repdarketing Research Company, Business
Research). During 2013, in Italy the frozen vedetmbegment resulted the first in absolute value: i
it constitutes about the 43% of the retail volumales (224.600 tons in 2013)
(www.istitutosurgelati.it). Today an increasing dard for frozen foods already exits and further
expansion of the industry is primarily dependentlmnability of food processors to develop higher
gualities in both process techniques and prodiurtigtovements can only be achieved by focusing
on new technologies and investigating poorly untdexs factors that influence the quality of frozen
food products like relative cost and nutritive \egu

2.3 Non-thermal

-High pressure technology

High hydrostatic pressure (HHP) is as a novel nemial technology recently used for food
preservation. In the early 1990s, only a few highspure units were available for use; at the
beginning of 2000, an important increase in the lmemof high-pressure units was observed and
nowadays is still growing (Bermudez Aguirre & BasbaoCanovas, 2011). Today, the food industry
uses some of this equipment in their facilities amalv processes and sells high-pressurized
products comprise fruit and vegetable products.

During the HHP treatments, the food (liquid or @pls subjected to pressures above 100 MPa up to

900 MPa, with pressures used in commercial systestvgeen 400 and 700 MPa (San Matrtin et al.,
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2002).The effect of HP on food chemistry and miatdgy is governed by Le Chatelier's
principle. This principle states that when a systmequilibrium is disturbed, the system then
responds in a way that tends to minimize the distoce (Pauling 1964). In other words, HP
stimulates some phenomena that are accompanieddbgraase in volume, but opposes reactions
that involve an increase in volume. Consequently,ddn disrupt large molecules of or microbial
cell structures, such as enzymes, proteins, lipit$ cell membranes, and leave small molecules
such as vitamins and flavour components unaffe@tedton & Sun, 2008).

The pressurization is carried out for the duratidrthe treatment in a confined space (pressure
vessel) containing a fluid (usually water) thatsaas the pressure transmitting medium. An HHP
processing system (Fig.1) consists basically ofptfessure vessel, a pressurization system, devices

for temperature control (heating/cooling systerasy] product handling devices.

Fress Frame
e

|~ Top Clasure
| ~ High-Frassure Vessel

L Prassura Medum

| — Botlom Closure

'.?W Intensifier

P,
- 'J Pressure
= Iediem Tank

Fig.1 Pressure application system
(modified from: Redie, 2012)
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HHP is a batch process, although semi continuaes Imay be built by assembling three or more

pressure vessels in series (Fig.2).
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Fig.2 Continuous high pressure processing system
(modified from: Redie, 2012)

According to the isostatic rule on which the HPgarss are based, the pressure is instantaneously
and uniformly transmitted throughout a sample weetie sample is in direct contact with the

pressure medium or hermetically sealed in a flexgaickage (Fig.3) (Norton & Sun, 2008).

A I+I'I Food to be processed
b

Vessel

Pressure

A

Fig.3 Isostatic pressure application
(modified from: Redie, 2012)

Therefore, the time necessary for HPP should bepeddent from the sample size and the

geometry of the product, which are important lingtifactors in thermal processing and frequently
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lead to size reduction (Rastogi et al. 2007). Doethte work of compression, HPP causes
temperatures to rise inside the HP vessel. Thisigsvn as adiabatic heating and should be given
due consideration during the preservation process.value of the temperature increments in the
food and pressure transmitting medium will be défe, as they depend on food composition as
well as processing temperature and pressure andatbeof pressurization (Otero et al. 2007).

Improvements are being made in the materials usecdohstruction of the high-pressure vessel and
the pumps to reduce come-up times. The pressureldsfor the desired treatment time and then
released. The applied pressure and the holdingwithelepend on the type of product treated and
the expected final result, that is, generally, emaynactivation requires using higher pressures tha
pressures used for microbial inactivation (San Maet al., 2002). When conducted at room

temperature, the HHP is used for pasteurizationsequently low acid foods need to be stored in
refrigerated conditions. Sterilization of produatginst spore growth was approved by the FDA in
2009 with the use of a combined pressure and leehnique known as PATS (pressure assisted
thermal sterilization]NFSCT, 2009).

In the past, the commercialization of high-pressuraglucts was focused on high value-added foods
because of the low availability of HHP equipmentniany countries and the scarcity of HHP-

processed products. The main cost involved is thepenent and its installation, but because of
current availability of high-pressure equipmente thost of the products processed by this
technology has significantly dropped in recent geanaking more products accessible to the
consumers. However, because of the fast developaididHP technology, the high acceptance of

these products and their demand by consumers, HtdReprocessed products are now available in
the local supermarkets, reducing their cost comalidg (Bermudez Aguirre & Barbosa Canovas,

2011). According to Rastogi et al. (2007), the agercost of high-pressure processing is around
US$0.05-0.5 per liter or kilogram depending on pssing conditions, which is lower than thermal

processing costs. However, according to HernandameSat al., (2008), the cost of high-pressure

processing under some common processing condiionexample, ready-to-eat meats (585 MPa,
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3 min, filling vessel 50%), is really between US¥®and 0.22/kg, which makes HHP technology
suitable for products of premium quality. At thedeaf 2007, an average of 120 pressurized
products was reported around the world, with anmegéd production of 150,000 tons/year.
Although the incorporation of pressurized produnts the global market is generally slow, new
products and markets are appearing on a dailyegular basis.

3. Vegetables quality and its measurement

In the past, the first issue of the food industrgswthe food safety, inactivating or inhibiting
pathogenic microorganisms of public health concBimwadays, in addition to the first, at the heart
of all food control activities there is also thénewvement of consumer satisfaction.

Shewfelt (1999) suggests that the combination @fratteristics of the product itself be termed
quality and that the consumer’s perception andaesp to those characteristics be referred to as
acceptability. Consumers, nowadays, judge food ityudlased on its sensory and nutritional
characteristics (e.g. texture, flavor, aroma, sheme color, vitamins etc.), and alongside shedf, lif
these now determine an individual's preferencesfmacific products (Norton et al., 2008).

For vegetables, the concept of quality is ofteroassed with the ones of freshness. This dualism
exists because fresh vegetables, other than being palatable, are also a known source of healthy
molecules that may be lost during ripening or indaktreatments.

At factory level, because of the production of dia products, it's important that the quality
perception has the same meaning for everyone usingstruments can approximate human
judgments by imitating the way people test the pobar by measuring fundamental properties and
combining those mathematically to categorize thaligu The instrumental measurement of the
guality is often preferred over sensory evaluatioegause instruments reduce variations among
individuals, are more precise, and can provideranaon language among researchers, industry and
consumers. Only people can judge quality, but umsants that measure quality-related attributes

are vital for research and for inspection (Abb&99).
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Methods to measure quality and quality-relateditattes have been developed over centuries.
Colour and texture are probably for vegetables rtfagor physical attributes for the consumer
choice. Instrumentally, the color of an object tendescribed by several color coordinate systems
as RGB (red, green and blue), Hunter L a b, CIEr{@&ssion Internationale de I'Eclairage) L* a*
b*, etc. and it is measured by colorimeters in \White sensors are filtered to respond similarly to
the human eye. Fruit and vegetable color is duthéopresence of pigmented molecules in the
cellular compartments (Mazzeo et al., 2011).

Mechanical properties are instead related to textMiechanical tests of texture include the familiar
puncture, compression and shear tests, as wellesp,cimpact, sonic and ultrasonic methods.
Pectic polysaccharides, which are abundantly founthe primary wall and the middle-lamella
between cells, are primarily responsible for mdsthe texture changes of fruits and vegetables
(Waldron et al., 1997). The texture of edible vaféts observed at a macroscopic level, can give
information at microstructural/cellular level inlagon with the activity of certain pectin-related
enzymes as pectin methylesterase (Sila et al.,200R)s, the study of the microstructural changes
and enzymatic activity are important tasks in ortdeunderstand and predict the changes occurred
in the physical-chemical properties at higher Iealstructure.

As mentioned before, the vegetable quality is ofiessociated with their healthy properties. The
presence of vitamins, minerals, fibers and bioactempounds, with high antioxidant properties,
allows vegetables to be considered preventive agentchronic and cardiovascular diseases. The
healthy properties of a product unfortunately aot perceived by the consumers senses. At
laboratory level, it's however possible to measiine composition or the antioxidant activity of a
product, thanks to sophisticated chemical detecmuipments or assays. The growing attention of
the manufacturers and of the institutions towardssamers leads them to check the nutritional
properties of the processed products and for @paency reason report it in the label.

Fruits and vegetables are notoriously variable, #a quality of individual pieces may differ

greatly from the average. It is essential to deienstatistically the number of pieces and the
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number of measurements per piece required to aelsignificant, representative sampling (Abbott,
1999).

A continuing aim of food manufacturers is to fimdgrovements in processing technology to retain
freshness creating desirable sensory qualitiesdaraing the damages to food caused by processing.
4. Vegetable physico-chemical quality modificationsnder treatment

- Effect on texture

Thermal processes of vegetables result in an linitiss of the instrumental firmness due to
membrane disruption and the associated to theolosgor. Additional softening occurs later as a
result of an increase in the cell separation. Thdue to the 3-eliminative degradation of the ipect
polymers that are involved in cell-cell adhesioheextent of R-elimination is related to the degree
of methyl esterification of the pectic polymers @nahe levels of Cd that are available for cross-
linking. In some processes such as canning, thenextf softening can be modulated and reduced
by the addition of C& (Waldron et al., 1997). These phenomena were obddor canned, cooked
and in a less extent, for blanched vegetables. Kggnand Martin (1999) reported furthermore that
the microwave blanching better retains the textguallity than water or stem blanching on carrots.
During freezing, the rigid cell structure of fruiésd vegetables may be damaged by ice crystals.
The extent of damage depends on the size of thetatsyand hence on the rate of heat transfer.
While rapid freezing rates retain better texture aigh degree of cellular integrity, considerable
softening and structural damage were seen at sloates. Slow freezing can lead to large
extracellular ice crystals, increased concentratibeolutes, and therefore to cell dehydration and
death through osmotic plasmolysis and membrane gexntdpon thawing, extracellular ice does not
reenter the cells and may cause extensive drifiexttdre softening (Fellows et al., 2009).

High pressure treatments have been shown to haadtening influence on texture of fruits and
vegetables; tissue firmness may be lost due tonadls breakdown and loss of cells turgidity (Oey
et al., 2008). Basak and Ramaswamy (1998) foundpttessure-induced textural changes occurred

in two phases: instantaneous drop after pressuyniecapon followed by a gradual texture recovery
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or further loss during pressure holding. Oey e{2008)suggested that the disruption of the tissue,
after the high pressure process, liberate the meethylesterase (PME) that contacts its substrate,
the highly methylated pectin, leading to demethgtat The de-esterified pectin is capable of
forming a gel-network with divalent ions resultimgincreased hardness during the holding phase.

- Effect on color

The heat treatments chemically affect the vegetgignents allowing changing in colors.
Chlorophyll, the major green pigments, wildly distited in plant species is highly unstable and
rapidly changes in color to olive green and browhis color change is believed to be due to the
conversion of chlorophyll to pheophytin by the exche of M§* by H" in the center of the
porphyrin ring of the pigment. This reaction is elecated by heat and is acid catalyzed (Turkmen
et al., 2006). Several studies reported howeantiater blanching and sometimes boiling brighten
the color of some vegetables by removing air andt dun the surface and thus altering the
wavelength of reflected light (Pellegrini et alQ1®). Sodium carbonate (0.125% w/w) or calcium
oxide are often added to blancher water to protetrophyll and to retain the color of green
vegetables.

Carotenoids, in particulas. and Rcarotene, are a group of mainly lipid solubbenpounds
responsible for many of the yellow and red coldrplant. Their colors don't fade much in response
to heat transferred by water like in water blanghor boiling. The major cause of carotenoids
degradation is oxidation. Its change during praogssvas related to their isomerization into
various cis-isomers (Chen et al., 19995). Mazzealgt 2011 reported reduced redness after
cooking, more for steaming than for boiling, prolydiecause of the oxygen presence.
Anthocyanins are a group of more than 150 reddistiemsoluble pigments that are very
widespread in the plant kingdom. They are degradduiown pigments under the effect of heat and
the rate of destruction is pH dependent, beingtgred higher pH values.

Poor data are available on the effect of mere ingean the color of vegetables. It seems that it

doesn’'t have any effect on the instrumental coknception of the treated product. Some changes
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were registered during frozen storage. Chloroplasis chromoplasts (the cellular organelles in
which pigments are compartimentalized) are brokenrdduring freezing. During storage the free
chlorophyll is slowly degraded to brown pheophywen in blanched vegetables. Changes in pH
due to precipitation of salts in concentrated sohg change the color of anthocyanins. Residual
lipoxygenases activity in inadequately blanched etalgles causes degradation of carotene.
Browning during storage are instead due to stghhpolyphenoloxidase activity (Barbosa Canovas
et al., 2005). Pellegrini et al., (2010) reportedllwetained color for Brassica vegetables when
cooked after freezing than cooked from fresh vdgesa They correlated these phenomena with the
positive effect of the previous blanching treatmenthe deactivation of the enzymes and on the
replacement of the oxygen with water, avoiding pegis oxidation.

High pressure treatment (at low and moderate teamyers) has a limited effect on pigments. The
color compounds of HP processed fruits and vegesatdn, however, change during storage due to
incomplete inactivation of enzymes and microorgamsiswhich can result in undesired chemical
reactions (both enzymatic and non-enzymatic) iffdlee matrix (Oey et al., 2008).

- Effect on phytochemicals

The colored molecules, such as carotenoids, arasilges antioxidant molecules, therefore their
modification under treatment could be associatat ehanges in the healthy value.

Vitamins and polyphenols are other high healthy amtioxidant molecules present in vegetables.
Strong thermal treatments generally cause sigmnifitzsses in all these compounds. The effect of
the high temperature processes on phytochemicalsften the chemical degradation. The
acceleration of some oxidative modifications casoalccur during thermal treatments. The water
heat treatments such as blanching or boiling leaithé loss of some water soluble because of the
leaching in the heating medium (Fig.5). Vitamin &dorbic acid) is the most frequently lost
nutrient. Its high solubility and susceptibility heat and oxygen make it a conservative indiaator
nutrient retention (De Corcuera et al., 2004). $@ne canned foods however, soluble vitamins are

transferred into the brine or syrup, which is atemsumed thus allowing to a smaller nutritional
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loss (Fellows, 2009). The absence of the leachifegteof the “dry” thermal processes, seems to
have a better retention of the nutritional molesul&kidmose and Martin (1999) reported higher
nutritional quality for microwave blanched carrotsn for water blanched ones. Pellegrini et al.,
(2010) reported a good retention of phytochemigalsicrowave cooked Brassica vegetables than
in boiled. They found also that boiling had a mararked effect on nutritional pattern of frozen

vegetables in comparison with steaming.

On the other hand, several studies reported ale@ased antioxidant activity for blanched or

cooked vegetables (Mazzeo et al., 2011; Jimenezdabet al., 2009). This increment was justified

by the cellular release of the molecules with adatiant activity due to the thermal modification of

some components of cell walls or, as suggested dyaguchi et al., 2001, by the production of
stronger radical-scavenging antioxidants and/orehgwoducts by chemical reaction and/or

inactivate oxidative enzymes.

Fig.5 Leaching of the water — soluble molecules ding blanching (modified from Dauthy, M. 1995)

The freezing process itself has no effect on muoisie Losses or increases of the nutritional
molecules during the freezing pre-treatments canmas said before for blanching.

Most frozen vegetables will maintain a high nudritl quality when stored at -18 °C or lower. At
that temperature very slow residual enzymatic égtis registered, allowing, for frozen product, 12
to 18 months of shelf life (Barbosa Canovas et24lQ5). Pellegrini et al., (2010) found that, after

cooking, fresh Brassica vegetables retained phgtoatals and total antioxidant activity better than

22



Introduction

frozen samples. They justified these results sayitag the previous blanching and subsequent
freezing softened the vegetable matrix causing ragtended losses after cooking.

Many studies on vitamin stability under high presstieatment (at moderate temperatures) have
shown that HP does not significantly affect or etf$eonly slightly the vitamin of phytochemicals
content of fruit and vegetable products (Mclnerretyal., 2007; Oey, 2008b). Increased antioxidant
activity have been found on some vegetables treaithdhigh hydrostatic pressures (Mclnerney et
al., 2007). It is possible that changes to theués®atrix induced by high hydrostatic pressures, fo
example disruption of plant cell walls, resultedtie release into the extracellular environment of
compounds with antioxidant actions. Losses of tiuérimolecules of HHP treated vegetables were
often reported during storage. The high baro-rascd of some vegetables quality related enzymes
(Gonzélez-Cebrino et al., 20LRad to an incomplete inactivation and a qualitgp during shelf
life for the HHP treated vegetableéduthanthanjai et al., 20p5

4.1 Process quality indicators

The two most important issues connected with fawdgssing are food safety and food quality.

The major safety issue for thermal processes imgiuactivating pathogenic microorganisms that
are of public health concern. Quality issues ree@vound minimizing chemical reactions and loss
of nutrients and ensuring that sensory characdiesigappearance, colour, flavor and texture) are
acceptable to the consumer. Quality changes, whigy result from enzyme activity, must also be
considered. Conflicts between safety and qualifues can exist. For example, microbial
inactivation and food safety are increased by nserere heating conditions while product quality
in general deteriorates.

When heat inactivation studies are carried outoaistant temperature, it is often observed that
microbial inactivation follows first order reactidanetics i.e. the rate of inactivation is directly
proportional to the population. This can be illagdd by plotting the log of the population against

time and finding that there is a straight-line tielaship (Fig 6a).
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The heat resistance of an organism is charactebyeis decimal reduction time (D), which is
defined as the time required to reduce the pomuidily 90% or by one order of magnitude or one
log cycle, i.e. from 1Dto 1F, at a constant temperature, T. Every microorgartiss its own
characteristic heat resistance and the higher itgalDe, the greater is its heat resistance. Heat
resistance is also affected by a wide range ofra@heironmental factors, such as pH, water activity
and the presence of other solutes, such as sughsals.

Food scientists use a parameter known ag tredue, to describe temperature dependence. This is
based on the observation that, over a limited teatpee range, there is a linear relationship
between the log of the decimal reduction time amel temperature. The value represents the
temperature change which results in a tenfold chamghe decimal reduction time (Fig.5b). The
value for most heat-resistant spores is about 10 Wereas for vegetative bacteria it is
considerably lower, usually between 4 °C and 8 AQow z value implies that the reaction in
guestion is very temperature-sensitive. In genaratrobial inactivation is very temperature-
sensitive, with inactivation of vegetative bactebeing more temperature- sensitive than heat-
resistant spores. In contrast to the microbial timaton, chemical or physical reaction rates are
much less temperature-sensitive than microbialtivation, having highee values (20— 40 °C).
This is also the case for many heat-resistant eagyralthough heat-labile enzymes. Differences
between the D andvalues of micro-organisms, enzymes and sensonyitional components of
foods are exploited to optimize processes for #tention of nutritional and sensory qualities

(Fellows, 2009). Some known D andalues are reported in Tab.1.
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Fig.6 (a) Relationship between the population of mroorganisms and time at a constant heating tempetare.
(b) relationship between the decimal reduction timend temperature, to determine the z value.
(modified from Brennan J.G., 2006)

D andz values could be used also for processing in weathty is not the principal issue.

For example, the time-temperature combination uf®dblanching is a compromise which
ensures adequate enzyme inactivation, but preweasssive softening, losses of ascorbic acid or
pigments changes, according to the priorities @#edl 2009). The use of tlzevalue is also at the

base of the cooking value calculation, as descridegdre (Par.2).

Microbe Dy ['€) z ()
Bacillus stearothermophilus NCDO 1096, milk 181.0 9.43

B. stearothermophilus FS 1518, conc. milk 117.0 9.35

B. stearothermophilus FS 1518, milk 324.0 6.7

B. stearothermophilus NCDO 1096, milk 372.0 9.3

B. subtilis 786, milk 20.0 6.66

B. coagwlans 604, milk G0.0 5.98

B. cereus, milk is 35.9
Clostridium sporogenes PA 3679, conc. milk 430 11.3

C. botulinum NCTC 7272 32 36.1

C. botulinum (canning data) 13.0 10.0
Proteases inactivation 0.5-27.0 min at 150°C 325185
Lipases inactivation 0.5-1.7 min at 150°C 42.0-25.0
Browning - 28.2; 21.3
Total whey protein denamration, 130-150°C - 30.0
Awailable Iysine - 30.1
Thiamin (B,) loss - 31.4-29.4
Lactulose formation - 27.7-1.0

Tab.1 Values of D and z for microbial inactivation,enzyme inactivation and some chemical reactions
(modified from Brennan J.G., 2006)

Although high pressure in combination with heat ywasmitted by FDA for sterilization of food

products, the inactivation kinetics of microorgamssor the quality changes do not follow the
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traditional linear relationship that it has beesussed for many years thermal processing. As in
most emerging technologies, other alternatives mestsed to model and describe the inactivation
patterns of microorganisms and quality factors urmessure (Bermudez-Aguirre and Barbosa-
Canovas, 2011).

5. Future perspectives

As described in the preceding paragraphs, all dggetable stabilization and preservation processes
have still big limitations due to their effects product quality. Researchers, together with ingustr
are still implementing these techniques.

The main challenges for the heat treatments armtbtwbial and/or the enzymatic inactivation with
the retention of theutritional and sensory properties. The use of éigemperatures and shorter
times during heat processing seems to give goadtseim this sense. The selection of particular
time-temperature combinations to optimize a proéest the base of individual quick blanching
(IQB), ultrahigh-temperature sterilization (UHTQ kddition, esults seem to indicate that for
several traditional canned products heat transfi&srcan be greatly improved by rotary agitation
processing aided to minimize product degradatidhetontainer surfaces (Richardson P., 2001).
Other promising technologies, nowadays being d@eslcas alternative to the thermal treatments
are radio frequency pasteurization or sterilizat{brarra et al., 2009), microwave pasteurization,
sterilization or blanching (Rames et al., 2002) amdnic heating pasteurization, sterilization or
blanching (Icier et al., 2006). The potential okdk techniques are the rapid and uniform heat
distribution, large penetration depth and lower rgpeconsumption other than a consistent
reduction of the produced effluents.

High hydrostatic pressure is still considered aehdechnology; further basic advancements in
research are thus needddhlasubramaniam et Farkas, (2008) individuatedhédezls for research in
this field. Kinetic models are needed for describing bactenettivation under combined pressure-
thermal conditions and for microbial process evidma The identification of suitable surrogate

organisms are necessary to be used as indicat@rdéeess validation studies.. Combinations of
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different nonthermal technologies, such as puldectric field or ultrasound, with high pressure
could reduce the severity of the process pressemeirement. Processing equipment requires
improvements in reliability and line-speed to cotepeith heat pasteurization lines. More studies
are also needed to document the changes in foedetiand nutrient content during pressure
processing.

Conventional cooking methods have been reporteaffext bioactive compounds, other than the
sensory quality of the products. Vacuum-based capkieatments such as vacuum boiling,

vacuum deep-frying, sous vide and sous vide micvavgamay be innovative combined techniques
with high potential application on an industriabkc Furthermore, they can provide benefits in
microbiological, nutritional, physicochemical anénsorial quality compared to conventional
cooking methods, since the partial vacuum generallesvs cooking at lower temperatures. The
low oxygen atmosphere during vacuum-based cookigifpoaads may minimise the enzymatic

and non-enzymatic aerobic degradative reactions;uually occurs during conventional cooking
procedures and affect the quality of the cookedlpco(Martinez-Hernandez et al, 2013).

One of the principal challenges for the improvemathe freezing technology is the avoiding of
the tissue damages with consequent texture soffdmécause of the ice formation. It's already
known that in fast freezing, smaller ice crystasf within both cells and intercellular spaces with
consequent less tissues damages. Consequentligrgadaancement in freezing and refrigeration is
mainly characterized by the advancement in theldpugent of novel techniques aimed to enhance
the freezing rate. In recent years, applicationafel processing techniques such as ultrasound and
high pressure-assisted freezing, to produce bettality frozen vegetables with extended shelf life,

will help the frozen vegetable industry (Fellow802).
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Objective

High consumption of fruit and vegetables is worldesrecommended because of their composition
and content of bioactive compounds, strictly catedl with the prevention of chronic and
cardiovascular diseases. The growing demand fardnd vegetables is entailing a rapid expansion
of global markets with consequent intensificatioh tioe imports and exports. Moreover, the
perishable nature of the crops and their seasgna&guire to the food industry to process these
products in order to increase thsirelf-lifeand allow a continuous and constant trade.

The main objective of the vegetable processindnésefore to supply wholesome, safe, nutritious
and acceptable food to consumers throughout the ybase objectives can be achieved through
the deactivation or inhibition of pathogens andilsge microorganisms, the inactivation or
inhibition of deteriorative enzymes and avoidinglaé oxidative reactions.

Several techniques are today available for the teddge stabilization or preservation. Depending on
whether they use or not the temperature as progesariable, such processes can be classified into
thermal or nonthermal.

Thermal processes are the traditional food presiervéechniques and are based on the use of high
temperature (e.g. blanching, canning, cooking)ow temperature (e.g. freezing). Despite their
proven effectiveness, the thermal processes hawe setrimental effects on the physico-chemical
properties of the vegetables. Nonthermal proceassesery promising novel techniques based on
the use of process variables different from thepenature, like pressure (high pressure), elegricit
(pulsed electric field) or electromagnetic waveklbndge.s. ultrasounds) to stabilize the food
products. The high potential of these techniqueelsted to their lower impact on the physico-
chemical properties of the vegetables.

Despite several studies have been conducted oefthet of processes on vegetables, a lack of
literature is still present, because of the fragmeémnvestigation of the effect of traditional medis

and still poor data on the novel technologies.
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On the base of these premises, the aim of thistR&fis is a deep evaluation of the effect of some
traditional thermal and innovative nonthermal preagon technologies on the physico-chemical
guality parameters of selected vegetables. In quaati, a traditional complete industrial freezing
process, different cooking methods and high hydtaspressure treatments were tested on selected

vegetables in terms of organoleptic and nutritiopatameters using classical and alternative

analytical approaches.
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Abstract

In this work, the impact of the industrial freezipghcess on structure, texture and total antioxidan
capacity was studied using green asparagus stemeshini and green beans. Samples were
analysed as raw/uncooked, blanched, raw/boiled iaddstrially frozen/boiled. A consistent
damage of the vegetable tissue was revealed blgiskaogical analysis on vegetables boiled after
freezing. The cells appeared to be dehydrated,racted and separated at different levels
depending on the anatomical structure of each abgetThe initial textural quality was partially
retained in all blanched vegetables, and enhantedti tested asparagus stems, in relation to the
action of phenolic acids at cell wall level. Rawlbd and industrially frozen/boiled asparagus
stems exhibited comparable forces of penetrati@hcrn tests. On the other hand, zucchini, both
raw and frozen, completely softened after boilingking the texture measurement impossible.
Industrially frozen/boiled green beans showed higladues of cut and penetration forces, probably
due to a higher presence of swollen cell wall&amparison to those raw/boiled.

Blanching and boiling significantly increased therric reducing antioxidant power values of
asparagus stems and green beans compared to udtawkesamples, while boiling after the
freezing process significantly deprived both veblets of the initial antioxidant capacity. On the
other hand, boiling the frozen zucchini proved ¢odetrimental to the antioxidant capacity.

In conclusion, manufacturers and researchers shouidtogether to develop specific industrial

freezing process conditions according to the matfi@ach vegetable.

Keywords: Vegetables; Cooking; Histological structure; Isttial freezing; Texture; Total

antioxidant capacity
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Introduction

A high consumption of fruits and vegetables is magwnded worldwide as some of their
constituents (e.g. vitamins, minerals, trace eldgjedietary fibre, and phytochemicals) are
considered to be responsible for beneficial effecisiuman health. In particular, the World Health
Organization (WHO) recommends consuming at leaBtgl@ day (WHO, 2005) as their intake was
epidemiologically associated with a decreased rityrt&rom cardiovascular diseases, certain
cancers and obesity (Martin, 2013). National Auities regularly collect data on the food
consumption at household levels through the busigeteys and data showed that processed, semi-
processed and pre-packaged vegetables play antanpaple in a standard human diet. Data
obtained from the DAta Food NEtworking databank ENE, 2008), a joint effort of 24 European
countries that compared the food habits of thepuytations and monitored the trends in food
availability, showed that the total vegetable cangtion (excluding potatoes and pulses) varied
from 284 g a day in Cyprus to 84 g a day in NorwHye data related to Italy demonstrated a high
daily consumption per capita (about 56 g) of preedsvegetables (excluding potatoes), such as
frozen, canned, pickled, dried and ready-to-eatlsnéaeezing is recognized worldwide as one of
the best method available in the food industrypi@serving food products of high quality, such as
vegetables. The decrease of temperature inhibitabnokc processes occurring in vegetables after
harvesting, as well as slows down the rate of mhiclogical growth that compromises the material
quality. In addition, the short heat treatment thr&icedes freezing (blanching) enhances colour and
texture of vegetablesextending their shelf lifeqdal, Gupta, & Abu-Ghannam, 2012). However,
during freezing, the transformation of liquid waiato ice leads to a variety of potential stress
mechanisms for vegetable tissues due to severtdréasuch as the volumetric change of water
converting into ice, the spatial distribution oéiwithin the system, and the size of individual ice
crystals (Van Buggenhout et al., 2006). These stneschanisms can deteriorate frozen products
mainly influencing their quality in terms of texeuand vegetable structure. The texture of plant

foods is attributed mainly to the structural iniggof the cell wall and the middle lamella, as el
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as to the turgor pressure generated within the ¢@laldron, Parker, & Smith, 2003). Both factors
can be affected during blanching, freezing and énoatorage following freezing, making the
preservation of desirable texture of frozen vedetabery complex and difficult to understand (Van
Buggenhout et al., 2006). The relationship betwaenphological and structural changes and the
final textural properties, as well as the maint@eanf a high nutritional value during industrial
freezing, should always be taken into consideratwien defining the proper conditions to retain
the best quality of such processed vegetablesziageegetables are generally consumed cooked.
Thermal treatment is well known to greatly influeneegetable structure and texture causing an
initial loss of instrumental firmness due to therdption of the plasmalemma and subsequently, to
an increase of the ease of cell separation ofteonaganied by the swelling of the cell walls
(Waldron et al., 2003). All these structural changeuld be worsened on the tissues of a previously
frozen vegetable.

To the best knowledge of the authors, the indubtriseezing process of vegetables was not
previously debated in literature in terms of a dbgpstep evaluation of qualitative and nutritional
aspects. Freezing effects were mainly discussethgaikto consideration the changes of the
organoleptic and nutritional qualities on the fioammercial samples (Mazzeo et al., 2011; Murcia,
Jiménez, & Martinez-Tomé, 2009; Pellegrini et 2010), the simulation of a homemade freezing
process (without the blanching step) (Danesi & Bard 2008), and the evaluation of different
blanching procedures under laboratory scale (Caefrez, Luna, Fernandez, & Tortosa, 2005).
In this framework, the aim of this study is to exatk and relate the structural, textural and
antioxidant capacity changes occurring during ttierént steps of the freezing process on three
commonly consumed vegetables: green asparagushiau@nd green beans. Samples were
analysed as raw/uncooked, blanched, boiled afterindustrial freezing process and a storage
period of two months at —18 °C, commonly perfornmethe industrial plants, mimicking an entire
“from farm to fork” process. Boiling was also pearfted on the raw vegetables to be compared with

those boiled after freezing and storage.
40



Section [ - Study 1

Materials and methods

Samples

Green asparagus stems (Asparagus officinalis L., ®eande), zucchini (Cucurbita pepo L., var.
Quine) and green beans (Phaseolus vulgaris L.,Giamaica) were analysed in this study. These
vegetables were selected taking into account thee sseasonality, their large consumption in the
Italian diet as frozen food items, and their diéigr morphological and antioxidant features. The
vegetables were provided by a local manufactuearing been harvested in the production site and
processed within 24 h from harvesting. Four typkesamples were analysed for each vegetable;
raw/uncooked (R), raw/boiled (B), blanched (BL) andustrially frozen/ boiled (FB). Raw (10 kg
of each vegetable), blanched (5 kg of each vegstalnld industrially frozen samples (5 kg of each
vegetable) were transported to the University ofmRzalaboratories under adequate refrigerated
conditions (2—-4 °C for R and BL samples, —-18 °C fmzen vegetables) within 72 h from
harvesting. The blanched samples were cooled imateddiafter blanching in an ice-water bath for
3 min (Canet et al., 2005) and then transportedtiedaboratories. Raw and blanched samples were
analysed in the laboratories within 24 h. Raw sasplere also boiled (as described below) and
analysed within 48 h from the arrival at the labori@s. Frozen samples were stored for two
months at -18 °C in a thermostatic chamber to bettenic the storage condition commonly
applied to the processed vegetables in the indugtiants prior to the final commercialization.
Then, they were boiled and analysed (as describlevip.

Processing and cooking

Vegetables were prepared as follows: asparagussstémniform diameter (10 £ 0.1 mm) at the
base and length (120 + 0.1 mm) were washed withabeavater and drained after being sorted for
size and length. Zucchini (diameter of 30 + 0.1 nwere washed and drained, the top and the
bottom were removed and the samples were cut litiEs0f 8 mm of thickness before processing.
Green beans (diameter 10 £ 0.1 mm and length 8@2 fm) were also collected to be processed

and analysed.
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The industrial process was carried out by the natufer starting from blanching to peroxidase
inactivation (Gonglves, Pinheiro, Abreu, Brandad, & Silva, 2007),ilmynersing samples in a hot
water bath at the following conditions: 30 s at°@0for asparagus, 2 min at the same temperature
for zucchini and 2 min at 96 °C for green beanerifigreen beans and zucchini were frozen by
forced convection in an industrial freezing tunmath air at —40 °C for 6 min, while asparagus
samples were frozen in an industrial spiral freemé¢h air at —40 °C for 15 min. Boiling was
realized in hot water (100 °C) adding material talibg tap water in a covered stainless-steel pot
(1:5 food/water). For each cooking trial, approxieiya 20 pieces of each sample were boiled. The
cooking conditions for raw samples were optimized greliminary experiments carried out
according to the judgement of a large group of seamed panellists, as previously reported
(Mazzeo et al.,, 2011; Miglio, Chiavaro, Viscontipdghano, & Pellegrini, 2008). In particular,
asparagus samples were cooked for 15 min, greets i@a20 min and zucchini for 12 min.

Frozen vegetables were not defrosted before copldagsuggested on the package. Asparagus
stems were cooked for 10 min, zucchini and greem®dor 8 min, respectively, according to the
suggestions labelled by manufacturer. All the cogkprocedures were performed in triplicate.
Analyses

The histological and textural analyses were carpetl approximately on the same vegetable
position; asparagus stems were analyzed in a zoo@é 10 cm from the top, zucchini in a central
zone of fruit and green beans in a point of the Ipetveen two seeds. The total antioxidant capacity
was carried out as on the whole vegetable.

Histological analysis

The samples were fixed in FAA solution (formalirtetic acid: 60% ethanol solution, 2:1:17 v/v)
(Ruzin, 1999). After two weeks, they were dehydiameth gradual alcohol concentrations. The
inclusion was made in a methacrylate resin (Technt00, Heraeus Kulzer & Co., Wehrheim,
Germany) and the resulting blocks were sectioned ai thickness (transversal cuts) with a

semithin Leitz 1512 microtome (Leitz, Wetzlar, Gamy). The sections were stained with
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Toluidine Blue (TBO) solution (Ruzin, 1999), PeriodAcid Schiff (PAS) reagent and Amido
Black (Ruzin, 1999). The inorganic dye Rutheniund RReuzin, 1999) was used in fresh sections of
each vegetable to detect the pectin degradatioceihwall after cooking. Six pieces of each
vegetable were sampled for each treatment andafdr stain. Sections were observed with a Leica
DM 4000B optical microscope (Leica Imaging Systdrts, Wetzlar, Germany) equipped with a
Leica DC 100 digital camera (Leica Imaging Systditts, Wetzlar, Germany). The tissues were
measured using an image analysis system (QWIN 3@da Imaging Systems Ltd., Wetzlar,
Germany). The microscopic observations were cawigdoy observing at least ten slides carrying
ten sections each, for each specimen per eachaldgeThe image analyses were carried out using
a manual configuration of the image analysis system

Texture analysis

The texture of raw and treated vegetables was s@adlysing a TA.XT2 Texture Analyzer equipped
with a 245.2 N load cell (Stable Micro Systems, &oung, UK), a force resolution equal to 0.01
N and an accuracy value of 0.025%. The parameters guantified using the application software
provided (Texture Expert for Windows, version 1.22)ncture, penetration and cut tests were done
on asparagus and green beans, while zucchini weyesabjected to a puncture test. The puncture
and penetration tests were performed on the samplasadial direction using a 2 mm diameter
stainless steel needle probe and 3 mm diameterdeyliprobe, respectively, driven up to the centre
of the sample at a speed of 3 mrhEhe following parameters were extracted from theves; the
first peak force (FP1 given in N) and the maximuongiure force (Fmax given in N) from the
force vs the time curves for the puncture test;nttaximum penetration force (Fmax, given in N)
from the force vs the time curves for the penairatest. The non-destructive elastic deformation of
the sample was also obtained (Slope, given in N Infrom the force vs the distance curves. The
cut test was performed using a 3 mm thick staingtses| knife blade driven through the entire

diameter of the vegetable, positioned on a sldiasar at a speed of 3 mrt.sThe maximum cut
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test force Fmax (N) was obtained from the forcetiuse curves. For all tests, a total of 10
vegetables was analysed for each processing step.

Total antioxidant capacity (TAC)

All samples were extracted for the measurementth®fTAC values as previously described in
Miglio et al. (2008). Extracts were kept in theldat —20 °C prior to their analysis and analysed fo
their antioxidant capacity by Trolox equivalentiaridant capacity (TEAC) assay (Pellegrini, Del
Rio, Colombi, Bianchi, & Brighenti, 2003) and farrreducing antioxidant power (FRAP) assay
(Benzie & Strain, 1999). TEAC values were expressedillimoles of Trolox equivalents per 100
g of dry matter. FRAP values were expressed asnmoikes of Fe2+ equivalents per 100 g of dry
matter. For moisture determination, 3—4 g of rawl &eated homogenized sample (as triplicate)
was dried in a convection oven at 105 °C for astld® h until reaching constant weight according
to the AOAC (2002) method. All analyses were carpet in triplicate.

Statistical analysis

SPSS statistical software (Version 20.0, SPSS @luicago, IL, USA) was used to perform a one-
way analysis of variance (ANOVA) among samples frifferent treatments. The least significant
difference (LSD) at a 95% confidence levek(p.05) was performed to further identify differeace
among groups. A t test (p 0.05) was also performed to analyse differencesngnraw and
blanched samples for the puncture test.

Results and discussion

Histological analysis

Asparagus

The raw asparagus stems had the typical monocatylehatomical structure (Fig. 1A), as
previously described (Villanueva, Tenorio, Sagard@gdondo, & Saco, 2005). The hypoderma
was composed of collenchyma and parenchyma. Bdlewepidermal layer (a monocellular layer
with cell wall cutinization), the angular collenchgs became visible (from 8 to 10 cell layers, with

a total thickness ranging from 227.6 to 268m%) (Fig. 1A). Beneath the hypodermal tract a
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meristem layer was present, while the rest of timeddmental system of tissues (stem) was
composed of large and long-celled parenchyma.

The parenchyma was made of large isodiametric wells an average diameter ranging from 20.5
to 74.6um and narrow intercellular spaces (Fig. 1A). Sclehgmatic fibres were present around
each vascular bundle.After the blanching treatm@ig. 1B), the cells of the outer tissues
(epidermis and collenchyma) showed a different eegf plasmolysis (see at the Supplementary
material 1), while those of collenchymas showed itligal signs of separation (Fig. 1B and
Supplementary material 2). On the other hand, tén@ structure presented more important changes
after boiling. Plasmolysed cells (see at the Supplgary material 3), especially those from
parenchyma, were found, while epidermal cells apgge@ompletely detached from the cortical
layers (Fig. 1C). The cells of more internal tissuarticularly parenchyma, became more
separated presenting wide intercellular spaces (®g. The anatomical observation indicated that
the cell separation did not involve any visiblemgpain cell walls. Ruthenium Red occurrence

(Fig. 2) showed that pectic substances in thewall did not visibly decrease after the thermal
process. It can therefore be hypothesized thatseglaration was due to a breakage of chemical
bonds between the pectic components of middle lameF adjacent cells and/or a hydrolysis

of some other components of the cell wall (i.ectipe hemicelluloses, and cellulose). This would
confirm what observed by different authors (Lecaiy, Parker, Smith, & Waldron, 1999; Van
Marle et al., 1997; Waldron et al., 2003), who shdvthat in most thermally processed fruit and
vegetable products there is a partial degradatidheowater-soluble pectin, possibly due to a trans
elimination reaction, also callgdelimination, and a consequent depolymerizatiomunstudy, the
separation of cells after cooking might be ascrilbeda decrease of the strength of cell—cell
interactions in the middle lamella adjacent to theercellular spaces. After both freezing and
boiling, the cells of all tissues presented a markiehydration. In the internal parts of the
parenchyma, deep fissures were present acrossssiues (Fig. 1D), as a consequence of the ice

formation during freezing and the following therntaéatment during cooking. Some authors
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asserted that during the freezing of vegetablescigstals begin to form in the liquid between the
cells, probably because of the higher freezing tpofnthis extracellular liquid, compared to the
intracellular liquid (Silva, Gorglves, & Brand&o, 2008). During freezing, the icgstals grow
between the cells making the extracellular liquidrenconcentrated. Thus, the cells will lose water
by osmosis, and this leads to an extensive dehgdraind contraction of the cells resulting in
relatively few large ice crystals among shrunkefiscéSilva et al., 2008). In FB, the sample
epidermis was absent over a great part of the sasysface and the collenchyma was swollen, due
to very large intercellular spaces that made #gpear as an aerenchyma (Fig. 1D).

Zucchini

The outer layer of zucchini pericarp was a singlget epidermal tissue (average thickness 21.1
um), whose outer and radial walls were covered hlgiek cuticle (Fig. 3A). The more internal
hypoderm consisted in isodiametric, thickened cdiksv and small intercellular spaces were
present. The mesocarp may be divided into thres:pauter, middle and inner mesocarp (Fig. 3A).
The outer mesocarp was a region composed of aaltkuiglly increasing in size from the small

cells (12.5um) of the hypoderm to the large ones (average g@pof the middle mesocarp. The
sub-hypodermal cells (outer mesocarp) were stroadherent to each other with few intercellular
spaces. The cells of middle mesocarp were thinedadind more loosely arranged if compared to
the outer mesocarp. Finally, the inner mesocargisted of a rather large-celled parenchyma (65.0
um and more). The endocarp was made of irregulgelaells with thin walls. After blanching, the
structure of zucchini remained unchanged with ressfweraw material, while boiling caused a slight
dehydration on the epidermal cells and on the dugpoderm layer. In this latter condition, more
intercellular spaces became visible in all tissumging to the phenomenon of cell separation
previously observed in thermally processed fruitd wegetables (Lecain et al., 1999; Van Marle et
al., 1997). Ruthenium Red staining showed thatipettbstances in the cell wall did not visibly
decrease after the thermal process (not shownjowasd for asparagus stems. The anatomical

structure of frozen boiled zucchini presented digamnt changes after the thermal processes when
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compared to raw samples. Indeed, in addition toettiteanced cell separation in all tissues, it was
possible to note the presence of extremely largsufes in the mesocarp. The fissures
characteristically developed tangentially sepacatall layers, parallel to the circumference of the
structure (Fig. 3B). Hence, the tangential vellls appeared to be the most damaged by the therma
processegfreezing followed by boiling), while the radial Wsdid not detactand keep the cells
firmly linked (Fig. 3B).

Green beans

The pericarp of green beans was made of a numhesags, as previously observed (Stolle-Smits,
Donkers, van Dijk, Derksen, & Sassen, 1998), wHidm the outside inwards were: an outer
epidermis made of a single layer of cells, a hypwmit consisting in a three layered collenchyma
(total thickness raging from 121.0 to 154:8), an 8-10 cell outer parenchyma, a 3 small ag#,
and finally an inner parenchyma or seed-cushiore ®hter parenchyma showed large cells
(average diameter ranging from 62.1 to 174in®) with an inclusion of starch grains, clearly kisi

in this vegetable, adjacent to the 3 small cekktdgcated between the two parenchyma tissues (Fig.
4A). The inner parenchyma was made of large callsrage diameter ranging from 44.3 to 172.4
um) with thinner cell wall, if compared to the oufgsirenchyma cells. It appeared more compact
than the outer parenchyma, due to smaller intereellspaces (Fig. 4A). After blanching, the
anatomy of the green beans (Fig. 4B) seemed uedlteompared to untreated samples, as
previously observed for asparagus (Fig. 1B) andclzmc The outer and inner parenchyma cells
were turgid, but the starch grain content was Ipweme starch gelatinization was detected. The
cytoplasm of outer parenchyma cells appeared gaaranid this modification was also described
(Canet et al., 2005; Grote & Fromme, 1978; StoheitS et al., 1998). In B samples, the cell walls
became less compact and less-densely stained ddie swollen cell wall, Fig. 4C); some cells
showed the evidence of the onset of separatiorhenntiddle lamella regions (Fig. 4C). This
condition was quite evident in the outer parenchyrabs. In this tissue, the number of starch

inclusions decreased. On the contrary, the innegnghyma cells seemed to retain an intact cell
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wall. After frozen boiled treatments, the cells af tissues showed a marked dehydration. The
epidermis detached from the collenchyma layer, der parenchyma appeared completely
plasmolysed, with pronounced swollen cell wallsg(MD). These modifications were similarly
described by Stolle-Smits et al. (1998) and by &astd Fromme (1978) for green beans processed
by heat treatments. The cells of the outer andrippeenchyma became separated without a visible
decrease of cell wall pectin substances (not shamd)this phenomenon could be ascribed to a
modification of the middle lamella composition, @asmonstrated by Stolle-Smits et al. (1998) on
green bean pods. Therefore, the industrial freeaimdj subsequent cooking treatments appeared,
also in this case, to be severe to the structatagrity, as well; both parenchyma tissues (outer a
inner) displayed cell lysis and fissures (Fig. 4D).

Texture analysis

Asparagus

The puncture test curves obtained for all asparatgm samples were shown in Fig. 5A. R and BL
samples showed similar profiles with a first peaicé (FP1) ascribable to the resistance offered by
the epidermal and collenchyma tissues to the prpbeetration (Fig. 1A) This first peak
approximately occurred at a distance value compautabthe collenchymas thickness (when force
was reported vs distance, graph not shown). Vatdidhis force (Table 1) significantly differed
between R and BL samples, showing the softeningcefbf the blanching on the vegetable
structure. After this first peak, there was a pesgive increment of the recorded force for R and
BL, probably due to the friction exerted by pargymola cells on the needle, as previously shown for
other species with the same probe (Maury et alD9ROFrom a histological point of view, the
softening effect of blanching could be justifiedtlwithe plasmolysis and collenchyma cell
separation (Fig. 1B) that suggested a modificatibchemical bonds or other pectic constituents of
middle lamella (Waldron et al., 2003). Pectic sahses of the cell wall did not visibly decrease,
instead (Fig. 2). B and FB samples did not extahbif peak force as a consequence of freezing step

and/or thermal treatment. The first peak disappmkdree to the detachment of the epidermal layer
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and the separation of the collenchyma cells. Intenig the curve flattened, due to the dehydration
and separation of the cells, as well as to the &tion of deep fractures in the parenchyma tissue
that allowed an easy penetration of the probe (Eg.and D). Fig. 5C showed the force—time
penetration curves obtained for all samples. Thgimam peak was clearly distinguishable only
for R and BL, due to the presence of the wholereatemechanical tissue (Fig. 1A and B). It also
significantly decreased for boiling and freezingatiments, as also shown by the extrapolated force
values (Fmax) reported in Table 1. This decremeuldcbe attributed to the loss of the adhesion of
cell walls, as shown by the histological observatabove described and reported in literature
(Rodriguez-Arcos, Smith, & Waldron, 2002). In adulit freezing produced slight fractures in the
tissues (Fig. 1D), due to the ice formation, thamigsicantly affected texture.

The slope of the force deformation curve (N/mm)atexl to the apparent elastic properties and
considered as an index of sample stiffness (Ngeyel., 2010), was also calculated in this study
(Table 1) and resulted significantly different argosamples. It could be hypothesized that all
treated samples have been subjected to a gredtemadion with respect to raw vegetables. This
deformation rose increasing the thermal treatmeeihg also the highest in FB, where a freezing
step and related storage were added, and sampliess Wwithout a signifi- cant elastic deformation.
Blanched and frozen vegetables were previously dotm undergo to deformation under
compression test during the following frozen steragith a gradual tissue softening (Martins

& Silva, 2003). Finally, the force—time curves ab&d by cutting samples were reported in Fig. 5E
and extrapolated maximum shear force values (Fmwede shown in Table 1. BL showed
significantly higher Fmax values than the other glas Several authors (Parker & Waldron, 1995;
Rodriguez et al., 2004; Waldron et al., 2003) iathd that phenolic acids (especially ferulic acid)
present in the cell wall polysaccharide matrix efggtables play a key role in maintaining the
thermal stability of cell-cell adhesion and consadly the vegetable texture. The collenchyma
tissue, present in the asparagus stems (Fig. 143, aharacterized by a thick cell wall richer in

polysaccharides (pectin and cellulose) with respecthe cell walls of the other tissues. This
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mechanical tissue could be responsible of the agparstem firmness after the blanching treatment,
due to its chemical (presence of phenolic acidsl) mechanical properties. On the other hand, B
and FB exhibited significantly lower Fmax. Thistesiing occurred as a result of the cell separation
(Fig. 1D), as previously described by Lau, Tangd &wanson (2000) for thermally treated
asparagus, due to tieeliminative degradation of the pectic polymers (tlvan et al., 2003) and it
was more severe for FB where the freezing procedshee following storage were added.

Zucchini

The textural analysis of zucchini was only possiblth the puncture test, because of the thermal
damage suffered by the structure under the appliedessing conditions. A first peak force was
clearly distinguishable only from curves of R anl Bigure not shown) and it was due to the
resistance offered by the skin and the outer megdé&ag. 3A). After boiling and freezing—boiling
treatments, the zucchini tissues appeared dehydaaie with an extensive cell separation (Fig. 3B).
This condition justified the absence of the fireak force (Fpl) in these two processed samples.
BL samples were apparently not damaged by the #etmeatment (figure not shown), but they
showed significantly lower Fmax than R (Table I)eTecrease of the instrumental firmness could
be dependent on the loss of cell turgor due tomkenbrane disruption, as stated by Greve et al.
(1994) for carrots, associated with the pectinaliggon. Moreover, a mechanical tissue (Fig. 3A)
or other cells with thickened walls were not présenzucchini. The structural and textural
properties of vegetable tissues are dependentllargn the cell wall; hence, the collenchyma
tissue in asparagus stems (Fig. 1A) played a fued#ah role in the maintenance of vegetable
firmness after cooking. For this same reason, B EBdzucchini did not exhibit any peak force,
differently from the above discussed asparagussstem

Green beans

Fig. 5 (insets B, D, F) showed the curves obtaif@dgreen bean samples. The puncture test
showed similar profiles to the asparagus stems @AY, being the first peak force only evident for

R and BL (Fig. 5B). This was most likely relatedthe presence of three layers of collenchymatic
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cells (mechanical tissue) (Fig. 4A). A marked #aihg was clearly visible also in this case for B
and FB sample curves, being related to the celars¢ipn due to the depolymerisation and/or
solubilisation of the component of middle lameltagre evident for the outer parenchyma (Fig. 4C,
D). The histological analysis did not show any cl@gi#ference (Fig. 4A, B) in R and BL, although
they significantly differed for Fmax (Table 1). Tloerves obtained under penetration test were
quite different among samples (Fig. 5D) as wellths Fmax values (Table 1). Significant
differences were found in R and BL samples bothForax and slope values. This suggested a
major deformation of the BL samples, as a consemehnthe thermal treatment, that significantly
affected the adhesion of the cell walls, as preslypghown by Canet et al. (2005) on the same
vegetable. It is to be noted that FB showed a hidgleax than B. Both freezing and cooking
treatments softened the green bean tissues, ahlthwithy a different degree. Freezing—boiling
caused a cell wall rupture and an extensive c@hsdion, as shown by the histological analysis
(Fig. 4C and D), producing a more extensive damdge histological study also showed the
presence of swollen cell wall in B and more evitlemi FB samples (Fig. 4D). It could be
hypothesized that the swelling phenomenon was arfai the obtainment of higher Fmax values
of FB compared to B and for the maintenance oflamslope values in these two samples (Table
1). The presence of swollen cells were previoughated to a harder texture in green beans
thermally treated (Leadley, Tucker, & Fryer, 2008he curves obtained from the cut test
significantly flattened in B and FB in comparisanthe other two samples, due to the lower blade
resistance of these two tissues that showed a hdggree of broken cells (Fig. 4, insets A, B, C,
D). Cut test forces were also significantly lower these two samples (Table 1) in comparison to R
and BL that exhibited comparable values.

Total antioxidant capacity

Asparagus

TEAC and FRAP values of uncooked asparagus steipsgFinsets A and B) were slightly lower

than those found in a previous paper (Pellegrinalet 2009, referred to fresh weight), due to
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agronomical factors, such as different genotypewarg conditions, season and maturity. Boiling
increased TAC compared to R samples, but this &seravas significant only when TAC values
were determined by the FRAP test (Fig. 6). The saffifiect was already observed for boiled
asparagus stems by Fanasca et al. (2009) usingRWAé> assay, in relation to an increase of
bioactive compounds, such as total phenols, rufirercetin and carotenes (ifg.carotene and
lutein). Thus, this increment could be justifiedthg release of molecules with antioxidant activity
(i.e. carotenoids) due to two possibilities: i) thermal modification of some components of cell
walls (Fig. 1D), such as the middle lamella, andhe related softening of the matrix for this kind
of vegetable (Table 1), as also hypothesized by agamohi et al. (2001). The increase of
antioxidant capacity was observed also in blancteuples; although the tissue suffered lower
changes than in B (Fig. 1B) due to the less sethemenal treatment. In addition, Yamaguchi et al.
(2001) theorised that other phenomena could belvadowhen an increase of radical-scavenging
activity was observed in some vegetables afterirtzpilas was found for asparagus stems. The
thermal treatment can produce stronger radicalesggimg antioxidants and/or novel products by
chemical reaction and/or inactivated oxidative eney that oxidise the antioxidant molecules.
However, the extent of each contribution to the Tia€rease cannot be quantified (Yamaguchi et
al., 2001). Differently, FB asparagus stems shogigdificantly lower TAC than BL and B. The
largest fissures formed into the tissue after tle®Zing and boiling steps (Fig. 1D) may have
facilitated the penetration of water by capillarignlarging the tissue—water contact surface asul al
allowing the leaching of antioxidant soluble compdsi in the cooking water. With respect to B, the
FB samples suffered a greater thermal stress, bedhese samples underwent the blanching step
before freezing and cooking.

Zucchini

The uncooked zucchini presented TEAC and FRAP sgasilightly higher than those previously
found by Miglio et al. (2008). A significant increawas obtained after boiling for both TEAC and

FRAP assays as for asparagus stem and in accord&hcg previous study (Miglio et al., 2008). In
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that study, the cooking conditions were approxityatiee same as the present one. On the other
hand, the total antioxidant capacity showed a slifjut significant decrease for BL and FB
samples. The processed zucchini presented a hgyeelef softening for all steps of treatment also
after blanching due to the absence of a mechatissaie, as discussed above. Thus, it is possible to
hypothesize that the structural damage induced émstifhg and/or freezing, such as the cell
separation and the dehydration discussed aboveld doave caused a partial leaching of
antioxidants in FB. The lixiviation could also hawecurred under the industrial condition for
blanching since zucchini are not preserved by aham@cal tissue, although the thermal damage
suffered by tissue was lower for BL than for FB.n@arily, it appears that some of the conditions
previously described by Yamaguchi et al. (200jelation to a TAC increase could have occurred
under the homemade boiling of unprocessed samples.

Green beans

The total antioxidant capacity measured for unpseed green beans by TEAC and FRAP tests was
higher than those previously found for the sameetadge (Pellegrini et al., 2009, referred to fresh
weight) probably due to the above cited agrononfaetiors. B samples showed an increase of the
antioxidant capacity as for the other two vegetalaad the increment was particularly high for
FRAP values. This was in accordance with previdudiss in which TAC was found to increase
(Pellegrini et al., 2009) or to remain unaltere@boiling (JiménezMonreal, Garcia-Diz, Martinez-
Tomé, Mariscal, & Murcia, 2009). BL displayed a rsfgcant increase of TAC, as it did for
asparagus. Also in this case, it is possible tmthgsize a release of the antioxidant components by
cells as well as the occurrence of one or mordefother factors theorised in literature (Jiménez-
Monreal et al., 2009; Yamaguchi et al., 2001). &mio the other analysed vegetables, boiling of
frozen green beans caused a significant reductioRA@ values with respect to all the other
samples. The loss of the antioxidant moleculedasty due to the leaching, could be related to the
great damage suffered by tissues. These displagletysis and fissures, also showing a consistent

softening both by penetration and cut tests, as &edhe other vegetables.
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Conclusions

The industrial conditions applied during the freggiprocess and the consequent storage period,
with the end-user consumer cooking, determinednaistent damage to the anatomical structure of
vegetables. The cells were dehydrated, contractddseparated, probably in relation with a partial
degradation of cell-wall components as pectin. @kent of this damage appeared to be different
depending on the characteristic of the vegetald¢oamcal structure, as asparagus stems and green
beans present a mechanical tissue that did nat iexzsicchini. This statement was critical for the
partial preservation of the textural quality durithg entire process, too. After blanching, theahit
textural quality was partially retained in all végleles, but enhanced in cut tested asparagus stems
probably in relation to the action of phenolic a&cat the cell wall level. After cooking, samples
revealed a general softening, as expected, alptagling a different behaviour: zucchini completely
softened, while B and FB asparagus stems showegaraivle cut and penetration force values. On
the other hand, FB green beans exhibited highe¢inguand penetration forces in comparison to B
samples, with an overall better retention of teaitguality than the other vegetables. The industria
freezing and storage processes partially depriVlednalysed vegetables of the initial antioxidant
capacity. On the other hand, B samples exhibitexlai or higher antioxidant capacity values than
the raw vegetables. These outcomes need to begttezed by the further investigation of
bioactive compounds. Finally, the findings of thimrk should encourage manufacturers and
researchers to join together in order to develalustrial freezing process conditions according to
the matrix of vegetable. The selection of adeqaat appropriate time/temperature combinations,
the application of new blanching processes (e.graniave or ohmic treatments), along with a
different length of storage period are all viablgtions for manufacturers to seriously take into
consideration, with the final aim being to offeetbnd-user consumer a texturally and nutritionally
higher quality frozen product.

Supplementary data to this article can be fountherdt

http://dx.doi.org/10.1016/j.foodres.2014.04.019
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Captions for Figures

Fig. 1. Transverse sections of asparagus stem sampleedstaith PAS — Amido Black: A.
raw/uncooked; B. blanched; C. boiled from raw; dz&n boiled.

Legend: c = collenchyma; vp = vascular bundle;garenchyma; f = fissure.

Fig. 2. Detail of the Ruthenium Red staining on frozenldmbiasparagus stem. Arrows indicate
integral pectin in cell walls.

Fig. 3. Transverse sections of zucchini samples staineth WWAS — Amido Black: A.
raw/uncooked, B. frozen boiled.

Legend: om = outer mesocarp; mm = middle mesodarg; inner mesocarp; f = fissure.

Fig. 4. Transverse sections of green bean samples stauibd PAS — Amido Black: A.
raw/uncooked; B. blanched; C. boiled from raw; dz&n boiled.

Legend: op = outer parenchyma; ip = inner parenehyen= collenchyma; s = starch grains; f =
fissure; sw=swollen cell wall.

Fig. 5. Force (N)-time (s) curves obtained for puncturd tsasparagus, B. green beans; for
penetration test C. asparagus, D. green beans;cdbortest E. asparagus, F. green beans.
Abbreviations: R, raw/uncooked; BL, blanched; Bildxy FB, frozen boiled. /&, maximum force

at the first rupture peak ang,f& maximum break force of puncture are shown onriase and B.
Fmax Maximum forces of penetration and cut test age ahown on inserts C and D, and E and F,
respectively.

Fig. 6. Total antioxidant capacity of the analysed vedewbA TEAC values. Values are expressed
as mmol Trolox/100 g dry weight. B FRAP values. &4 are expressed as mmol Fe2+/100 g dry
weight. Error bars represent + 1 SD, (n = 3). Bafshistograms with different letters are
significantly different (p< 0.05). Abbreviations: R, raw/uncooked; BL, blanth8, boiled; FB,

frozen boiled.
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Table 1.Textural parameters of analysed vegetables

Test R BL B FB
Asparagus
Fr1(N) 0.4 (0.1)*  0.2(0.1) - -
Puncture - (N) 1.9(03)* 0.8(0.2) i i
Penetration  Fax (N) 11.6 (1.3)a10.0(0.8)b 2.2(0.5¢c 0.9(0.3)d
Slope (Nmrit) 9.9(1.6)a 5.6(0.7)b 2.1(.4)c 0.5(0.1)d
Cut Finax(N) 36.1(4.7)b 57.4(55)a 34.2(7.4)b 17.8(3.9) c
Zucchini
Buncture Fp1(N) 0.3 (0.01) 0.4 (0.1) - -
Fmax (N) 3.4 (0.3)* 1.3(0.1) - -
Green beans
Fp1(N) 0.9 (0.1) 1.0 (0.1) - -
Puncture = (N) 22(0.2)* 1.2(0.1) i i
Penetration  Fax (N) 16.8(1.4)a 12.8(1.6)b 1.8(0.3)d 3.2(0.7)c
Slope (Nmrif) 9.6 (0.7)a 7.4(1.6)b 1.7(0.3)c 1.6(0.4)c
Cut Finax(N) 37.2(24)a 325(3.1)a 3.1(0.5 b 45(1.0)b

@ Data are expressed as means of 10 samples. Statelaations are given in parenthesis.

Means in rows followed by different letters or astesisk (on the highest mean value) are
significantly different (p< 0.05).

Abbreviations: R, raw/uncooked; BL, blanched; Bildxly FB, frozen boiled.
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Abstract

In the present study the impact of the differeapst(i.e. blanching, freezing, storage following th
industrial freezing process and the final cookimgpmpto consumption) of the industrial freezing
process was evaluated on colour, chlorophylls,idutpolyphenols and ascorbic acid content of
asparagus, green beans and zucchini. In additlon, dbmestic boiling of raw samples was
compared with the boiling of frozen storage vegetsb

Results showed that the blanching treatment redgphgtochemicals in all studied green vegetables
and the frozen storage up to 2 months did not nefjataffected phytochemicals, in particular
lutein and flavonoids in almost all samples. On ¢tbatrary, colour significantly changed during
blanching and frozen storage. The changes of bfofyaess) and the shift of H° (hue angle) were
not coherent with the increase of pheophytin. Iditaeh, the greenness (- a*) was found to increase
with the exception of boiled samples in all vegitabGenerally, in boiled frozen vegetables there
was a better or comparable retention of bioactoremounds with respect to raw ones, and this was
especially true for green beans and zucchini. Gatbanges after cooking did not exhibit the same
trends among vegetables, being more remarkablérdeen asparagus in comparison with those
boiled from raw, but overall comparable for greeais and zucchini.

In conclusion, the overall results of the preseantly suggest that, when the industrial freezing
process is well performed, the boiled frozen veglesado not have a lower nutritional value than

the fresh ones.

Keywords: asparaguggreen beans; zucchini; vitamin C; chlorophylls;ypblenols, lutein.
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1. Introduction

Freezing is one of the most used preservation tqabs for raw vegetables, which are perishable
and seasonal by nature, in relation to the sloe edteterioration occurring at the low temperature
of frozen storage (- 18 °C). Freezing is largelyplegal in vegetable processing because of its
convenience (i.e. fast preparation) and the sugbosgntenance of fresh-like characteristics with
minimal loss of nutrients and antioxidants overeexted time. However, freezing step is not enough
to fully stop enzymatic reactions, senescence,ohiafl growth, and a blanching treatment must be
applied (Canet et al., 2004). Blanching consista ehort time exposure of vegetables to a heating
treatment and it is generally carried out in waie85-100 °C. This treatment is reported to enhance
vegetable safety (i.e. destruction of surface nfliera) and quality attributes (flavour, odour and
colour) (Canet et al., 2004). Contrasting resuétgehbeen published about the blanching influence
on loss of thermal instable nutrients such as ascacid and polyphenols. Their contents were
found to be unchanged or to have decreased aftgntent (Olivera et al., 2008, Patras et al., 2011)
Apart from blanching, storage following the industifreezing process (Lisiewska and Kmiecik,
1997, Martins and Silva, 2003) and especially thal fcooking step prior to consumption can affect
the quality of the vegetables thus causing a furtbgs of bioactive compounds (Delchier et al.,
2012, Mazzeo et al., 2011, Pellegrini et al., 2020l these steps should be separately considered
from a nutritional standpoint, also keeping in mimat there are significant interactions among
them. However, there is a general lack of litemuata dealing with the step by step evaluation of
the industrial freezing impact on the nutritionalatity of vegetables. The steps of process,
blanching, freezing and storage, were commonlyeagld under a laboratory scale (Martins and
Silva, 2003, Canet et al., 2005, Viia et al., 20@Ff)commercial products were evaluated after
cooking without substantial information about theogess conditions (Mazzeo et al.,, 2011,
Pellegrini et al., 2010).

Recently, the structural, textural and antioxideapacity changes of three commonly consumed

vegetables (asparagus, green beans and zucchita)yinvere analysed during the different steps of
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the industrial freezing process by Paciulli et(@014). The present study continues this former
work, analysing the phytochemicals (vitamin C, pbignols, chlorophylls and carotenoids) and the
colour parameters of the same vegetables. Samp@es amalysed as raw/uncooked, blanched, and
frozen after the industrial freezing process astbaage period of two months at — 18 °C. Raw and

frozen/stored vegetables were boiled, mimickingathgre” farm-to-fork” process.

2.Materials and Methods

2.1. Sampling and processing

Vegetables used in this study are the same of @gue work (Paciulli et al., 2014). Green
asparagus stem#égparagus officinalid.., var. Grande) of uniform diameter (10 + 0.1 man)the
base and length (120 £ 0.1 mm), zucchini fru@siurbita pepd.., var. Quine, diameter 30 + 0.1
mm) cut into slices of 8 mm of thickness and grbeans Phaseolus vulgari., var. Giamaica,
diameter 10 £ 0.1 mm and length 80 + 0.22 mm) mlediby a local manufacturer and harvested in
the production site, were processed within 24 hduns harvesting. Five types of samples were
analysed for each vegetable; raw/uncooked (R),chkesh (BL), industrially frozen/stored (FS),
raw/boiled (B) and industrially frozen/boiled (FB).

The industrial process was carried out by the maotufer starting from blanching until to the
peroxidase inactivation (Goglges et al., 2007), by immersing samples in a hatewbath at the
following conditions: 30 s at 90°C for asparagusnig at the same temperature for zucchini and 2
min at 96 °C for green beans. Then, green beanzwaethini were frozen by forced convection in
an industrial freezing tunnel with air at — 40°@ émin, while asparagus samples were frozen in
an industrial spiral freezer with air at — 40°C 1& min.

Raw, blanched (immediately cooled in an ice-watghlfor 3 min) and industrially frozen samples
were transported to the University of Parma lalmyres under adequate refrigerated conditions

within 72 hours from harvesting. Frozen samplesewaaintained for two months at — 18 °C in a
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thermostatic chamber to better mimic the storagadition commonly applied to the processed
vegetables in the industrial plants prior to tlaficommercialization.

Raw and blanched samples were analysed within 48Hoom the arrival at the laboratories while
frozen vegetables were studied at the end of stofRgw and frozen samples were also cooked to
be analysed as boiled, as described below, witBinours from the arrival at the laboratories.

2.2 Cooking conditions

Raw and industrially frozen vegetables were boifetdot water (100 °C) adding approximately 20
pieces of each sample to boiling tap water in aepey stainless-steel pot (1:5 food/water). Raw
samples were cooked for 15 min, 20 min and 12 mira§paragus stems, green beans and zucchini,
respectively. These cooking times were selectedn froreliminary experiments carried out
according to the judgement of a large group of seamed panellists, as previously reported
(Miglio et al., 2008).

Frozen vegetables were not defrosted before coakmagboiled according to the time labelled by
manufacturer (10 min for asparagus and 8 min feegrbeans and zucchini). All the cooking
procedures were performed in triplicate.

2.3. Colour analysis

Colour determination was carried out using a Mam@&@blorimeter (CM 2600d, Minolta Co., Osaka,
Japan) equipped with a standard illuminant D65. Mleasurements were carried out in five random
points on asparagus stems and green bean podsir@bloucchini slices was measured both on the
skin and the parenchyma of the fruit due to theowoldissimilarity of the two tissues. The
instrument was calibrated before each analysis whitie and black standard tiles. L* (lightness;
black = 0, white = 100), a* (redness > 0, greenreB8} b* (yellowness > 0, blue < 0), C (chroma,
0 at the centre of the colour sphere), and H° @nge, red = 0°, yellow = 90°, green = 180°, blue =
270°) were quantified on each sample using a 1@ftipa of the standard observer (CIE, Paris,
France, 1978)AE for all the treated samples in comparison to & vegetables was also

calculated. A total of 10 determinations was penfed for each cooking treatment.
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2.4. Dry matter determination

For moisture determination, 3—4 g of raw and trat®mogenized sample was dried in a
convection oven at 105 °C for at least 16 h ur@dching constant weight according to AOAC
method (2002). Analyses were conducted in tripdicat

2.5. Chlorophyll and carotenoid determination

The determination of chlorophylls and carotenoidss warried out by a high-performance liquid
chromatography (HPLC) analysis according to the ifreml methods previously described
(Pellegrini et al., 2010). Lyophilized samples (1®@) were extracted at least four times (until
colourless) with 5 mL of tetrahydrofuran in an a#onic bath for 10 min, vortexed for 1 min and
centrifuged for 10 min at 1500 g. The supernatargsee combined, dried in a Rotavapor (Btchi,
model R-200) and stored at -20°C until HPLC analy3ihe residue was dissolved in 3 mL of a
solution of methanol/tetrahydrofuran (95:5, v/vjdre HPLC analysis. Carotenoids were evaluated
using a HPLC system (Alliance and DAD model 2996at¥vs, Milford, MA) equipped with a
Simmetry C18 (4.5 x 150 mm) column. The elution veasried out by linear gradient using
acetonitrile (A) and ethyl acetate (B) as elueht® gradient was as follows: 0 % B for 2 min, from
0 to 40 % B in 23 min, from 40 to 60 % in 0.10 m&® % B for 4 min, and then 7 min at start
conditions to reequilibrate the column. The floweravas 1.2 mL/min. Lutein was acquired at 445
nm, chlorophylla was acquired at 663 nm, and chloroplwilas acquired at 645 nm.

2.6. Ascorbic acid determination

Ascorbic acid was extracted using the method preghosy Durust et al. (1997). Briefly, a
homogenized portion of raw and cooked vegetables adaled to an equivalent weight of oxalic
acid solution (0.4%, w/v). The mixture was homogediin a high-speed blender. A portion of the
homogenized sample (~1 g) was subsequently dilwidd an appropriate volume (according to
ascorbic acid content expected) of oxalic acidtsmhy shaken, and centrifuged at 1@pfdr 5 min.

All samples were immediately analyzed by HPLC ascdbed by Gokmen et al. (2000).
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2.7. Polyphenol determination

One gram of lyophilized sample was extracted withmL of 60% aqueous methanol solution
containing 0.25 mg of morin as an internal stand@heén, it was hydrolyzed by addition of 20 mM

sodium diethyldithiocarbamate and 5 mL of 6 M H@dat was refluxed at 90°C for 2 h. A total of

20 uL of the extract was analyzed by HPLC as previodsiscribed (Ferracane et al., 2008).

2.8 Statistical analysis

SPSS statistical software (Version 20.0, SPSS @iugago, IL, USA) was used to perform an one-
way analysis of variance (ANOVA) among samples frdifferent treatments. A LSD post hoc test
at a 95% confidence level (g 0.05) was performed to further identify differeacamong

treatments.

3. Results and Discussion

3.1. Colour determinations

Colour data are summarized in Table 1 for all vaiets.

Blanched asparagus stems became significantly dédweer L*), greener (higher H°), less yellow
(lower b*) and less intense coloured (lower C),comparison with R samples. An increase of
greenness and a decrease of lightness (L*) wereouisy reported for asparagus stems blanched
in boiling water (Begum and Brewer, 1997). The sdrmleaviour was observed for blanched green
beans that were found to be darker and greeneeflatvand — a* values, higher H°) in comparison
to R samples. The increase of H° angle, the deerefs* and no significant C variation were
previously reported after blanching green beanigoifing water (Brewer et al., 1995; Tijskens et
al., 2001; Canet et al., 2005). The colour of zudcparenchyma did not change after blanching,
while skin became significantly greener (higher*-aad H°) and more yellow (higher b*) than R.
An initial increase of the green colour (H°) folled/ by a decrease was previously reported for
heating treated green vegetables (Tijskens, e2@0]). According to these authors (Tijskens, et al

2001), the colour change was attributed to theesmroval around the fine hairs on the surface, the
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air expulsion between the cells and its replacemetit water and cell juice released from the
deteriorated membranes. The surface reflectinggutigs could be potentially altered by these two
phenomena (Canet et al., 2005).

Freezing process and subsequent storage indudbérfeplour changes especially in asparagus and
zucchini. HigherAE values of FS were found for asparagus compartétRvand BL. In particular,

FS samples showed significantly lower L*, b* and ¥&iues than in R. Otherwise, FS was greener
and less yellow than BL. A decrease of yellowness aiso previously reported after the frozen
storage of blanched asparagus (Begum and Brew®V7).1BS zucchini skin appeared significantly
greener (higher — a* and H°) and more yellow (hrgh®) compared with R. The colour of
parenchyma significantly varied during freezing atmrage, too, becoming darker, greener and less
yellow (lower L* and b*, higher —a* and H°) in comgson with R. To the best knowledge of the
authors, no literature data were found on the efieéreezing on the zucchini colour. The tissuées o
this vegetable were found to be more damaged legifng treatment (Paciulli et al., 2014) than the
other vegetables. Thus, the colour parameters dmukltered by the changes of surface reflectance
and light penetration above described for BL sasplonversely, green bean colour appeared to
be less influenced by freezing and storage thamtier two vegetables; FS samples were found to
be less green than BL, without any further sigaificchanges. Patras et al (2011) reported no L*
and C changes during short term storage of blanghesh beans.

Boiling step after freezing and storage furtheluehced asparagus colour, but not so consistently,
as only a significantly decrease of green colous whserved (Table 1). Comparing both cooked
samples, B appeared to be paler (higher L*), lessrg(lower — a*) and more yellow (higher b*,
lower H°) than FB, showing also less colour chang@spared to R (lower E value). The same
behaviour was shown by zucchini parenchyma whilen showed similar colour parameters
between FB and B. In addition, boiling made the mechini parenchyma darker (lower L*), less
yellow (lower b*) and greener (higher H°), in acdance with previous results (Miglio et al., 2008).

Green beans showed a different behaviour than agpsamwith more evident colour changes after
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boiling of frozen stored samples. In particular, BBowed higher L*, - a*, b* and lower H°
compared to FS. However, comparing both cooked Emnpoiling of frozen stored samples
induced less colour changes than cooking of rawrgbeansAE, Table 1). This was related to the
loss of lightness, greenness and yellowness showiB ltompared to R, in accordance with
Turkmen et al. (2006).

3.2. Chlorophylls and carotenoids

Chlorophyll a, b, pheophytina and lutein values in the three vegetables analgsegresented in
Table 2.

Asparagus spears exhibited the high amount of titlrophylls &+b) followed by green beans
and zucchini. With the exception of green beans,amount of chlorophyla in fresh uncooked
asparagus and zucchini was found to be higherttiatrof chlorophylb. A quite similar content of
chlorophylls in green asparagus has been repoBedu( et al., 2007), whereas the amount of
chlorophyllsa andb found in R green beans was lower than that re@artditerature (Turkmen,
2006; Lisiewska, 2011) likely due to a differenaoethe varieties analysed. To the best knowledge
of the authors, no literature data exist on thermghyll content of zucchini.

The blanching treatment significantly reduced (08).the content of chlorophylla andb in
asparagus and green beans, with a greater los8arbphyll a than that of chlorophylb, while in
zucchini the loss was not significant. The losslbrophylls after blanching process was already
observed by Lisiewska (2011) on green asparagu®@arktench bean and by Oruna-Concha et al.
(1997) on green beans. Oruna-Concha et al. (19Rif)df that blanching decreased the content of
chlorophylla andb in green beans by 13 and 28%, respectively. Coalgr€anet et al. (2005)
found that short-time blanching (e.g., 75 °C fob 2nin) increased the coloration and the total
chlorophyll content of green beans with respedtdsh vegetable. However, in agreement with our
results, when the blanching duration and tempezattere increased, the total chlorophyll content

decreased, mainly due to the formation of pheophyti
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The frozen storage of the investigated samplesiaidignificantly change the level of chlorophyll
a compared to the blanched ones and determinedght shcrease of chlorophyb with the
exception of green beans, in which a significaduotion (14 %) of this chlorophyll was observed.
The chlorophyll retention during the frozen storagelld be related to the thermal inactivation of
enzymes as well as to the deaeration of planteissul the consequent reduction of oxygen content
induced by blanching. This preliminary process riggwve limited the degradation of chlorophylls
during frozen storage, making the pigments morélstaas previously found in other green
vegetables (Vina et al., 2007; Brewer et al., 1995)

Boiling determined a significant decrease of chbbrgls a andb of all FS vegetables investigated,
in agreement with previous observations on frozegetables (Ferreira et al. 2006; Turkmen et al,
2006). It is known that both freezing and cookinmggesses soften vegetable tissue. Paciulli and
coworkers (2014) have observed that cooking treattroauses different cellular damage: boiling
treatment causes cell separation, freezing cawskeripture and the freezing and boiling treatment
appears to be unfavourable with regard to the amatd structure. The rupture of cells as a
consequence of freezing and boiling treatmentshaare been responsible to degradation and/or
loss of chlorophylls. Moreover, it is known thattimost common mechanism of chlorophylls
degradation is their conversion into their majorividgives pheophytira andb (Turkmen et al,
2006). Accordingly, in all the analysed FS vegetapthe boiling determined a significant increase
of pheophytina, which decomposes more rapidly than chlorophyllowing to its greater
susceptibility to pheophytinization during heatiigirkmen et al, 2006), whereas pheophitinas

not quantifiable in all investigated samples.

The boiling treatment of fresh vegetables deterohiaegeneral greater retention of chlorophylls
with respect to the boiling process on frozen valgles. This different effect of boiling could be
due to the different vegetable structure, beingRBevegetables more softening than B ones due to
the effect of both freezing and cooking processesvegetable tissues, as previously observed

(Ferreira et al., 2006; Paciulli et al., 2014).
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In contrast to chlorophylls, the lutein conteniatiffresh vegetables was not altered by blanch#g a
generally, blanching beneficially inactivates enegmsuch as peroxidase and lipoxygenase, which
are involved in carotenoid destruction (Thane aratldy, 1997). The freezing storage had a
significant and positive effect on the lutein caontef all vegetables analysed and in particular on
green beans. The blanching step, softening slighyvegetable matrix, could have favoured the
lutein release.

The boiling treatment resulted in a significantrease of lutein in almost all the fresh and frozen
vegetables. Heat treatment is known to facilitdie extraction of carotenoids by cell walls
disruption (Palermo et al 2014). Thus, the increddatein could be due to its heat stability, whic
is higher with respect to others (egcarotene), and its release from the cell strughwoenoted by
the heating.

3.3. Polyphenols

The phenolic compounds of all the analysed vegesadnle shown in Tables 3, 4 and 5.

Among the studied samples, the asparagus was tetaldes richer in polyphenols followed by
green beans and zucchini. As already observedewviqus works, the main flavonoid in asparagus
(Fuleki, 1999; Wang et al. 2003) and in zucchiran@ et al., 2004; Rodriguez et al., 2005) was
rutin. Among phenolic acids, the coumaric acid atsd hexoside were the most abundant in
asparagus, whereas protocatechuic and sinapinie ther prevalent acids in zucchini and green
beans, respectively.

Blanching treatment prior to frozen storage hadeaegal positive effect on the overall phenolic
compounds (i.e. phenolic acids and flavonoids)hef three vegetables considered in the present
study. In particular, in the case of asparagusyas interesting to observe that the ferulic acid
contents of R asparagus, measured in the aquedhsimok extract, increased several times after
blanching treatment. This seems to disagree wighipus observations the ferulic acid is involved

in links with cell wall polysaccharides (e.g. xyl&rand such links increase in the thermal stability
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of cell-cell adhesion (Rodriguez-Arcos et al. 2004)significant increase of total phenolic acids
was also observed in green beans and zucchinnipaoson to the raw sample.

Similarly to phenolic acids, the blanching treatméatermined a general increase of flavonoids in
all the studied vegetables. This increase was iaemgent to the findings of Kaisier at al. (2013),
who reported that the blanching treatment increaed amount of phenolic compounds of
coriander. It is stated (Puupponen-Pimiéa et abD32@hat the effect of processing (i.e. blanchiog)
flavonols is highly plant species-dependent. Inlilawer and cabbage, the flavonol content
increased during blanching, while in spinach itrdased (Puupponen-Pimia et al., 2003). The
blanching processes prior to freezing can inactivatzymes that cause the oxidation of phenolics
and, as we hypothesise in the present study, itatem increase the extractability of phenolic
compounds.

In general, the frozen storage showed a positiffeence on the flavonoid content of the different
studied vegetables, in agreement with Olivera.g8l08), who reported a slightly, even though not
significant, increase of total flavonoids after ®&nmths of frozen storage. For the best author’s
knowledge, literature data regarding the effedrafen storage on the phenolic compounds profile
of vegetables are very scant. Puupponen-Pimia é€2@03) reported in frozen cauliflower, cabbage
and spinach a decrease of flavonol during a long-teozen storage. On the other hand, Prabhu
and Barrett (2009) observed a significant increabdotal phenolic content in African leafy
vegetables during 90 days of storage at —18 °C.

After frozen storage, when vegetables are submitidabiling process a detrimental effect on the
phenolic compounds profile of FS asparagus and de8hmi was observed. In fact, the boiling
decreased the total flavonoid content of FB asperagnd zucchini by about 60 and 15%,
respectively. Similarly, total phenolic acids dexsed in the two vegetables with losses of about 42
and 16% in asparagus and zucchini, respectivelgnwdompared to FS samples. On the contrary,
FB green beans exhibited a slight and significaotdase of all phenolic compounds. As expected,

among the single phenolic compounds of vegetabteeaent trend was observe@or example, in
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the case of FS zucchini, the boiling process detextha significant increase of caffeic, vanillic,
salicylic, gallic, protocatechuic and siringic agidout a strong decrease of chlorogenic, vanillic
glucoside and coumaric acids. The different trehdeoved for the different phenolic compounds
could depend on several factors such as their veatleibility, their different localization in the
vegetable structure and the structure stabilityeat (Palermo et al, 2014). Phenolic compounds are
usually stored in pectin or cellulose networks efjietables and they can be released during thermal
processing; as a consequence, individual phenoligpounds may sometimes increase because the
heat can break supra molecular structures, relgadbke phenolic sugar glycosidic bounds, or also
decrease due to the leaking in the water cooking.

Concerning boiling of fresh vegetables, a differenftuence was shown compared to frozen
samples. In fact, boiling had a significant negat¥fect on both flavonoids and phenolic acids only
in the case of R asparagus, whereas a significanease of total polyphenols for green beans and
zucchini was observed. Among single polyphenolssignificant increase of chlorogenic acid
content of asparagus and green beans was obsentsbly due to the ability of cooking processes
to disrupt the (covalently or not) interaction bist acid with the polysaccharide moiety of fibre, a
already shown in cooked Brussels sprouts (Pellegtial., 2010).

The different trend observed in B and FB vegetablezuld be related to the previous processes
(i.e., blanching and freezing storage) on vegetabléhich led to a softening of the vegetable
matrix; the further process (i.e., cooking) causedjor losses of these compounds from the
vegetable matrix than those of fresh. This staténmerconfirmed by our previous histological
analyses (Part I) (Paciulli et al., 2014), in whigh observed a consistent damage of the tissue of
boiled vegetables after freezing, and also panlyhe total antioxidant capacity results. In fat,
general decrease of total antioxidant capacityspieagus, green bean and zucchini was observed
in FB samples, whereas the boiling of fresh vedetalbletermined a general increase of this

parameter.
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3.4.Ascorbic acid

Figure 1 shows the ascorbic acid content measuarati samples.

Blanching determined an ascorbic acid loss of 281%,%, 15.7 % in asparagus, green beans and
zucchini, respectively. A significant loss of adwor acid in blanched green beans was also
observed by Bahceci et al. (2005) (30 %) and HoWa889) (<10 %). Ascorbic acid is reported to
be the most difficult vitamin to be preserved dgrinlanching (Gupta, 2008). A combination of
leaching, enzymatic degradation and destructiothefascorbic acid by heat during the hot water
blanching would explain such loss, as previoushorged (Murcia et al., 2000).

Frozen storage resulted in no further losses obrhgc acid content of blanched asparagus and
zucchini, while a slight but significant decreasddqut 8%) of this vitamin was measured in FS
green beans. Blanching vegetables before freezingoptedly results in an ascorbic acid retention
during frozen storage owing to the inactivatiorastorbate oxidase, which causes the oxidation of
ascorbic acid to dehydroascorbic acid (Yamaguchalet2003; Favell, 1998). Several previous
studies (Howard et al., 1999; Murcia et al., 2008iewska et al., 2002) have considered the effects
of frozen storage for 6-12 months on vegetables) as broccoli, carrots, green beans, green peas
and spinach, reporting between 37 and 80% reteofiamtial ascorbic acid. The short period (two
months) of frozen storage applied in the presemiysimay likely justify the high retention of
ascorbic acid observed in our samples.

Boiling process, as involves heat and water, detexdhsignificant losses of ascorbic acid both in R
and FS samples. In fact, as already showed in dtbeen vegetables (Pellegrini et al., 2010,
Mazzeo et al, 2011, Prabhu et al, 2009), FB asparageen beans and zucchini lost 44%, 34% and
9% of ascorbic acid, respectively with respect ® \Fegetables. Accordingly, B vegetables lost
between 16 and 60% of ascorbic acid, in agreemdht pvevious results (Fanasca et al. 2006,
Miglio et al. 2008, Pellegrini et al 2010). Intetiagly, frozen vegetables retained more ascorbic
acid than fresh ones and, as a consequence, FBagspaand zucchini had a similar content of

ascorbic acid as their B counterpart. The lowes lasserved in frozen vegetables than in fresh ones
80



Section I - Study 2

could be probably linked to a shorter time of cogkias the milder the treatment the better
retention of this vitamin (Davey et al 2000). Moveg the inactivation of ascorbate oxidase during
blanching may have preserved the ascorbic aciceobwtf frozen vegetables, as a crucial factor of
ascorbic retention during heating is the time ndddanactivate such enzyme (Davey et al, 2000).
Finally, less exposure of vegetables to atmosph@xigen and not having chopped the frozen
vegetables prior to cooking might all have resulteé greater retention of the vitamin in frozen

vegetables than in the fresh ones, as previougigthesised (Prabhu et al, 2009).

3. Conclusions

A step-by-step nutritional evaluation of an indistfreezing process on vegetables has not been
previously reported in the literature. Thus, thesgnt results, which completed those of a previous
paper (Paciulli et al., 2014), could be of gre&triest for better approaching the whole proceds wit
the objective to obtain a high nutritional qualityfinal products.

The main findings of the present study are sumradrin Figure 2 where the percentage variation
of target bioactive compounds and of colour indaxasparagus (panel A), zucchini (panel B) and
green beans (panel C) was reported. The blancheagment retained phytochemicals in all green
vegetables studied. This was particularly truegaen beans where a good retention of ascorbic
acid and an increase of rutin were found. The fmoztorage did not negatively affect
phytochemicals. In the case of lutein and rutirghgas an increase in all vegetables, particularly
evident in the case of green beans. On the contcaftgur significantly changed during blanching
and frozen storage, but these changes were onlbjalparin agreement with the increase of
pheophytin and the decrease of chlorophylin fact, the changes of b* (yellowness) and thi& s

of H° were not coherent with the increase of phgtiphin addition, the greenness (- a*) was found
to increase with the exception of B samples irvafetables. These changes were also probably in
relation with cellular alteration that influencedht reflectance as well as with the formation of

chlorophyll derivatives, which may lead to an irage of green colour intensity.
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Generally, in boiled frozen vegetables there wdsetier or comparable retention of bioactive

compounds with respect to raw ones, and this waecedly true for green beans and zucchini.

This finding was particularly remarkable for lutemhich was more stable to thermal treatment
than the other measured compounds. The observedtioet and/or the increase of bioactive

compounds were in disagreement with the total aitiamt capacity data obtained in the previous
work (Paciulli et al., 2014), as FB samples exbitbisignificantly lower total antioxidant capacity

than B in all studied vegetables. However, theltatdioxidant capacity values generally agreed
with the trend of phenolic compounds measured enpitesent study. Colour changes after cooking
did not exhibit the same trends among vegetablgisghmore remarkable for frozen asparagus in
comparison with those boiled from raw, but compkerdtr green beans and zucchini.

In conclusion, the overall results suggest thatenwvhhe industrial freezing process is well

performed, the boiled frozen vegetables do not laalesver nutritional value than the fresh ones.
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Captions for figures

Figure 1. Ascorbic acid content of analysed vegetable (mgf.@0v.) Error bars represent = 1 SD,
(n = 3). Bars of histograms with the same capitdbaercase letters are not significantly different
for the same vegetable £00.05). Abbreviations: R, raw/uncooked; BL, blandhES frozen/stored;

B, raw/boiled; FB, frozen boiled.

Figure 2. Variation percentage (%) of the main bioactive compoundsai&paragus stems (A),

green beans (B) and zucchini (C) samp\aslues for raw samples were considered as equal to

100%. Abbreviations: BL, blanched; FS frozen/stoidraw/boiled; FB, frozen boiled.
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Table 1.Colour parameters of vegetabfes

L* a* b* AE C H°
Asparagus
R 56.5(2.6)a -9.7(06)b 34.3(0.5)a - 35.8a 105.7(1.1)c
BL 48.0(2.3)b -10.7(1.0)b 26.2(2.8)bc 12.Mf> 283(2.8)b 1123(2.1)b
FS 41.2(1.3)c -13.1(1.0)c 23.8(1.3)c 18.9) A 27.1(1.5 bc 118.8(1.5a
FB 43.3(2.2) c -9.1(.6) b 229 (4.1)c 17.7(&R8) 24.7(4.1)c 112.0(2.2)b
B 50.3(25)b -47(3.1)a 294((3.3)b 10.2(®1) 299(3.4)b 99.0 (5.6)d
Green
beans
R 526 (1.4)a -10.5(0.6)b 29.9(1.3)b - 31.B Aab 109.4(0.6)c
BL 45.3 (1.5) bc -16.0(1.7)d 26.8(3.4)bc 10.3(1.6)a 31.3(8.7) 120.9(0.8)a
FS 43.0(1.6)c -142(0.9)c 27.2(1.7)bc 1082 30.7(1.8)b 117.5(0.3)b
FB 475(3.4)b -101(1.3)b 335(4.2)a 81 YO 350(4.1)a 106.9(14)d
B 43.3(1.7)c -6.8(0.7)a 253(1.6)c 11.2(R7) 26.2(1.6)c 105.2(1.6)d
Zucchini
parenchyma
R 8l1.7(1.5a -19(05a 306(11)a - 30.7) (4. 93.6(0.9)d
BL 78.8(25)a -24(09)ab 309(16)a 3.7 1 31.0(1.6)a 94.5(1.7)cd
FS 61.5(1.0)c -3.7(0.8)cd 26.0(1.4)b 21.6)H 26.3(6.3)a 98.6(29)b
FB 56.1(2.0)d -43(09)d 185(1.5c 286 a5 19.0(.4) b 103.7(4.2)a
B 73.3(16) b -3.2(08)bc 26.0(3.2)b 10.8)2 26.2(3.2)a 96.9(1.2)bc
skin
R 39.3(16)a -75(0.6)a 16.5(0.6)b - 18.Z)Yb. 1145(1.4)b
BL 389(1.3)a -133(1.7)b 198(2.0)a 7.7(h4 239(2.2)ab 124.2(2.3)a
FS 375(1.2)a -147(R2.1)b 231(19a 113@. 27.2(3.00a 122.1(3.5a
FB 384(19a -119(19b 208(14)a 83Ya4 24.0(26)ab 120.0(3.4)a
B 38.7(1.8)a -121(1.5b 209(1.6)a 8.3(a8) 24.2(2.6)ab 120.6(3.6)a

&Means in columns followed by different letters, fhe same sample, differed significantly<{p
0.05), standard deviation given in parenthesis.
Abbreviations: R, raw/uncooked; BL, blanched; F&é&n/stored; B, raw/boiled; FB, frozen boiled.
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Table 2.Chlorophyll and lutein content of analysed vegedabl

R BL FS FB B

Chlorophylla

Asparagus 24.32 (0.36) a 22.39(041) b 21.03|D7 17.19 (0.54) d 19.54 (0.45) c

Green beans 18.75 (0.56) a 14.39 (0.01) b 14.%8) 0 4.45 (0.14) d 8.12 (0.25) c

Zucchini 14.14 (0.71) a 13.59 (0.19) a 13.85 (P60 8.87 (0.08) c 9.78 (0.75) b
Chlorophyllb

Asparagus 14.87 (0.20) ab 14.21 (0.40) b 15.BjG 9.21 (0.06) c 8.27 (0.26) d

Green beans 19.18 (1.12) a 15.02 (0.60) b 11.98)@ 5.16 (0.04) e 7.76 (0.05) d

Zucchini 8.82 (0.72) ab 8.58 (0.16) b 9.65 (0.82) 8.25(0.71) b 6.53 (0.46) c
Pheophytira”

Asparagus 2.45(0.02)d 3.78 (0.48) c 3.76 (0cl0) 37.05 (0.39) a 36.02 (1.31) b

Green beans 2.37 (0.09) e 8.09 (0.03)d 11.72)e.1 18.84 (1.12) b 21.96 (1.41) a

Zucchini 6.55 (0.03) d 8.35(0.14) c 8.99(0.69)c 16.14(2.67)b 21.97 (0.40) a
Lutein

Asparagus 12.27 (0.14) d 12.98 (0.34) d 23.22)c4 33.63(2.78) a 28.17 (0.10) b

Green beans 1.10 (0.04) d 1.14 (0.01) d 8.11 @05 5.99 (0.20) b 4.10 (1.24) c

Zucchini 8.96 (0.24)d 9.49 (0.98) d 16.41 (0.62) 19.47 (0.16) a 17.50 (0.16) b

#Values are expressed as mg/100 g of dry weightnsl@arows followed by different letters, for thense sample differed significantly £0.05),
standard deviation given in parenthesis. All conmusuwere identified by pure standards, unless réifity reported® Tentatively identified as
pheophytina andquantified as chlorophyH.

Abbreviations: R, raw/uncooked; BL, blanched; & &n/stored; B, raw/boiled; FB, frozen boiled.
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Table 3.Phenol compound content of aspardgus

Asparagus R BL FS FB B

Phenolic acids

Chlorogenic acid 21.95 (0.16)d 38.02 (0.45) b 282D00) a 16.64 (0.94) e 29.57 (0.54) c
Caffeic acid 22.58 (0.54) a 17.19 (0.1 d 19.029pb 8.29 (0.21) c 3.88(0.21) e
Vanillic acid 6.74 (0.89) ab 3.30 (0.04) c 7.278@).a 5.82 (0.69) b 3.78 (0.07) c
Coumaric acid 57.45 (0.37) b 75.47 (0.20) a 372987) d 21.18 (0.54) e 44.20 (1.91) c
Coumaric acid hexoside 215.50 (0.42) a 116.12 J@09 114.74 (3.83) d 93.92 (2.08) e 141.40 (5.18) b
Salicilic acid 2.13 (0.01) bc 2.41(0.25) b 7.02(0) a 2.08 (0.02) c 2.36 (0.19) b
Sinapinic acid 1.80 (0.32) b 3.61(0.24) a 'ND ND ND

Ferulic acid 10.59 (0.34) b 59.18 (1.78) a 9.83(Dc 8.91 (0.08) ¢ 10.57 (0.62) b
Ferulic acid hexoside 18.54 (0.44)d 4259 (0.52) b 70.59 (3.24) a 36.88 (0.66) c 33.06 (3.32) ¢
Galllic acid 5.99 (0.02) e 8.45 (0.15) d 12.28 (D &8 11.17 (0.43)b 9.89 (0.46) c
Siringic acid 2.56 (0.03) c 3.36 (0.04) b 2.6219.6 3.87 (0.07) a 1.58 (0.08) d
Total phenolic acids 365.03(1.49) b 369.70 (1.10) a 361.36 (3.54) b .2083.8) d 280.29 (11.32) c
Flavonoids

Rutin 747.28 (0.98) c 772.86 (4.74) b 956.48 (7.28) a 50?.49) e 507.16 (22.23) d
Quercetin -triglycoside 25.02 (0.26) a 5.35(0.27) d 26.51 (0.38) a 150182) ¢ 20.26 (0.78) b

(Quercetin-1-2 rhamnose +3glucose)

Kaempferol 53.84 (0.03) a 36.50 (7.67) b 15.165Pc3 16.77 (0.00) c 12.68 (0.43) c
Isokaempferol 48.30(1.99) ¢ 61.63 (0.32) b 82229) a 23.14 (0.20) d 13.01 (0.67) e
Kaempferol -3-O-rhamnoglucoside 24.05 (0.06) b 22%0.17) a 3.43 (0.25) e 10.21 (0.07)d 14.394(0c4
Isorhamnetin —triglycoside 9.17 (0.09) b 8.13 (0.08) ¢ 10.89 (0.12) a 3.504e 4,92 (0.21)d
(Isoramnetin-1 rhamnose +2glucose)

Isorhamnetin -3-O-rhamnoglucoside 16.55 (0.08) a 422(0.12) b 2.77 (0.05) e 7.45 (0.13) d 11.484)c
Isorhamnetin -3-O-glucoside 4.08 (0.15) ¢ 5.364pd 7.02 (0.20) a 2.08 (0.02) d 2.36 (0.19) d

Total flavonoids 928.29 (2.87) b 929.29 (12.58) b 1104.48 (4.54) a 35.99 (6.29) d 586.22 (26.03) C

®/alues are expressed as mg/100 g of dry weightnBl@arows followed by different letters, for thanse sample differed significantly §0.05), standard deviation given in
parenthesis. All compounds were identified by pstendardsND, not detected. Abbreviations: R, raw/uncooked; Blanched; FS frozen/stored; B, raw/boiled; Fi®zén
boiled.
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Table 4.Phenol compound content of green béans

Green Beans R BL FS FB B

Phenolic acids

Chlorogenic acid 4.14 (0.47) c 9.70 (0.05) a 1307 d 1.46 (0.09) d 8.64 (0.05) b
Caffeic acid 2.26 (0.03) b 4.93(0.22) a 1.30 (h®OO 1.01 (0.05)d 4.80 (0.17) a
Caffeic acid hexoside 4.87 (0.20) b 2.06 (0.11) c .3210.01) e 1.58 (0.08) d 8.82 (0.06) a
Vanillic acid 4.81(0.04) b 2.37 (0.38) c 6.25 @.a 4.77 (0.02) b 4.75(0.02) b
Coumaric acid 3.20 (0.01) a 1.58 (0.35) c 0.9040d 1.60 (0.01) c 2.82(0.11) b
Coumaric acid hexoside 0.67 (0.02) c 2.06 (0.11) a 1.22 (0.02) b 1.10 (0.05) b 2.03 (0.10) a
Salicilic acid 3.15(0.17) e 4.82 (0.05) d 7.058).b 7.70 (0.19) a 6.08 (0.00) c
Sinapinic acid 8.39(0.24) b 8.90 (0.08) a 1.082Dc 0.73 (0.08) d 1.02 (0.01) c
Ferulic acid 4.43 (0.26) a 2.73(0.03) b 1.14 (pd1 0.92 (0.03) d 1.80 (0.08) c
Ferulic acid hexoside 1.14 (0.01) d 2.24 (0.05) b .27%10.02) d 1.83(0.08) c 2.63 (0.28) a
Gallic acid 5.25(0.07) e 11.38 (0.10) a 7.58 (pdO 7.00(0.14)d 8.42 (0.02) b
Protocatechuic acid ND 3.28 (0.06) a 0.27 (0.02) d 2.75(0.12) b 1.7671Pc
Total phenolic acids 42.31 (091) ¢ 56.05 (0.85) a 30.66 (0.52) e 3204%2) d 53.57 (0.47) b
Flavonoids

Rutin 13.24 (0.44) e 27.41(0.32)d 34.35(0.73)c 39.31(0.21) a 38.18 (0.52) b
Quercetin 0.77 (0.04) d 1.58 (0.06) a 0.98(0.02) b  0.89(0.01)c 0.73 (0.02) d
Quercetin 3-O-xylosyl rutinoside 19.33(0.94) b 128(0.20) a 0.60(0.01) d 0.63 (0.02) d 1.36 (0d6)
Quercetin rhamnoside 2.02 (0.01) a 1.94 (0.00) b 77 (0.05) ¢ 0.30 (0.01) d 0.80 (0.00) c
Quercetin 3-galactoside 0.42 (0.06) d 1.16 (0.00) a 0.37(0.01)d 0.53 (0.03) c 0.60 (0.01) b
Quercetin glucorhamnoside 20.14 (0.61)d 38.057)0c2 45.65 (0.67) a 46.31 (0.24) a 44.33 (0.47) b
Kaempferol 5.95 (0.00) e 7.50 (0.14) c 6.64 (0d.2) 8.74 (0.36) a 7.90 (0.01) b
Kaempferol 3-(2G- xylosyl rutinoside ) 2.57 (0.12) 4.21 (0.05) a 1.85(0.11)d 1.42 (0.03) e 2.062)0c
Kaempferol 3 rutinoside 5.53(0.17) e 6.87 (0.26) d 11.54 (0.35) a 11.39 (0.45) b 8.15 (0.06) c
Kaempferol 3-O-B-glucuronide 3.26 (0.06) e 4.8340.d 7.02 (0.53) b 7.77 (0.23) a 6.08 (0.00) c
Total flavonoids 73.23 (2.60) d 121.66 (1.34) a 109.77 (1.45) c 2970.09) b 110.19 (2.10) c

%alues are expressed as mg/100 g of dry weightnsl@arows followed by different letters, for thense sample differed significantly £0.05),
standard deviation given in parenthesis. All conmutsiwere identified by pure standaréD, not detected.
Abbreviations: R, raw/uncooked; BL, blanched; F&é&n/stored; B, raw/boiled; FB, frozen boiled.
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Table 5.Phenol compound content of zuccHini.

Zucchini R BL FS FB B

Phenolic acids

Chlorogenic acid 11.58 (0.43) b 10.42 (0.22) ¢ QZ®03) a 3.78 (0.15) e 6.96 (0.01)d
Caffeic acid 0.48 (0.02) c 1.45(0.01) b 1.44 (D102 2.47 (0.06) a 1.44 (0.02) b
Vanillic acid 7.40 (0.30) b 8.53 (0.50) a 4.40 ®).0 6.04 (0.51) c 4.74 (0.13) d
Vanillic acid glucoside 8.23 (0.05) c 8.40 (0.03) b 12.44 (0.09) a 4.01 (0.04) e 6.92 (0.05)d
Coumaric acid 10.11 (0.45) d 19.82 (0.34) b 21m373) a 15.99 (0.50) ¢ 16.48 (0.18) c
Coumaric acid hexoside 1.68 (0.02) ¢ 2.80 (0.15) a 2.90 (0.00) a 2.25(0.17) b 1.31(0.01)d
Salicilic acid 1.48 (0.03) e 3.02 (0.04) c 2.200.d 4.15(0.13) a 3.83(0.01) b
Sinapinic acid 0.79 (0.02) d 2.13 (0.03) c 2.41%pb 2.13 (0.04) c 3.35(0.14) a
Sinapinic acid hexoside 0.60 (0.00) d 3.77 (0.tr7) a 3.87 (0.12) a 3.72 (0.08) b 2.53(0.10) c
Ferulic acid 8.52 (0.06) d 17.86 (0.11) b 22.92%0b 22.64 (0.54) b 28.33 (1.09) a
Ferulic acid hexoside 1.48 (0.01)d 3.37(0.24) b .0670.06) c 1.56 (0.02) d 3.63 (0.15) a
Gallic acid 252 (0.11) e 2.75(0.12)d 3.29 (0.00) 3.81(0.01) b 7.22 (0.08) a
Protocatechuic acid 18.45 (0.14) c 24.02 (0.31) a 7.09(0.09)d 19.02 (0.59) c 21.77 (0.69) b
Siringic acid 6.35 (0.07) a 2.08 (0.00) b 0.47 (0.02) d 0.832pd 0.83(0.01) c
Total phenolic acids 79.67 (0.04c 110.42 (0.7pa 109.13 (1.2Ba 92.40 (1.98b 109.34 (2.18a
Flavonoids

Rutin 30.51 (0.94) e 39.79 (0.71) b 42.33 (0.38) a 390480) d 33.55(0.12) c
Quercetin 2.35(0.13) a 1.31(0.06) b 0.85 (0.05) c 0.65 (0.04) d 0.96 (0.01) c
Quercetin 3-O glucoside 1.30 (0.06) c 1.22 (0.16) c 2.11 (0.04) b 5.49 (0.02) a 2.10(0.01) b
Quercetin glucuronide 3.02 (0.01) e 5.77 (0.11)d 0.29 (0.04) b 10.84 (0.13) a 9.70 (0.20) c
Kaempferol 1.54 (0.02) a 0.73 (0.05) d 0.92 (001) 0.60 (0.03) e 1.01 (0.00) b
Kaempferol rutinoside 0.85 (0.00) e 2.58 (0.17)d .7530.11) b 4.08 (0.47) a 3.09 (0.09) c
Kaempferol O-sambubioside 3.84 (0.02) c 4.29 (0KL3) 5.38 (0.03) a 3.23(0.02) e 3.66 (0.10) d
Kaempferol O glucuronide 1.40 (0.04) a 0.42 (006) 0.41 (0.00) c 0.59 (0.01) b 0.45 (0.01) c
Isokaempferol rutinoside 1443 (0.14) b 12.80 (pd5 20.63 (0.00) a 12.85(0.23) c 9.59 (0.36) d
Isokaemferol O-glucuronide 1.47 (0.02) c 1.49 (hO4 2.48 (0.00) b 4.94 (0.08) a 2.45(0.13) b
Isoramnetin 3-rutinoside-7-rhamnoside 3.22 (0.02) e 4.61(0.04) b 4.79 (0.17) a 3.525)0dL 3.80 (0.07) c
Total flavonoids 63.93 (1.28e 75.01 (0.76c 93.94 (0.3%a 79.24 (0.82b 70.36 (0.01Ld

&/alues are expressed as mg/100 g of dry weightnsl@arows followed by different letters, for thense sample differed significantly §0.05), standard deviation given in
parenthesis. All compounds were identified by miedards. Abbreviations: R, raw/uncooked; BL, tieadl; FS frozen/stored; B, raw/boiled; FB, frozerdd.

93



Section I - Study 2

mg/100 g d.w.

300 - m Asparagus

m Green beans

250 Zucchini

200 -

150 -

100 ~

50 -

Figure 1

94



A

B

Section I - Study 2

P3esr8e7ntage (%) ElLutein
OChlorophyll a
300 - OAscorbic acid
ERutin
250 m Colour index (a*)
200 -
150 - Raw
100 P Y. XX NN omnmnmo»h»hahhamaaaaiihmmimmmmmmhhohoo»xo
50 -
0 ,
BL FS FB B
Percentage (%) mLutein
1000 O Pheophytin a
900 - ] BAscorbic acid
mRutin
800 - B Colour index (H®)
700
600 -
500
400 -
300 -
200 -
100 ---
0 4

BL FS

Percentage (%)

350 -

300 +

250 ~

200 +

150 -

100 *

50 -

@ Lutein
OPheophytin a
OAscorbic acid
BRutin

m Colour index (b*)

BL FS FB

Figure 2

95



Section ||



Section II - Study 3

Effect of different cooking methods on structure ad quality

of industrially frozen carrots

Maria Paciullf, Tommaso GanirfpEleonora Carifij Nicoletta Pellegrifij Alessandro Puglie8e

Emma Chiavard

®Dipartimento di Scienze degli Alimenti, Universitagli Studi di Parma, Parco Area delle Scienze

47/A, 43124 Parma, Italy

97



Section II - Study 3

Abstract

In this work, the effect of three common cookinggadures (boiling, steaming and microwaving)
on structure, texture and colour of carrots indakyr processed in an industrial plant was
investigated and compared to the results obtaimed fraw carrots provided by the same
manufacturer and cooked with the same procedures.

The anatomical structure of the carrots appearethdad in the samples subjected to mere freezing
and storage, as the freezing process apparentbeddbe first and most important damage in carrot
parenchyma tissues. After cooking, the anatomitalkcgire of microwaved and steamed carrots
appeared less damaged than boiled carrots.

Raw carrots resulted significantly firmer than twresponded cooked samples, as expected, and
no significant differences were observed amongedkfiitly cooked carrots for cut force. On the
other hand, microwaved resulted the firmest amwegftozen cooked vegetables, being steamed
samples the softest and boiled those with an iregdrate values

A partial retention of colour was found if the cawk was carried out on frozen carrots, and in

particular, when boiling and microwaving methodsevased to process samples.

Keywords: carrots; colour; industrial freezing; structumexture.
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1. Introduction

Vegetables are well documented and recognized nefiogally affect the human health as their
intake was epidemiologically associated with a éased mortality from cardiovascular diseases,
certain cancers and obesity (Martin, 2013). They generally consumed thermally processed
(either industrially or at household level) othieart consumed as raw, to extend shelf-life, preserve
guality and to maintain cultural and preferenceitsalsreezing is one of the most applied methods
of processing vegetables and it consists of sewdiffdrent steps (blanching, freezing, frozen
storage following freezing, and above all, finabkmg prior to final consumption) that greatly
impact the final quality of the products (Canetydkez, Luna, & Fernandez, 2004).

By a structural point of view, blanching causesadteration of organelles in the cytoplasm and
substantial vesicle formation (swollen walls) ie ttell wall (Préstamo, Fuster, & Risuefio, 1998), a
gradual breakdown in the protoplasmic structureaoization, with subsequent loss of turgor
pressure and a softening effect also related tagd®in the pectic polymers of the cell wall and
middle lamella (Canet, Alvarez, Luna, Fernandez, T&rtosa, 2005). Freezing led to major
modifications as compared to blanching becausendtiges the formation of ice crystals that
mechanically stress and damage the tissue wall 8aygenhout et al., 2006). Frozen vegetables
exhibited a weakening of the cell wall, a partigsttuction of the cytoplasmatic structure, the
depolymerisation of the pectic materials, and aluaing loss of turgor with softening effects, as
for blanching (Reid, 1993; Paciulli et al., 201&yozen storage induced further tissue softening
(Neri et al., 2014).

Finally, high-temperature exposure during industh@rmal processing and/or end-user consumer
cooking causes cell separation in vegetables, wischelated to the solubilisation of pectin
components, often accompanied by the swelling Ibiaadls (Waldron, Parker, & Smith, 2003).
Carrots are one of the most widespread common ocoedwegetables due to the high content of
nutrients {.e. carotenoids, B vitamins, minerals). The impacblainching and/or freezing and/or

frozen storage on carrot microstructure was extehsidebated in literature in the past (Gémez &
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Sjéholm, 2004; Greve et al., 1994a; Greve, McAr@ehlke, & Labavitch, 1994b; Préstamo et al.,

1998). On the other hand, the relation of tissuangks, after the freezing process, with the
mechanical properties of texture was investigateféw studies (Kidmose & Martens, 1999; Neri et

al., 2014; Roy, Taylor, & Kramer, 2001; Van Buggeunhet al., 2006). In these studies, carrot
samples were generally treated at laboratory samadenot industrially processed. In addition, the
effect of cooking, the final process step, on tlemnguality attributesi.g. texture, colour) that have

a great impact on the final consumer acceptanceswacely considered (Kidmose & Martens,

1999; Neri et al.,, 2014; Roy, et al.,, 2001; Van gewghout et al., 2006). When taken into

consideration, only a single type of heating treattmor one quality attribute was discussed
(Mazzeo et al., 2011; Tanseya, Gormley, & Butt2€H,0). Thus, this topic needs to be more deeply
investigated with the ultimate goal to offer a heglguality final cooked product to the consumers,
achieving a greater retention of the original gyadf the processed vegetable.

In this framework, the aim of this work was therefdo investigate the effect of three common

cooking procedures (boiling, steaming and microwgyion structure, texture and colour of carrots
industrially processed in an industrial plant am@@mpare the results with those obtained from raw

carrots provided by the same manufacturer and cbokth the same procedures.

2. Materials and Methods

2.1 Samples and processing

Ten kilograms of carrotd@ucus carotd.., Napoli variety) were obtained by a local mautérer,
having been harvested in the production site utfdeesame season and agronomical conditions.
Five kilograms of this sample were immediately $f@orted to the University of Parma laboratories
under adequate refrigerated conditions (2 - 4 @) @rocessed within 48 hours from harvesting as
follows: washed with the tap water and drainedtesbfor size and length, peeled and cut into slices
of 8 mm of thickness. A portion of them was imméela analysed (R) while the other part

underwent cooking treatments as described below.
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The other five kilograms were processed into tlirgtrial plant within 24 hours from harvesting.
Carrots were washed, drained, sorted, peeled anasalescribed above. Then, they were blanched
by immersion in a hot water bath (100°C) for 2 3ih sec until to the peroxidase inactivation
(Gonalves, Pinheiro, Abreu, Brandad, & Silva, 2007) &maden in an ammonia forced air cooling
tunnel at - 40°C for 6 min. Frozen samples wera tmaintained for two months at — 18 °C in a
thermostat to best mimic the common storage caditprior to the commercialization. At the end
of storage, frozen carrots were transported tolthizersity of Parma laboratories under adequate
temperature conditions (- 18 °C). A portion of theras immediately analysed (F), the remaining
part was cooked within 24 hours from the arrival.

2.2 Cooking treatments

Boiling, steaming and microwaving were chosen axkitmy procedures commonly applied in Italy
on raw and frozen carrots. Cooking lengths werenmopéd for each treatment according to the
common Italian habit of palatability and tendernfssthis vegetable, obtained by the judgment of
a large group of semi-trained panellists. Frozenotawere not defrosted before cooking.

Boiling was performed by adding carrot slices taibg tap water in a covered stainless steel pot
(1:5, food/water) cooking on a moderate flame. Qagpkimes, measured when the vegetable was
put into boiled water, were 20 min for rawg(Rnd 15 min for frozen carrotsgf

Steaming treatments were carried out at 100 °C ruaitkeospheric pressure in a Combi-Steam SL
oven (V-Zug, Zurich, Switzerland) that presentedirgrrnal volume of 0.032 fnan air speed of
0.5 m/s and a steam injection rate of 0.03 kg/@wven was pre-heated at the set temperature before
inserting samples for each cooking trial. Cookimnges were 45 and 30 min for rawdjRand frozen
carrots (k), respectively.

Microwave treatments were carried out in a domesticrowave oven (De Longhi MW651,
Treviso, ltaly), where frozen carrot slices, pladeda plastic (PP) microwave steamer (1:2,

food/water) not in direct contact with water on thaating turntable plate of the oven, were
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exposed at a frequency of 2450 Hz at low power M50Cooking time was 10 min for both raw
(Rww) and frozen (faw) vegetables. All cooking procedures were perforiedplicate.

2.3 Histological analysis

Raw, frozen and cooked samples were analysed. @h®les were fixed in FAA solution
(formalin: acetic acid: 60% ethanol 2:1:17 v/v) after at least 2 week they were dehydrated with
gradual alcohol concentrations according to Ruz®99). Inclusion was made in a methacrylate
resin (Technovit 7100 Heraeus Kulzer & Co., Wehrtheisermany), and the resulting blocks were
sectioned at 4um thickness (transversal cuts) with a semithin 2.€i612 microtome (Leitz,
Wetzlar, Germany. The sections were stained withuidime Blue (TBO) solution (Ruzin 1999),
Periodic Acid Schiff (PAS) reagent and Amido Blg&zin, 1999).

Six pieces of each vegetable were sampled for gaatment and stain. Sections were observed
with a Leica DM 4000B optical microscope (Leica ey Systems Ltd., Wetzlar, Germany)
equipped with a Leica DC 100 digital camera (Leiteaging Systems Ltd., Wetzlar, Germany).
The tissues were measured using an image analsens (QWIN 5001 Leica Imaging Systems
Ltd., Wetzlar, Germany). The image analyses wergethout using a manual configuration of the
image analysis system.

2.4 Texture analysis

Raw, frozen and cooked carrot slices were analysiag a TA-XT2 Texture Analyzer (Stable
Micro Systems, Godalming, Surrey, UK) by means ofiatest. The test was performed using a 3
mm thick stainless steel knife blade driven throtigh entire diameter of the vegetable, positioned
on a slot surface, at a speed of 3 mm/s. The fatigywarameters were obtained from the forse
distance curves using the application software igeal (Texture Expert for Windows, version
1.22): the maximum force values{f given in N), the area under the curve (Area, giveNmm),

the slope of the linear ascendant portion of thee(Slope, given in Nmi) (Canet et al. 2004).

Ten slices were analysed for each sample.
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2.5 Colour analysis

Colour determination was carried out using a Mam@&@blorimeter (CM 2600d, Minolta Co., Osaka,
Japan) equipped with a standard illuminagt @ raw, frozen and cooked carrots. L* (lightness;
black = 0, white = 100), a* (redness > 0, greenreB8} b* (yellowness > 0, blue < 0), C (chroma,
0 at the centre of the colour sphere), and H° @nge, red = 0°, yellow = 90°, green = 180°, blue =
270°) were quantified using a 10° position of thendard observer. The individual differences in
L*, a* and b* values of each cooking treatmentsespect of the colour of the raw and frozen
samples were evaluated using #te calculation (CIE, 1978).

The assessments were carried out on two pre-selpogtions of each slice picking approximately
the same points for the outer and the inner pasgnalof the specimens. Fifteen slices for frozen
and cooked samples were analysed for a total oeB&rminations for each trial.

2.6 Statistical analysis

SPSS statistical software (Version 20.0, SPSS [@hbicago, IL) was used to perform one-way
analysis of variance (ANOVA) among samples. Thestlesgnificant difference (LSD) at a 95%

confidence leveld < 0.05) was performed to further identify mean dad#feces among groups. A t

test was performed to compare raw and frozen sanspiglarly processed.

3. Results and Discussion

3.1 Histological analysis

The general structure of carrot root was in linghwhat described by Metcalfe and Chalk (1957)
for the species. In Fig. 1, the transverse sectidarrot disks samples was shown

The cells presented large vacuoles and in any csisewed a slight plasmolysis due to the
anatomical sample preparations (Fig.1A). The waflemred thin and few intercellular spaces were
present. The parenchyma tissues consisted in ar arenchyma with tangentially oriented,

elongated cells and an inner parenchyma with rgdosiented, elongated cells. Inner parenchyma

presented more large cells in comparison with titergparenchyma (Fig.1B).
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After boiling, the cells of Rappeared plasmolysed and the cell separation vesemr (Fig.1C);
this change was mainly evident in the outer pargmeh In this tissue, some cells showed the
evidence of the onset of separation in the middiaella regions; cell separation was due to a
breakage of chemical bonds between the pectic coemtse of middle lamellae of adjacent cells
and/or a hydrolysis of some other components of dabk wall (i.e., pectin, hemicelluloses,
cellulose). This would confirm what observed byesaV authors in different vegetable structures
after thermal treatment (Lecain, Ng, Parker, Sm§th\Valdron, 1999; Sila, Smout, Vu, Loey, &
Hendrickk., 2005; Paciulli et al., 2014). In oundy, the separation of cells after cooking might be
ascribed to a decrease of the strength of cellhetdractions in the middle lamella adjacent to the
intercellular spaces. IngRsome cells showed the evidence of swollen cellsm@ig.1C); this
phenomenon was even more evident in the centraldey. Préstamo et al. (1998) explained the
swollen phenomenon as a gelation process of thweonlebf cellulose microfibriles, hemicelluloses
and polysaccharides bases on pectins; in particthiar pectins, present in middle lamella, was
found to be mainly implicate in this phenomenonRlfy samples, the phenomenon of plasmolysis
was evident; some cells showed swelling cell wathview cells exhibiting cell wall broken. In any
cases, the cell walls became less compact andlésely stained (due to the swollen cell wall).
The cell wall swelling was more evident in the inparenchyma (Fig. 1D). Moreover, the cell
lyses was marked in the outer parenchyma near giierenis tissue (Fig. 1E). IndFsamples, a
strong swelling was observed in cell walls of inerd outer parenchyma, but less evident if
compared with Rw samples (Fig. 1F). Moreover, in the inner parenahyplasmolysis was
detected and the structure was not damaged.

The anatomical structure of the carrots appearathdad in the samples subjected to mere freezing
and storage (F) (Fig.2A, 2B), as the freezing pse@pparently caused the first and most important
damage in carrot parenchyma tissues. The damagavelsin our study confirmed the results
obtained by Fuchigami, Miyazaki, and Hyakumoto @P&ho affirm that the freezing temperature

was the most critical factor affecting carrot cgtluctures. In accord with Préstamo et al. (1998),
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frozen caused a physical change in the carrotdgssn some cases, the cells were clearly disrupted
and in the parenchyma appeared fissures (Fig.2A, B direction of fissures after freezing was
variable, according to the different cell orierdas in outer and inner parenchyma; in the outer
parenchyma, fissures showed a tangential oriemtgftag.2A), while in the inner parenchyma
fissures were oriented in a radial way (Fig. 2B).

Fs samples tended to accentuate the structure dameagsularly in the inner parenchyma, near
the vascular tissue (Fig.2C). The cells tende®pasate (Fig.2C), and this could be due to a partia
pectin solubilisation accompanied by depolymeriggtand/or to a partial damage of the cell wall
in the middle lamella (Van Buggenhout, Sila, DueettvVan Loey, & Hendrickx, 2009). IngF
samples, the starch was partially gelatinized. dimetomical structure ofyfy carrots appeared less
damaged thang~carrots (Fig.2D); the structure, in spite of fissidue to the freezing treatment,
appeared compact and with no extra intercellulacep. The most important structural change lied
in cell wall thickening after cooking (Fig. 2E). U$, it appears that microwave heating (before and
after frozen) caused some tissue plasmolysis, laadthe rapid removal of water may increase the
tissue mechanical strength, possibly by increasiegerystallinity of cellulose and hemicellulose in
the cell wall (Kidmose and Martens, 1999). An, Yahm, and Zhang (2008) found that in carrot
starch gelatinization after microwave cooking wasigl; in our study, the starch does not appear to
have undergone any gelatinization process. dnc&rots (Fig.2F), the general structure was
preserved and comparable tguFsamples. It can be assumed that in tgeaRd Fyw cooking
treatments, the water present in the tissues waexpelled to the outside, but rather that, due to
dehydration, it moved in the matrix phase of thikwall. This phenomenon did not happen i F
as in the boiling conditions cooking takes placeaifiquid medium and therefore a balance was
threrefore created between external environmemkjog water) and cell sap.

3.2. Texture

Raw and cooked samples showed different cut foscdeformation curves (Fig.3A). In particular,

the former evidenced a cutting profile characesti®y a fast increase of force before surface
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penetration followed by a sudden fall, which indézha turgid and crunchy structure, as suggested
by Neri et al. (2014) and confirmed by the histadagjobservations (Fig.1A, B).

On the contrary, after cooking, only slow forceregases are evident. The forces obtained for
cooked samples could be due to the sum of resistapposed to the probe penetration and the
deformation caused by the tissue compression. diitiad, the decrease of the slope of the rising
portion of the curve and the broaden curve prafiléhe cooked samples suggested the softening of
the structure and a rubbery behaviour. The parametdrapolated from the curves are shown in
Table 1. R carrots resulted significantly firmef §+9.4 N) than the corresponded cooked samples,
as expected (Miglio, Chiavaro, Visconti, Foglia@oPellegrini, 2008). Tissue softening could be
microscopically related to the observed plasmojyiie presence of swollen cell walls and cell
separations (FiglC-1F), resulting in cell turgidibss generally related to vegetable softening
(Paciulli et al., 2014).

No significant differences were observed amongediffitly cooked carrots for Fmax (Table 1).
Focusing on the differences among the cooking estthe microwave cooked carrots resulted
the hardest one, followed by the boiled and steaomed with 86.5, 90.1 and 93.9 % texture loss if
compared to the R sample. These results were s@gpby the histological observations in which
the Rysw sample, conversely to thesRnd R, did not show any cell separation (Fig.1D). , The
compactness of the R tissue probably opposed a higher resistance tgotbbe penetration,
resulting in a higher Fmax.

Rs and R samples exhibited very similar force-distance eustiapes with lower max force than
Ruw. It's possible to hypothesize that the water cogkmedia, in form of liquid or gas, had an
effect on the middle lamella molecular bound hygs.

The area values (Nmm) reveal the amount of enengglved in the cutting of the samples (Bourne,
2002). Area values (Table 1) followed the same Finemxd with Ryw sample showing 39.8% of
cutting energy loss followed bysRand R with 91.1 and 92.5% values, respectively, in conspa

to R.
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The slope of the linear ascendant portion of thevecwvas also calculated as it gave information
about the elastic properties of the sample desrgashen an increase of tissue extensibility was
recorded (Kidmose et al. 1999). A significant retehurc of the slope values in comparison to R was
observed for all samples. In particular, a pergmtaduction of 90.8, 93.3 and 91.6 were registered
for R, Rs, Ruw respectively showing a slight opposite trend betwmax force and slope. Trejo
Araya et al. (2007) observed an increasing of fongh decreasing the slope These authors
explained the observed trend with the presencairottissue of a more deformable material with
less cell integrity and hence a rubbery-like testur

The curves of the frozen samples (Fig.3B) showedgdte profiles and more complex shapes in
comparison to the raw group probably because obree marked tissue damage damaged due to the
process steps, as also observed from the histaloglzservations (Fig 2A-2F). Frozen samples,
submitted to blanching before freezing and a furierage after freezing, were subjected to both
the effects of heat and water crystals growth tfaahaged the tissues producing dehydration and
separation of the cells, as well as the formatibdesp oriented fractures in the parenchyma (Fig.
2A), not detectable in the raw samples group, afigvan easy penetration of the probe.

All cooked samples exhibited a marked decreaser@x- A consistent reduction of cut force was
previously reported for industrially frozen vegdesbafter cooking (Paciulli et al., 2014)mk
samples resulted the firmest among the frozen abokgetables, with a percentage reduction of
84.2% of Fmax (47.6x£5.6 N), being Bamples the softest (94.1%) howed and intermediate
Fmax value with 90.8 % of firmness reduction in pamson to F carrots.

Kidmose et al. (1999) observed the same phenoméea wsarrots slices were subjected to boiling,
steam and microwave blanching and consequent frgeZihey assume that microwave heating
causes some dehydration to the tissue, and thagghe removal of water may have increased the
mechanical strength of the tissue possibly by emirey the crystallinity of the cellulose and the
hemicelluloses in the cell wall. Our tissue obseoves revealed the presence of swollen cell walls

with amorphous material iny samples (Fig.2D). It' s possible to hypothesizat tthe water
107



Section II - Study 3

present in the tissues was not expelled to thedmtbut rather that, due to dehydration, it mowved

the matrix phase of the cell wall. Despite thes&mples appeared more similar to thg, Pecause

of the cell connections (Fig. 2F), it resulted Budtest one. It's possible to assume that the cells
were apparently connected between them, becautiee darge swollen cell walls, but they were
really only place against each other resultingnreasy probe penetration.

The area values (Nmm) followed the same trend @ffimax (Tab.1), confirming that great part of
the energy involved in cutting is involved in thadture of the samplemfy required the highest
energy to be cut, followed bysRand Fs. Comparing frozen and raw samples, significanh&igarea
values were observed for Fg Bnd ks samples. It's possible to hypothesize that theu¢idsave
assumed sticky traits and an higher attachmertidg@tobe because of the greater damages of the
frozen tissue in comparison to the raw, and thesequent leakage of intracellular fluids resulting
in an a greater friction during the probe penatraind a consequent extra energy amount to cut the
samples. Conversely,ulv sample showed lower area value respect i .Rrhis was probably
related to the drying effect of microwave, whicmgeted a less sticky sample and consequently
smaller area.

3.3 Colour
The colour parameters of cooked carrots from rampsas are reported in Table 2. The inner

parenchyma of raw carrots resulted to have=50, a* =25 andb* =30 while the outer tissue was
characterized by b* =56, a* ~36 andb* ~46. The colour of carrots has been reported tatgely
due to the presence of carotenoid pigments, mainland3-carotene. The differences between
inner and outer parenchyma are mainly due to thgetapresence df-carotene in the external
portion that increased all the colour parametersiciered.

Cooked samples showed a significantly decreasellotodour parameters (excluding* in
microwave cooked sample) indicating a general gologs mainly related to the andp-carotene
decrease and their isomerisation, as already obdeénvcooked carrots ((Miglio et al., 2008) and in
carrot juice (Chen, Peng, & Chen, 1995).
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Different cooking processing did not affect colquarameters in the same way. Boiled carrots
resulted to have the lowest L* and C, suggestirag the colour of the inner parenchyma resulted
more lost with boiling method if compared with tle¢her cooking procedures. Moreover, as
mentioned above, the lightness of microwave cod@dple was found to increase than in other
cooking processed samples. No comparable diffesewese observed in the outer parenchyma of
boiled carrots, that, on the contrary, showed smathanges if compared with steamed and
microwave cooked samples. Steaming resulted indolae a* andb* parameters indicating this
cooking method as the more drastic in respectéathour changes. Few reports deal with changes
of carotenoid content in carrots as consequenteeddifferent cooking procedures.

The overall colour changes induced by differentkaog methods were evaluated with th&
parameter, that, based on the numeric value, nthgate if colour is perceivable by the human eye,;
higher the value, higher the differences betweenpéa and the reference sample, as indicated by
the follow scale (Limbo and Piergiovanni, 2006):

* AE< 0.2: not perceptible difference

* 0.2 <AE< 0.5: very small difference

» 2<AE< 3: fairly perceptible difference

» 3<AE < 6: perceptible difference

* 6<AE < 12: strong difference

* AE> 12: different colours

All carrots (both for inner and outer parenchyncapked with the different procedures were
characterized by higi\E values indicating that the colour of samples escpived as different
colour by the human eye if compared with the ramda. In particular, the external portion colour
changed more markedly in steamed carrots withfatslwards yellow tones.

The effect of different cooking methods on frozemrots is reported in Table 3. Frozen carrots
were characterized dy* =50, a* =19 andb* =29 in the inner parenchyma ahtl =54, a* ~31 and

b* =41 in the outer.
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The cooking methods applied to process frozen tsaraffected colour parameters in a very
different way. Colour of the inner parenchyma wast significantly affected when boiling
treatment was used to process samples (all paresywdtés were comparable with F sample). All
colour parameters of steamed frozen carrots resaléereased if compared with frozen samples
while microwave cooked frozen carrotsy(f) had a higher lightness and a lower hue angle than
frozen samples. The outer parenchyma of the fraamnples was more affected by the heat
treatments than the inner portion, as found for samples. Cooking induced a decrease of colour
parameters with steaming as the more detrimentadgss. In particularAE values of the inner
parenchyma indicated that the colour of boiled amdrowave cooked carrots was perceptible
different while a different colour was perceived tine case of steamed sample. The same
differences between colour of cooked from frozemata and frozen carrots were also found for the
outer parenchyma. Thus, steaming resulted the ngakiethod the affected the colour of frozen

carrots in a more drastic way.

4. Conclusions

Summarizing obtained results, it seemed that stegrappeared to be detrimental for textural
quality of carrots as also shown by the structwfadervations. If we compare cooked samples
obtained from raw and frozen carrots, generaljhéigvalues of.*, a* and b* can be observed in
the cooked products from frozen than in those cddkam raw ones. A partial retention of colour
was found if the cooking was carried out on frooanrots, and in particular, when boiling and
microwaving methods were used to process samples.

The impact of different cooking methods on cartoticture and quality is a topic not deeply in
investigated in literature. Thus, the findings liststudy could deep this research aspect with the
ultimate goal to offer a higher quality final coakproduct to the consumers, achieving a greater

retention of the original quality of the processedetable.

110



Section II - Study 3

References

An, H., Yang, H., Liu, Z., & Zhang, Z. (2008). Etfts of heating modes and sources on
nanostructure of gelatinized starch molecules uatogic force microscopy.WT — Food Science
and Technology4, 1466-1471.

Bourne, M. C. (2002). Food texture and viscosignaept and measurement’{2d.). New York:
Academic Press.

Canet, W., Alvarez, M. D., Luna, P., & Fernandez(ZD04). Reprocessing effect on the quality of
domestically cooked (boiled/stir-fried) frozen vegdes. European Food Research and
Technology219 240-250.

Canet, W., Alvarez, M.D., Luna, P., Ferndndez,&Tortosa, M.E. (2005). Blanching effects on
chemistry, quality and structure of green beans [wncayQ. European Food Research and
Technology220, 42- 430.

Chen, B. H., Peng, H. Y., & Chen, J. H. E. (1995hanges of carotenoids, color, and vitamin A
contents during processing of carrot juideurnal of Agricultural and Food Chemistr§3, 1912-
1918.

CIE (Commission Internationale de [I'eclairage). 182 Recommendations on uniform
colourspaces-colour equations, psychometric caieums. Supplement No. 2 to CIE Publ. No. 15
(E-1.3.L) 1971/9TC-1-3, CIE, Paris

Fuchigami, M., Miyazaki, K., & Hyakumoto, N. (1995frozen carrots texture and pectin
components as affected by low-temperature blancémbquick freezingJournal of Food Sciencge
60, 132-136.

Gbémez, F.G., & Sjoholm, I. (2004). Applying biochieal and physiological principles in the
indurstrial freezing of vegetables: a case studyamots.Trends in Food Science & Technolpgy

15, 39-43.

111



Section II - Study 3

Gonglves, E.M., Pinheiro, J., Abreu, M., Brandad, T.R& Silva, C.L.M., 2007. Modelling the
kinetics of peroxidase inactivation, colour andtte& changes of pumpkitC(curbita maxima..)
during blanchingJournal of Food Engineering@1, 693—701.

Greve, L.C., Shackel, K.A., Ahmadi, H., McArdle,\R. Gohlke, J.R., & Labavitch, J.M. (1994a).
Impact of heating on carrot firmness: Contributancellular turgor.Journal of Agricultural and
Food Chemistry42, 2896-2899.

Greve, L.C., McArdle, R.N., Gohlke, J.R., & Labawt J.M. (1994b). Impact of heating on carrot
firmness: Change in cell wall componentsurnal of Agricultural and Food Chemistrg2, 2900-
2906.

Kidmose, U. & Martens, H. J. (1999). Changes irtuex microstructure and nutritional quality of
carrot slices during blanching and freezidgurnal of the Science of Food and Agriculid@
1747-1753.

Latorre, M. E., de Escalada PI4, M. F., Rojas, A&Gerschenson, L. N., 2013. Blanching of red
beet (Beta vulgaris L. var. conditiva) root. Eff@fthot water or microwave radiation on cell wall
characteristics. LWT — Food Sci Technol. 50: 193-20

Lecain, S., Ng, A., Parker, M.L., Smith, A.C., & Weon, K.W. (1999). Modification of cell-wall
polymers of onion waste — Part I. Effect of presstooking.Carbohydrate Polymer88, 59-67.
Limbo, S., & Piergiovanni, L. (2006). Shelf life afinimally processed potatoes: Part 1. Effects of
high oxygen partial pressures in combination wigbaabic and citric acids on enzymatic browning.
Postharvest Biology and Technolo89, 254-264.

Mazzeo, T., N'Dri, D., Chiavaro, E., Visconti, Apgliano, V., & Pellegrini, N. (2011). Effect of
two cooking procedures on phytochemical compoutatsl antioxidant capacity and colour of
selected frozen vegetablémod Chemistryl28 627-633.

Martin, C. (2013). The interface between plant mnelia engineering and human heal@urrent

Opinion in Biotechnology?4, 344-353.

112



Section II - Study 3

Metcalfe, CR, & Chalk, L. (1957) Anatomy of the Dtgledons: Leaves, stem, and Wood in
Relation to Taxonomy with Notes on Economic Used].Clarendon Press: Oxford.

Miglio, C., Chiavaro, E., Visconti, A., Fogliano,. V& Pellegrini, N. (2008). Effects of different
cooking methods on nutritional and physicochemiteracteristics of selected vegetablzsirnal

of Agricultural and Food Chemisty$6, 139-147.

Murcia, M. A., Jiménez, A. M., & Martinez-Tomé, M2009. Vegetables antioxidant losses during
industrial processing and refrigerated storagedf®es. Int., 42: 1046-1052.

Neri, L., Hernando, |., Pérez-Munuera, |., Saci¢h&t, Mastrocola, D., & Pittia, P. (2014).
Mechanical properties and microstructure of frozarrots during storage as affected by blanching
in water and sugar solutiorfsood Chemistryl44, 65-73.

Paciulli, M., Ganino, T., Pellegrini, N., Rinal&¥., Zaupa, M., Fabbri, A., & Chiavaro, E., (2014).
Impact of the industrial freezing process on selgaotegetables — Part I. Structure, texture and
antioxidant capacityrood Research InternationadDOI: 10.1016/j.foodres.2014.04.019.

Pellegrini, N., Chiavaro, E., Gardana, C., MazZkg,Contino, D., Gallo, M., Riso, P., Fogliano,
V., & Porrini, M., 2010. Effect of different cookinmethods on color, phytochemical concentration,
and antioxidant capacity of raw and frozen Brassiegetables. J. Agric Food Chem, 58: 4310-
4321.

Prestamo, G., Fuster, C., & Risuefio, M. C. (19%jects of blanching and freezing on the
structure of carrots cells and their implications flood processinglournal of the Science of Food
and Agriculture 77, 223-229.

Reid, D.S. (1993). Basic physical phenomena infteezing and thawing of plant and animal
tissues. In C.P. Mallet (Ed.[;rozen Food Technologipp. 1-19). Glasgow: Blackie Academic &
Professional.

Roy, S.S., Taylor, T.A., & Kramer, H. L. (2001). Xteral and ultrastructural changes in carrot
tissue as affected by blanching and freeziogirnal of Food Scien¢cé6, 176-180.

Ruzin, S.E. (1999). Plant Microtechnique and Micaysy. Oxford: Oxford University Press.
113



Section II - Study 3

Sila, D. N., Smout, C., Vu, S.T., Loey, A. V., & Hidrickk, M. (2005). Influence of pretreatment
conditions on the texture and cell wall componeitsarrots during thermal processidgurnal of
Food Sciencer0, E85-E91.

Sila, D.N., Doungla, E., Smout, C., Van Loey, A.,H&ndrickx, M., 2006. Pectin fractions inter-
conversions: insight into understanding texturel@iwan of thermally processed carrot. J. Agric
Food Chem, 54: 8471-8479.

Tanseya, F., Gormley, R., & Butlera, F. (2010). Bfiect of freezing compared with chilling on
selected physico-chemical and sensory propertieson$ vide cooked carrotkinovative Food
Science & Emerging Technologjdd, 137-145

Trejo Araya, X. I., Hendrickx, M., Verlinden, B. B/an Buggenhout, S., Smale, N. J., Stewart, C.,
& Mawson, A. J. (2007). Understanding texture cltesngf high pressure processed fresh carrots: A
microstructural and biochemical approagburnal of Food Engineerin@0, 873—-884.

Van Buggenhout, S., Lille M., Messagie, I., Van §pd@., Autio, K., & Hendrickx, M. (2006).
Impact of pretreatment and freezing conditions ¢® tmicrostructure of frozen -carrots:
Quantification and relation to texture loksiropean Food Research and Techno)@&f2, 543-553.
Van Buggenhout, S, Sila, DN, Duvetter, T, Van Lod&y, & Hendrickx, M. (2009). Pectins in
processed fruits and vegetables: Part 1l — TexamgineeringComprehensive Reviews in Food
Science and Food Safe8y 105-117.

Waldron, K.W., Parker, M.L. & Smith A.C. (2003). &t cell walls and food quality.

Comprehensive Reviews in Food Science and FootlySafé28-146.

114



Section II - Study 3

Captions for figures

Fig. 1 Transverse sections of carrot disks samples stauigdPAS—Amido Black and Toluidine

Blue: A. raw/uncooked outer parenchyma ; B. rawdaked inner parenchyma; C. boiled from
raw; D. microwave cooked from raw; E microwave cedkrom raw; F steamed from raw

Fig. 2 Transverse sections of carrot disks samples staimdPAS—Amido Black and Toluidine

Blue: A. frozen radial fractures; B. frozen tangehntfractures; C. boiled from frozen ; D.
microwave cooked from frozen; E microwave cookearfifrozen; F steamed from frozen

Fig. 3 Force (N) vs deformation (mm) curves obtained fottiog test A. Raw group B. Frozen
group. Abbreviations: R (raw), R(raw boiled), R (raw steamed), ®Rv (raw microwaved), F

(frozen); ks (frozen boiled), E(frozen steamed), kv (frozen microwaved).

115



Section II - Study 3

Table 1. Texture parameters calculated from force-distameees of raw, frozen and cooked carrot

samples.
R Rs Rs Rvw
Fmax (N) 71.849.4 a** 6.7£1.5 b** 4.4+0.8 b** 9.782Db
Area (Nmm) 163.0+24.7 a** 14.5+£3.5 c** 12.2+1.4 c* 64.84£9.8 b**
Slope (Nmrﬁ) 31.5+9.7 a** 2.91£0.6 b** 2.1+0.2 b** 2.7+0.8 b*
F Fs Fs Fyvw
Fmax (N) 47.615.6 a 4.4+0.6bc 2.8+0.6¢c 7.5£1.9b
Area (Nmm) 255.5+39.8a 22.8+2.0bc 15.0+£1.9c 45.218.
Slope (Nm) 16.9+2.6a 1.2+0.2b 1.0+0.3b 1.6+0.5b

¥ n=10, sample size =30. Means in row followed bifedent letters differed significantly for the sarmample (p <
0.05). Means in column followed by single (p<0.@5)double (p<0.01) asterisks differed significargiyong raw and
frozen samples cooked with the same treatment.

Abbreviations: R (raw); R (raw boiled); R (raw steamed); Ry (raw microwave cooked) F (frozen)z Erozen

boiled), K (frozen steamed),\i (frozen microwave cooked).
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Table 2.Colour parameters obtained on parenchyma tisstenofind cooked carrot samples.

Parenchyma R R Rs Ruw

Inner
L* 50.4+2.4b 42.4+1.4d 46.8+1.7c 53.4+3.1a
a* 24.7+3.8a 14.6£1.5b 14.2+1.9b 15.2+2.7b
b* 29.5+3.7a 21.6£2.7b 24.6£3.1b 21.0£3.1b
C 38.5+4.7a 21.5+3.0c 28.9£3.3b 24.7+£3.3bc
H° 49.6+2.4c 55.9+1.8ab 57.2+3.4a 53.8+£3.4b
AE - 15.5+2.6 11.9+2.6a 4.9+2.6

Outer

L* 55.9+3.3a 47.0+1.0c 49.1+1.8c 52.1+1.9b
a* 35.7+1.6a 26.6x1.6b 20.6x£2.9c 25.2+2.3b
b* 46.2+3.0a 39.8+2.8b 32.8+3.1c 31.0+£3.1c
C 58.4+3.2a 47.9+2.8b 38.7+3.8c 40.0+4.3c
H° 52.3+0.9b 56.2+2.0a 57.9+2.7a 50.7£2.2b
AE - 14.5+2.4 21.5%+3.6 19.0+3.6

4n=3, sample size =15. Means in row followed byedént letters differed significantly for the sasample (p < 0.05).

Abbreviations: R (raw); R(raw boiled); R (raw steamed); Ry (raw microwave cooked).
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Table 3. Colour parameters obtained on parenchyma tissfrez#n and cooked carrot sampfes.

Parenchyma F & Fs Fuw

Inner
L* 49.8+1.3b 49.6+1.6b 49.8+1.1b 52.7+2.8a
a* 19.2+4.1a 19.4+2.8a 14.5+£2.1b 20.8+4.3a
b* 28.7+3.2a 25.9+4.0a 18.1+2.6b 25.1+4.0a
C 34.6x4.7a 32.4+4.7a 23.3£3.1b 32.313.1a
H° 56.5+3.4a 53.1+2.7ab 51.3+2.9b 50.5£2.7b
AE - 5.4+1.6 11.6+£2.9 8.1+2.5

Outer
L* 53.51+0.7a 51.94£0.7b 49.7+1.5¢C 52.3+1.8ab
a* 30.7+1.3a 27.1+1.5b 23.4+2.6¢C 27.8+2.1b
b* 40.9+1.5a 36.3£2.6b 31.3+3.6¢C 35.4+2.3b
C 51.2+1.7a 45.3+2.0b 39.1+4.3c 44.9+3.1b
H° 53.2+1.2a 53.3t2.7a 53.1+1.8a 51.9+1.7a
AE - 6.5+1.9 12.8+4.2 6.8+2.5

4n=3, sample size =15. Means in row followed byedént letters differed significantly for the sasample (p < 0.05).

Abbreviations: F (frozen),Hfrozen boiled), E(frozen steamed),Jw (frozen microwaved).R (raw).
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Abstract

In this work, pumpkin and Brussels sprouts wergesiibd to an air/steam cooking under several
time/temperature conditions. Changes in texturéf@mae), colour indices, humidity and nutritional
parameters (total phenols and antioxidant capagityneans of the FRAP test) were compared with
a common steaming procedure. A different responseristeam cooking was obtained for the two
selected vegetables. In particular, Brussels sprelnbwed higher degree of softening being also
internally greener and loosing less polyphenols titeamed product although lower FRAP values
were obtained. Otherwise, pumpkin air/steam coakddbited an equivalent softening degree and
a higher nutritional quality than steamed vegetdilé a marked loss of color (redness) was
observed. These findings show that the selectiora @iroper time/temperature combination is

essential for obtaining air/steam cooked vegetabitsgood qualitative and nutritional properties.

KEYWORDS: Cooking treatments; Steam; Vegetables; TexturdqorCGook value; Quality

123



Section II - Study 4

1.Introduction

Vegetable consumption is recommended worldwide (AISIZD10; WHO 2008) as important
elements of an healthy and balanced diet. Theyghrmvitamins, minerals and fiber, some energy
(mainly in the form of sugar), as well as certainnon components, often referred to as
phytochemicals or secondary plant products, whioh @otentially beneficial for our health
(Krinsky & Johnson, 2005; Verkerk R. et al., 2009ggetables are consumed fresh or commonly
cooked before being eaten both in the cateringfaoad services industries and in private homes.
Cooking is an indispensable prerequisite in ordeslitain safe and high-quality food products, and
due to chemical reactions during cooking, theyrateeh more digestible. However, cooking can
profoundly affect both the organoleptic and nutntl value of vegetables (Canet et al., 2004; Dini
et al., 2013).

Several cooking technologies are now availableatering, food service, and domestic kitchens to
be coupled with those conventionally applied. A panson of the influence of cooking methods
on the retention of nutrients and phytochemicalp lige catering industry and food services, as
well as the individual consumer, to select the nsostable cooking method. Several studies were
conducted to compare different cooking methods @getables, showing advantages and
disadvantages of the various techniques. Migli@lef{2008) founded an overall increase of the
antioxidant activity on carrots, courgettes, andcboli after boiling, steaming, and frying with
better texture retention for steamed vegetabledliamted discoloration for boiled ones. Pellegrini
et al. (2010) reported better retention of phytogicals and total antioxidant activity for fresh
Brassica vegetables than for frozen ones aftemigoimicrowaving or steaming, founding also in
microwave cooking the best methods for the coleservation. De Silva et al. (2013) reported a
global discoloration of pumpkins after cooking wéh increasing of carotenoids after microwaves
or boiling and a reduction after steaming or soige ooking. Rinaldi et al. (2012) found firmer
sous-vide cooked carrots and Brussels sprouts tth@se steamed, with better retention of the

volatile compoundd.ess debated in literature is the use of the coetbgteam-convection oven for
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cooking vegetables. Despite different origins aasi®characteristics, this ovens have, according to
the manufacturers and users, two main common festunigh retention of the food nutritional
value and an attractive sensory properties. Adully, operators reported improved yields, lower
consumption of water and energy, and simple anel aabking operations (Danowska-Oziewicz et
al.,, 2007). Several studies were conducted on #Hee af the steam-convection oven on meat
products (Vittadini et al. 2005, Chiavaro et alQ20 Mora et al., 2011). According to the best
knowledge of the authors a single study in thiklfigas conducted on vegetables (Chiavaro et al.,
2006), in which potatoes samples were cooked by fmambined air-steamed treatments in
comparison with the traditional steaming and faraevection.

To improve the knowledge on this technique and igdeoa scientific support to the food business
operators, the aim of this work was the evaluatbrthe impact of different time-temperature
combined air-steam cooking practices on the phghiemical parameters of pumpkins and Brussels

sprouts in comparison with a traditional steam cogk

2. Material and methods

2.1.Samples

Brussels sproutsBfassica oleraceacv. gemmifera) and pumpkin€icurbita moschajawere
selected for this investigations on the base af $easonality, nutritional values and difference i
physical characteristics. The two vegetables weirehased from a local market belonging to the
same lot. The samples were removed from their miibleeparts and cut in small regular pieces for
cooking and next analysis. Brussels sprouts weearskd and private of the stems; pumpkins were
cutin 1.5 mm side cubes.

2.2Cooking conditions

The vegetables were cooked by combined air-stearkirog in a Combi-Steam SL (V-Zug, Zurich,

CH) oven. The samples steamed in the same ovenuseteas control.
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Preliminary tests were carried out on the two vaigles to select the appropriate time/temperature
range. The selected conditions with the appropaht#eviations used in the remaining of the text
are reported in Table 1.

Ten samples were cooked and analyzed for each temmdihree repetitions for each treatments
were performed.

2.3 Degree of cooking determination

The degree of cookingCf,.,) at the thermal centre of each sample was obtafn@u the
integration of the heat penetration curves accgrtinChiavaro et al. (2006). The temperature in
the geometric centre of the samples was measured wie thermocouples K type (Ni/Cr—Ni/Al)
(HF/D-30-KK) connected with a multimeter/data asgfion system (Keithley Instruments Inc.,
Cleveland, OH, US) and registered every 20 secohalking into consideration only the heating

phase of the cooking treatments, the cook valuecatgsilated using the following equation:
VA
Chref = f 10-Tref /2 g
0

where t=time; Tref=reference temperature, set equa00 °C; z=temperature increase that induces
a 10-fold increase of the reaction rate of the dbahreaction taken as reference, z was set at 33
°C, as reported by Chiavaro et al. (2005).

2.4 Weight loss determination

Weight loss determination was calculated as thegmrweight difference between the raw and
cooked samples. The weights of the raw samples werasured immediately before cooking.
Three determinations were performed for each capkeatment.

2.5 Moisture content determination

For moisture determination, 3—4 g of uncooked @mked homogenised sample (as triplicate) was
dried in a convection oven at 105°C for at leasthlntil reaching constant weight according to

AOAC method (2002).
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2.6 Relative humidity calculation
The % RH of the air within the oven cavity was céted during the heating phase, as described

by Barnes E. itnttp://www.uswcl.ars.ag.gov/exper/relhnum.htm

2.7 Texture analysis

Texture was measured by means of cut and TPA uestg a TA.XT2i Texture Analyzer equipped
with a 245.2 N load cell (Stable Micro Systems, @8oung, UK), a force resolution equal to 0.01
N and an accuracy value of 0.025%. The parameters gquantified using the application software
provided (Texture Expert for Windows, version 1.22)

Cut test was performed using a 3 mm thick stainggesl Warner-Bratzler blade driven through
vegetable, positioned on a slot surface, at a speganm/s. Shearing force (Fmax, N) and shearing
work, (Awork, Ns) were obtained from the force-ticigves.

Cut tests was conducted for each trial. The data wellected for five replicates.

2.8 Colour analysis

Colour determination was carried out using a Mam@&@blorimeter (CM 2600d, Minolta Co., Osaka,
Japan) equipped with a standard illuminant D65hBatv and cooked samples were analyzed. For
Brussels sprout the assessments were carried ¢lutopothe external and internal surfaces, for
pumpkin only on the external face. The instrumeas walibrated using a white colour tile standard.
L* (lightness), a* (redness), b* (yellowness), Gi@ma, O at the center of the colour sphere), and
hue® (hue angle, red = 0°, yellow = 90°, green 68°18lue = 270°) were quantified on each sample
using a 10° position of the standard observer (Cktjs, France, 1978)\E values were calculated
in comparison to the raw samples. A total of 5 kebeations was performed for each cooking
treatment.

2.9 FRAP and total phenolic content

The method of Benzie & Strain (1996) was used Far antioxidant power determination. The
antioxidant activity was expressed as mmd*A®0g dw and calculated plotting the absorbance

values in a standard calibration curve of Fe8O-RAP solution.
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For the extraction of phenols, 1g of each cookegktable was finely grounded and mixed with 10
ml of a water/methanol solution in a ratio 70:3@ d&mought to a boil on a hotplate for 15 min. The
suspension was then filtered using whatman filegygp and the filtered solution was used for the
analysis. The total phenolic quantification was duiwted on the extract, properly diluted with
distiled water, by the Folin—Ciocalteu assay, adow to the method ofpanos & Wrolstad
(1990). The results were expressed as mg of gatlafkg dw based on a calibration curve prepared
using standard solution of gallic acid (Acros OriganNJ, USA).

Three replicates were analysed for each sample.

2.12 Statistical analysis

SPSS statistical software (Version 20.0, SPSS @lugago, IL, USA) was used to perform an one-
way analysis of variance (ANOVA). Tukey post hosttat a 95% confidence level{@05) was
performed to identify differences among groups.-t&st (p<0.05)was performed to compare each
air-steam cooked sample and the control. Pearsoelaton coefficients were calculated among

the measured variables at a 95% confidens8.(b).

3. Results and Discussion

3.1 Cooking parameters

The values of relative humidity (RH%) measured itite oven cavity, for the different cooking
treatments, resulted to be 97.6%%0.8, 95.5%+0.8 8BJ¥%+0.9 for 90, 100 and 110°C
respectively, showing how, increasing the cookargperature, the RH% decreased.

Steaming, for Brussels sprouts, showed not onlygaifcant lower weight loss than the other
cooked samples, but even an increase of the wei§h%) after cooking because of the absorption
of the condensed water. The 90°C air/steamed cos&atples presented also an increase of the
weight after cooking, but in a less extent in corgma to the S ones. Chiavaro et al. (2006)
reported lower weight loss for steamed potatoesalme of the steam saturation of the oven

chamber that minimised evaporative heat loss. k®rair-steam cooked samples, the lower % RH
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and the mechanical convection of the air in thenoseercised a drying effect. A strong positive
correlation was found between weight loss and mestontent (¥0.01 R=0.95), showing how the
samples weight is largely ascribable to the presehevater.

An high positive correlation was also found betwaanight loss and degree of cookingQu01 R=
0.716). The degree of cooking, allows to assesgxthent of damage suffered by the food during a
thermal process. The registered values for Brusgetsuts are reported in Fig.1A. It's evident how
the values increased approximately linearly witbré@asing cooking time, resulting in all cases
higher at the same time with increasing temperaturbe degree of cooking of the control samples
resulted to be an intermediate value between tbeger and milder cooking conditions adopted in
this study, even if the cooking time was lower, dese of the fast temperature increase induced by
the condensation steam in the oven chamber.

A non linear trend of weight loss for pumpkins,eafthe different cooking treatments, was
observed. The lowest values (-2.1%) were howeveasored for the S sample, as for Brussels
sprouts. An high positive correlation<{@01 R=0.95), also in the case of pumpkins, between
weight loss and moisture content was found.

No correlation between weight loss and degree okiog was found for pumpkins. An high
dependence from time and temperature was howewvasradd (Fig.1B). The S control sample
resulted to have intermediary degree of cookingvbeh the extreme cooking conditions selected in
this study. In comparison to the sample cooked thighsame time and temperature conditions with
the air/steam method, the steamed one resulteavi® dlight higher degree of cooking.

3.2 Physical analysis

Texture and color

Cut test results obtained for raw and cooked Bigssprouts and pumpkin are reported in Table 2.
For both the vegetables, a significant decreadeafness and work were observed in comparison
to the raw samples in all the studied conditionisoAhe control steamed samples resulted, for both

the vegetables, softer than the raw, and accotditige time/temperature combinations, also softer
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than the air/steam cooked samples. The softenfegtedf vegetables during cooking was already
reported by several authors for different cookieghhiques (Miglio et al., 2008; Paciulli et al.,
2013) related to the tissue damages occurring Iseaafithe heat.

For Brussels sprouts, during the air/steam cookiegtment a significant drop of Fmax was
observed increasing the temperature from 90°C @3@P0no significant differences were observed
between 100°C and 1110°C. The texture loss obsewitedhe increasing of the treatment strength
could be associated to the enhanced heat mediasee tdamages, which involved the cell walls
components (Paciulli et al., 2013).No linear treviete instead observed according to the cooking
time. Looking at the Area values (Tab.2), lineararffing were observed according to the
temperature, but with different trend from the nfasce. Significant decreases passing from 90°C
to 100°C was observed and further increasing passiom 100°C to 110°C, except for the
C_40'100C° sample. The increased area value watinttrease of temperature, could be associated
to an extended dehydration of the samples, asrooedi by the water content (data not shown), due
to the lower RH% in the oven chamber. Comparingaihisteamed cooked samples with the steam
control, significant reduction of Fmax and Area vebserved for the samples treated at 100°C and
110°C probably because of the lower RH% in the asteamber that allows a cellular dehydration
and loss of cellular turgor pressure (Greve etl#194). This was confirmed by the water content
and weight loss values that showed high correlatith the Fmax (§0.01 R=0.52; R=0.55). Fmax
and the degree of cooking were found to be higblyetated (g0.01 R=-0.74), showing how all
the three parameters could be used to predictabetables texture softening after cooking.
Observing the pumpkins results, more evident charan Brussels sprouts were observed,
because of the different structure. Time and teatpez of treatment resulted both significant
(p<0.05) for the changes of Fmax, a progressiveesiolg was observed increasing the strength of
the treatment, showing however a negative cormlatwith the weight loss §0.05 R= -0.37).
Comparing the air/steam cooking treatment with ¢batrol steam one, a significant difference

(p<0.01) was observed for almost all the studietddmns. Higher hardness were found for all the
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three 90°C treatments, because of the lowest teayer and for the C_5' 100°C, because of the
lowest time. All the other samples were softer tki@a control. Significant differences were also
found for almost all the sample in comparison t® tlontrol. Higher values than the control were
found for all the 90°C cooked pumpkins and the A ®°C; lower values for all the other cooked
samples were found. A very similar trend was obegfor the Area values.

In Table 3 the color parameters observed in theroamd inner surface of the raw and cooked
Brussels sprouts are reported. Focusing on tharattsurface, the initially negative a* values
(greenness) tend to increase for all the condititdme important changes were observed passing
from 25' to 32' except for the samples treatedl@f @, in which it was more consistent the change
between 32' and 40'. The reduction of H° valuesewaso observed for all the samples in
comparison to the raw in the external surface, #mgw& shift to the yellow tones. A dependence
from both time and temperature was observed in ahsteam cooking samples, showing
progressive decrement. This changes, together thithglobal but non linear reduction of L*, b*
and C showed darker color. The control steam samgdalted more green than the air/steam
cooked samples as revealed from the significanetoa and higher H° valued\E didn't gave
important information being for the control sampiean intermediate level with the others. It has
been reported that green vegetables subjectetidatareatment often take on a coloration by olive-
brown shades. This change, which is undesirablv&yonsumer, is attributable to the conversion
of chlorophyll to pheophytin (Turkmen et al., 2008)milar changes were stated in a recent paper
on the same vegetable (Pellegrini et al., 2010¢lation to the presence of chlorophyll degradation
compounds, presenting darker green color.

In the inner surface the opposite phenomenon wasreed: an initially positive a* value of the
raw sample tends to decrease, showing an inteaisific of the index of green in a non linear way
according to time or temperature. Also the H° shifto higher values showing an increase
greenness. The higher exposition to the oxygen tiamternal surface, together with an increased

warming, probably resulted in a higher color lassthe external portion of the sample.
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In Table 4, the color parameters registered for aad cooked pumpkins are reported. The orange
color of pumpkins is well described from the pastia* parameter (redness). The a* value
decreased for all the air/steam cooked samplesnmparison to the raw in a linear way according
to the time of exposition. This trend indicated iacdloration of the sample. A general but non
linear reduction of the L values was also registerd® was almost unchanged during the
treatments, with values around 60, representedgeranlor. For the steamed samples, significant
higher a* values were instead observed in comparisahe air/steamed samples and with a less
extent also from the raw. The orange color of puimpk the result of the presence wtarotene
andp-carotene (Koch and Goldman, 2005), of which theapkin is rich (3-carotene 10-2 g/kg and
a-carotene 10-2 g/kg (Silva et al., 2013). The iase®l a* value for the steam samples could be
related to an extended extractability of these mdés. The reduction in the air/steam cooked
samples suggest instead an extended oxidation.

3.4 Chemical analysis

FRAP and total phenolic content

The factors that most influence the contents oifoaitants during cooking are substantially two:
the disruptive effect of cooking on the plant tsg¢Rellegrini et al., 2010) and the oxidation (lzaiz

et al., 2013). The first is an important variablattcan positively influence the final TAC value.
Several studies underline as the thermal treatnoamsiegrade the cell walls polysaccharide fibers
with consequent release of intracellular componébtswvanto et al., 2002). In this research the
air/steam cooking treatment resulted (Tab.5), ons8els sprouts, in a total antioxidant activity,
measured by the FRAP assay, reduced in compargsdhet raw sample. Among the air/ steam
cooked samples it resulted enhanced passing fromo 900°C for all the three selected cooking
times. This phenomena may be attributable to a gabdelase of molecules with antioxidant
properties from the damaged cells as the high dfd@ardness between 90 and 100°C in the texture
analysis demonstrates. A further drop of the amdiant activity was observed (Tab.5) passing from

100 to 110°C with the exception of the sampleskedcat 110°C for 32 minutes. They resulted to
132



Section II - Study 4

have, together with the C_32'100°C, the highedbxzioiant activity (4.8 mmol (F€)/100g sample
dw). Steaming showed significantly (p<0.01) highrtioxidant capacity than the air/steam cooking
treatment (7.8 mmol (E8/100g sample dw), and also higher than the raws.o8emilar results
were found previously by Pellegrini et al. (201@daChiavaro et al. (2012) on steamed Brussels
sprouts reporting a total antioxidant activity of46e 6.18 mmol (F&)/100g sample dw
respectively.

The analysis of pumpkins reported that the totébaiant capacity was lower than that found in
Brussels sprouts. In comparison to the raw santpke,antioxidant activity of some air/steam
cooked samples resulted increased (Tab.6) withoytiaear correlation with time or temperature.
A common trend of increased antioxidant activityswabserved passing from 5 to 10 minutes of
cooking at the same temperature (Tab.5), with thly éurther decrement observed at 100°C
passing from 10 to 15 minutes cooking. A generat,rion linear, trend of increasing antioxidant
activity was also observed increasing the temperatd treatment. In the present research the
highest antioxidant activity of the combi steamathple was found in vegetables cooked at 110°C
for 15 minutes (1.2 mmol (Fe2+)/100g dw). Howetbe best results was reported by the steamed
control with 1.7 mmol (Fe2+)/100g dw. Increaseshaf total antioxidant capacity were also shown
by Dini et al., (2013) after steaming of pumpkinghwa TAC changing from a value of 0.4 to 1.5
mmol (Fe2+)/100g dw for raw and steamed samplepentiwvely. The antioxidant activity in
pumpkins may be also related to the presence oterawids; the drop of the antioxidant activity
The reduction observed in some samples could lidigdswith the assertion of Dini et al. (2013).
They suggested that during baking the productiorraafical scavenger molecules can occur.
Moreover, during cooking the severing of ties betwéhe vegetable matrix and carotenoid-protein
increase their availability to the reactions (Kaod Kapoor, 2001).

Thermal treatments may have a detrimental effe¢herbioactive compounds present in vegetables
reducing the content of phytochemicals (Roy e2@D9). In the present research the total phenol

content of Brussels sprouts resulted affected ftioenair/steam cooking in comparison to the raw
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samples, even if good retention were observeddorestreatments (Tab.5) in a non-linear way with
time or temperature. For Brussels sprouts, at éhgérature of 90 and 100°C was registered an
increase of the total phenols with the increasihghe time of treatment. This trend was more
evident at the temperature of 90°C reaching 248®8y4gallic acid/kg of sample dw after 40'. This
results could be the consequence of the releaghesfols from the vegetables matrix (Pellegrini et
al., 2010) as also suggested by the texture sofjereported above. A correlation between the
texture softening and the increased release obxadént molecules was already suggested by
Paciulli et al., (2014). At temperature of 110°@emneral decrease of total phenols was registered
(Tab.5) and this could be the consequence of tieetedf temperature on the breakdown (Cacace et
al., 2003) and oxidation of phenolic substancesz@dmet al., 2013).

According to Wachtel-Galor et al., (2008), steamriagulted the method that better retained the
total phenols in brassica vegetables if compardth Wie other cooking methods. In this study,
instead, steamed Broussels sprouts control repartedtermediate phenol content (1647.2 mg of
gallic acid/kg of sample dw) in comparison with thteer cooking methods (Table 6).

Focusing on pumpkins, an increase of phenols exraafter cooking in comparison to the raw
sample was observed (Tab.5). The increase of tanwerand time during the combi air-steam
cooking treatments matches the increase of polygbeaching values around 170.0 mg/kg at
110°C, both for 10 and 15 minutes. This was preflyndue to a greater extraction of the
molecules from the damaged cells as suggestedebefarexception was observed (Tab.5) for the
samples cooked for 5' in which a nonlinear trend wlaserved with the increasing of temperature.
In this study steamed pumpkins showed significaghdr (p<0.01) values if compared with the
combi air-steamed vegetables (198.4 mg gallic kgidf sample dw). It could be hypothesized that

a lower oxidative polyphenols degradation occudedng the steaming treatment.

Conclusions

The application of air/steam cooking under suitataee/temperature conditions enhanced the
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nutritional and textural quality of the tested viadpes. In particular, Brussels sprouts showed a
good response at 90° of cooking for texture, witoad enhancement of the total phenol content at
40 min resulting better than the control and bemtgrnally greener. A good preservation of the
pumpkin color was observed with the air/steam tneat, preserving better the texture when
cooked for 5'. Thus, the combined air/steam coolkdagld represent a valid alternative to the
traditional steaming, being faster and producingetables with good sensorial and nutritional

guality under the correct combination of time amahperature conditions.
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Caption for figures:

Fig.1: Degree of cooking obtained in the different tirteshperature cooking conditions on Brussels

sprouts (A) and pumpkin (B) for the air/steam tneenit and in comparison to the steamed control.

139



Tab. 1 Cooking conditions for Brussels sprouts and pumkins
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Brussels sprouts Time (min) Temperature (°C)
S _17'100°C 17 100
C_25'90°C 25 90
C_32'90°C 32 90
C_40'90°C 40 90
C_25'100°C 25 100
C_32'100°C 32 100
C_40'100°C 40 100
C_25'110°C 25 110
C_32'110°C 32 110
C_40'110°C 40 110

Pumpkins Time (min) Temperature (°C)
S 10'100°C 10 100
C_5'90°C 5 90
C_10'90°C 10 90
C_15'90°C 15 90
C_5'100°C 5 100
C_10'100°C 10 100
C_15'100°C 15 100
C_5'110°C 5 110
C_10'110°C 10 110
C_15'110°C 15 110
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Tab.2 Texture parameters for raw and cooked Brusselsutspemd pumpkin.
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Brussels sprouts Fmax (N) Area (Ns)
Raw 78.04£9.6 1648.9+39.4
S _17'100°C 25.8+2.8 487.6+71.0
C_25'90°C 33.5+4.7aA* 552.5+46.5aA
C_32'90°C 30.7+5.6abA 552.3+£38.4aA
C_40'90°C 23.6+4.8bA 442.31+52.5bA
C_25'100°C 12.2+1.7aB** 238.0+£22.2aC**
C_32'100°C 8.9+1.7bB** 172.8+£19.9bC**
C_40'100°C 11.3+1.5abB** 270.3+25.5aB**
C 25'110°C 13.8+1.9aB** 371.6x74.7aB
C_32'110°C 9.8+0.9bB** 224.8+13.2bB**
C_40'110°C 11.9+2.3abB** 271.0+£39.2bB**
Pumpkins Fmax (N) Area (Ns)
Raw 201.9+1.5 1647.1+4.1
S_10'100°C 9.3+1.0 34.8+2.0
C_5'90°C 137.1+2.5aA** 850.2+29.0aA**
C_10'90°C 14.9+0.5bA** 66.9+2.7bA**
C_15'90°C 10.8+0.3cA 38.4+0.5bA*
C_5'100°C 12.6+0.4aB** 67.6+1.2aB**
C_10'100°C 6.6+0.2bB* 36.5+3.3bB
C_15'100°C 4.3+0.1cB** 19.7+0.6¢cB**
C_5'110°C 9.3+0.7aC 54.1+3.1aB**
C_10'110°C 4.2+0.6bC** 25.8+1.1bC**
C-15-110°C 2.5+0.3cC** 12.8+0.4cC**

Values are reported as means + standard deviatibfige replicates. Different small letters in tkame
column and same temperature are statisticallyreifie(p<0.05). Different capitol letters in the saoolumn
and same time are statistically different (p<0.05).

Means followed by * or ** are statistically diffeme(p<0.05; p<0.01) from the control (Steamed).
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Tab.3 Brussels sprouts color parameters
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External L a* b* C h° AE

Raw 58.2+3.6 -9.2+1.6 26.3+5.5 27.9+5.7 109.5+1.5 -
S 17'100°C 54.0+3.3 -1.640.1 14.7+2.9 14.842.9 6.291.4 14.8+2.8
C_25'90°C 57.0+1.7aA -1.0+0.2bB* 10.3+0.6 bC 10.4£B 95.5+1.2 aA 18.1+0.6
C_32'90°C 55.3+2.6aB 1.2+0.2aA** 28.9+1.2aA** 28192aA** 89.1+1.5bA** 11.3+0.7
C_40'90°C 47.4+2.4bB* 1.6+0.3aB** 19.2+4.2 bB 142 bB 86.7+2.0 bA** 17.3+1.9
C _25'100°C 45.,2+2.2cC* 0.8+0.1bA** 15.9+3.4 bB 9¥%2.3bA 88.4+3.5aB** 19.6£2.9
C_32'100°C 61.4+3.2aA* 1.5+0.3aA** 21.4+3.8abB @23.5abB 87.7+4.2 aA** 12.9+1.8
C_40'100°C 54.9+3.2bA 1.5+0.3aB** 25.9+2.6 aA* 252.8 aA* 87.6+2.2 aA** 11.8+1.3
C_25'110°C 52.7+2.2aB 1.0+£0.2bA** 20.3+2.2 aA 22 2aA 87.2+0.1aB** 13.3+1.1
C_32'110°C 52.4+2.0aB 1.5+0.3bA** 16.9+1.3abB #3.BabC 84.9+0.9 aA** 15.5+1.1
C _40'110°C 54.3+1.0aA 2.5+0.5aA** 16.0+1.9 bB D bB 81.1+2.4 bB** 16.1+1.2

Internal L a* b* C h° AE

Raw 81.1+1.1 3.2+0.5 30.6+6.0 30.8+5.9 83.7+2.3 -
S 17'100°C 67.6+2.9 -2.0+0.4 18.5+3.3 18.6+3.3 498.0 19.04£3.3
C_25'90°C 69.5+6.2aA -0.7+£0.1aA** 20.2+3.9aA 2B3A 93.6+1.8aA 16.3+6.5
C_32'90°C 70.3+x1.1aA -1.5+0.1bB 18.9+0.4aB 18.9a8. 94.7+0.4aAB 16.6+0.8
C_40'90°C 68.245.8aA -1.6+£0.3bB 23.4+1.1aA 23.4aA 94.0+0.8aA 15.9+4.4
C _25'100°C 69.5+3.7aA -1.9+0.3bB 19.8+2.6bA 19.8b2 95.4+0.8aA 16.8+4.0
C _32'100°C 70.9+2.2aA -0.5+0.1aA** 25.4+2.0aA* 252.0aA* 91.9+1.8bB* 12.1+2.4
C _40'100°C 71.3+2.2aA -1.5+0.3bB 22.6+2.7abA 22.8abA 93.7+1.1abA 13.6+2.5
C 25'110°C 71.8+1.9aA -2.3+0.3bB 22.2+2.1bA 22.382 95.9+1.1aA 13.8+2.4
C_32'110°C 69.3+1.3aA -1.9+0.4bB 18.9+2.4bB 19.0aB 95.4+2.3abA 17.5+2.1
C_40'110°C 67.3£3.9aA -0.9+0.2aA* 19.9+4.3bA 201(BaA 92.5+0.7bA* 18.0+5.1

Values are reported as means + standard deviatibfise replicates. Same small letters in the saokimn and same temperature are statistically reifite
(p<0.05). Same capitol letters in the same colunthsame time are statistically different (p<0.08gans followed by * or ** are statistically diffeme (p<0.05;
p<0.01) from the control (Steamedk is calculated in comparison to the raw sample.
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Tab.4 Pumpkin color parameters
L a* b* C h° AE
Raw 67.7+1.6 29.9+3.2 41.6+4.6 51.2+5.6 54.3+0.6 -
S_10'100°C 56.3+1.0 31.3+0.2 49.4+2.1 58.5+1.8 65I1 14.1+0.5
C_5'90°C 34.1+2.0C*b 26.2+2.3 aB 45.4+1.6 aA 52.4+2.5 a&A 60.1+1.5 aA 34.2+2.0
C_10'90°C 59.5+3.1 aA 22.1+2.3 A 36.7+2.7 bA* 42.942.3 bA* 58.9+3.7 aA 12.7+3.2
C_15'90°C 42.5+2.2 bA 14.8+2.4 bB* 17.0+1.3 c@* 22.6+1.5 c@* 49.1+5.9 bB 38.5+0.7
C_5'100°C 53.8£3.8 bA 26.6+2.8aB 34.6+2.7 aB* 43.7+£3.5 aB 52.5£2.3 bB 16.0+5.0
C_10'100°C 61.3+1.4 &A 25.5+2.5 aA 41.9+5.8 aA 49.0+6.1 aA 58.6+1.8 abA 9.4+2 .4
C_15'100°C 49.611.2 bA 19.3+1.7 bA* 33.5+7.4 aB 38.8+7.0 aB 59.6+4.5 aA 23.3+3.6
C_5'110°C 57.5+2.1 aA 33.2+1.2 aA 41.9+5.3 aA 53.3 aA 51.4+4.3 bB 11.7+2.4
C_10'110°C 58.1+3.0 aA 22.4+3.9 bA 43.3+4.5 aA 48.9+3.7 a&A 62.5+5.7 aA 13.1+4.1
C-15-110°C 45.616.2 bA 20.9£1.5 bA* 43.5+3.4 aA 48.2+3.5 a&A 64.2+1.3 aA* 24.2+6.1
Values are reported as means + standard deviatiofige replicates. Different small letters in teeme column and same temperature are statistidifigrent

(p<0.05). Different capitol letters in the sameuroh and same time are statistically different (p8). Means followed by * or ** are statisticallyffdirent (p<0.05
p<0.01) from the control (Steamedf is calculated in comparison to the raw sample.
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Brussels sprouts FRAP Total phenols
Raw 5.4+0.3 2745.7+2.6
S 17 100°C 7.8+0.3 1647.2+5.4
C_2590°C 29+0.2a B 628.0+2.7 c C*
C_3290°C 2.2+0.2 b B 1927.3+7.1 bA*
C_4090°C 2.3£0.2 b B 2452.4+27 .2ak
C_25100°C 3.5£0.2 b A 1246.8+12.3 cB*
C_32100°C 4.810.3 a & 1311.7+6.6 bB*
C_40100°C 4.61£0.6 a & 2098.4+2.5 aB
C_25110°C 29+0.2b B 1854.7+2.3 a&
C_32110°C 4.810.4 a*A 813.7+2.1 c&
C_40110°C 2.8£0.2b B 1485.8+3.5 b&
Pumpkin FRAP Total phenols
Raw 0.8+0.0 0.0
S_10'100°C 1.7+0.0 198.4+2.2
C_5'90°C 0.5t0.0 b & 17.6x1.7 b C*
C_10'90°C 0.9+0.0a B 21.8+2.1 b C*
C_15'90°C 0.8+0.1a B 39.6£3.5a C*
C_5'100°C 1.0+0.1 a & 114.2+2.2 ¢ A*
C_10'100°C 1.0+0.1 a AB 131.3+2.2 b B*
C_15'100°C 0.6£0.0b € 141.0+2.0 a B*
C_5'110°C 0.7£0.0 b B 70.9+1.6 b B~
C_10'110°C 1.1+0.1 a & 171.2+1.7 a &
C-15-110°C 1.2+0.1a A 170.8+1.6 a A*

Values are reported as means + standard deviaifdhsee replicates. Different small letters in #aene
column fot the same temperature are statisticaffgrént (p<0.05). Different capitol letters in tsame
column for the same time statistically different@5). Means followed by * or ** are statistically
different (p<0.05; p<0.01) from the control (Ste@nd"RAP is expressed as mmol {§&00g dry
weight of the cooked pumpkins; total phenols aggressed gallic acid equivalent mg/kg of dry weight
the cooked pumpkins.
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Abstract

A pressure treatment of 650 MPa at different prsiogstimes (3, 7 15 and 30 min) was applied on
beetroot slices (varred cloud in comparison with thermally treated samples ripled and
canned). Enzymatic activity of polyphenol oxidaB®Q) and peroxidase (POD), physicochemical
parameters (texture and colour), bioactive compsu(izbtalains and total phenols) and total
antioxidant activity (FRAP assay) were evaluateektlire properties were better retained for HHP
treated samples than the thermally treated, anmiticular increasing the pressure exposure time.
a* (redness) decreased in high pressure treateglssim a time dependent way. Total phenol
content and FRAP were found to be higher in HPRrbegeslices than canned samples but lower
than blanched. Vitamin C was retained especiallthathighest times of high pressure treatment.
Differently from blanching and canning, high pressureatments did not reach a sufficient
inhibition of PPO and POD enzymes at each testad.tlThe PCA analysis clustered together the

high pressure treated samples without any scagtednording to the time.

Keywords: beetroot, high pressure, nutritional quality, gibgl properties
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1. Introduction
Red beetBeta vulgarisL.) is a member of the Chenopodiaceae familyjvatied for its large roots,
although leaves are also utilizable. Seeds, rootsl@aves of the plant are rich of polyphenols,
including betanin, which are a group of water-s@dufiitrogen containing pigments. In particular,
two classes of betanin compounds are well-knowaréal-violet betacyanins (0.04—-0.21%) and the
yellow-orange betaxanthins, (0.02—-0.14%) (NinfalA&gelino, 2013). Betanins are widely studied
for their healthy effect; they are considered afulscancer preventive agents and presented a high
radical scavenging antioxidant activity (Lever &o®l 2010; Kanner et al., 2001; Ninfali &
Angelino, 2013). Beetroot is the only source ofabats approved as food additive (E-162) in the
United States and in the European Union, and cowiallgr exempt from batch certification
(Moreno et al., 2008). They are commonly consungedamked, pickled, canned or as a salad after
cooking, other than as fresh in a less extended Rmagservation of foods usually involves thermal
treatments that prevent microbial growth and letht inactivation of heat resistant enzymes like
peroxidase (POD) and polyphenoloxidase (PPO). Dedpese advantages, thermal processes have
been reported to cause some adverse effects oriabégge organoleptic and nutritional quality
(Herbach et al., 2004; Lau et al., 2000).
Novel non-thermal technologies are one of the @dtitves currently available for the preservation
of vegetables as they produce minimal deterioraéifiacts on quality (Barbosa-Canovas et al.,
1998). In particular, the application of the highdiostatic pressure (HHP) within the food industry
is encountering a growing interest (San Martinlet2®02). During HP process of vegetables, food
is subjected to pressures between 100 to 1000 MPaelveral minutes with temperature ranges
from -20°C to 60°C in order to inactivate enzymmesgroorganisms or spore (Oey et al., 2008).
According to the Le Chatelier's principle, the maszed system responds to the decrease of
volume with reactions that involve an increase otume. This phenomenon can disrupt large
molecules or microbial cell structures, leaving Bnmaolecules such as vitamins and flavour

components unaffected (Norton et al., 2008).
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According to the literature, the colour of the paszed vegetables is not too much influenced at
low or moderate temperature of treatment (Krebleeral., 2002); sometimes, it is even enhanced
because of the extended extraction of the pigmieots the broken cells (Krebbers et al., 2002).
The same extractive phenomena could be relatedvdoimproved antioxidant and nutritional
activities often observed on HP treated vegetalfRetras et al., 2009). Despite this colour
improvement and the increase of nutritional prapsrfor the HPP treated vegetables, several
enzymatic activity like for example PPO, POD or tpeuethylesterase (PME) are reported to be
even more enhanced, probably because of the extermlease of enzymes from the cells
(Gonzélez-Cebrino et al., 2013) leading to a qlids of quality during shelf-life (Suthanthanjai et
al., 2005). On the other hand, texture was somstimeroved on HPP treated vegetables (Basak et
al., 1998), probably because of the stimulatedviagtof PME (De Roeck et al., 2010). Pressures
from 200 to 400 MPa were reported to increase textiamage while pressures greater than 400
MPa led to less apparent damages (Oey et al., 2008)

To the best knowledge of the authors the applinatibHPP treatment to preserve fresh beetroots
from sensory quality deteriorationas not still investigated. Thus, the aim of thisrkvis to
optimize the HHP preservation of beetroot by meahshe evaluation of enzymatic, physical
(texture and colour) and nutritional (total pheaalontent, antioxidant capacity and ascorbic acid)
aspects. A 650 MPa high hydrostatic pressure treattat four different times was evaluated and

compared to two traditionally mild (blanching) astdong (canning) thermal treatments.

2.Materials and Methods
2.1. Sample preparation
Red beet roots (B. vulgaris L. var. red cloud) leated in Mexico were purchased from a local
market (Pullman, WA). Slices of 10 £ 1 mm thicknessl 80 mm diameter were obtained. The
samples were analysed as raw (R), blanched (Bhech(C) and processed with high hydrostatic

pressure at 650 MPa for 3 (HHP3), 7 (HHP7), 15 (B#5Rand 30 min (HHP30).
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2.2 Thermal treatments

Blanching treatment was performed according to fratet al. (2012) by immersion of the slices
(100 g) into a water bath at 90 °C for 7 min inample/water ratio 1/5. Commercial canned
samples were purchased from a local supermarket.

2.3 High hydrostatic pressure treatment

A pilot plant scale 2 L high hydrostatic press (begring Pressure Systems, Inc., Andover, MA,
USA) was used to pressurize the red beet slicesipea (100 g) were vacuum sealed, inside
flexible 75 micron thickness, plastic pouches (&llac Solutions, Kansas City, MO, USA) to avoid
any contact between the pressurization fluid ardstimples. A 10% Hydrolubic 123B soluble oil
water solution (Houghton QOil Valley Forge, PA) wased as the pressure medium. The plastic
pouches were then placed inside the cylindricatgaree vessel (0.1 m internal diameter, 0.25 m
internal height) of the high pressure equipmene Thit was operated with a hydraulic intensifier
pump (Hochdruck-Systeme GmbH, AP 10-0670-1116,eSgylAustria) that pressurized the vessel
to operating pressure in a few seconds. Come-up (@UT) was between 0.7 and 0.8 min.
Processing conditions were 650 MPa. Experiment® wenducted at room temperature (21 °C).
The temperature increase due to compression waligioer than 2—3 C/100MPa. Three pouches
were processed and analysed for each time of tezdtm

2.4 Chemical analysis

The biological material was finely grounded wittdamestic blender (Oster® 12-Speed Blender,
Osterizer, Milwaukee, WI), then 20 grams were utmdeach analysis. Three replicates were
analysed for each sample.

2.4.1 Enzymatic activity

Raw and treated grounded beetroot slices werefosdle evaluation of polyphenol oxidase (PPO)
and peroxidase (POD) activities according to Latoet al. (2012) and Carvajal et al. (2011),
respectively. The measurement was done followirgctiange in absorbance at 420 and 470 nm,

respectively, with a spectrophotometer SpectroiG2nesys (Spectronic Instruments, Inc,
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Rochester NY, USA). The absorbance value was ergdtevery 15 seconds and the activity
calculated from the slope of a linear segment diasare-time of at least 120 s duration according to
Adams et al. (2003). Percentage variations werikked in comparison to the raw sample.

2.4.2 Dry matter

For moisture determination, 1-2 g of raw and tréateample was homogenized and dried in a
vacuum oven (model MA 30, Edgewood, NY, USA) at £Q5for at least 45 min until reaching
constant weight.

2.4.3 Betanin content

The extraction of betanin from raw and treatedugssas conducted according to the method of von
Elbe (2001), with slight modifications. The grouddeamples were added to a known volume of
water (ratio 1:25) and mixed by vortex for 5 min 28°C. The suspension was centrifuged
(Sorvall RT6000B, DuPont, Delaware, USA) at 900énrfor 10 min (7 °C) and the solid part
rewashed with distilled water with the same voluioret times, to obtain the best discoloration of
the sample. The spectrophotometric determinatios w@nducted by a Spectronic 20 Genesys
spectrophotometer (Spectronic Instruments,inc, Bsielnm NY, USA) on the extract. The extract
was suitably diluted with buffer phosphate pH @p,to a value of absorbance of 0.5 at 538 nm.
The pigments were quantified by means of a caidmaicurve obtained by measuring the
absorbance at 538 nm of known concentrations @netsolutions (Sigma Aldrich, St. Louis, MO)
in aqueous buffer phosphate at pH 6.5. Values e®peessed as mg pigments/ g dry weight.

2.4.4 Total phenolics

For the extraction of polyphenols, the finely grdad biological tissue was mixed with water in a
ratio 1:20 and kept under motion in an orbital shgk water bath (Model 3545, Lab-
Line Instruments, Inc., Melrose Park, IL, USA) @ min at room temperature. The suspension
was then filtered under vacuum using whatman filtgper n.5 and the filtered solution was used
for the analysis. The total phenol quantificatioaswconducted on the extract, properly diluted with

distilled water, by the Folin—Ciocalteu assay, adow to the method of Aadil et al., (2013). The
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results were expressed as mg of gallic acid/100¢dsed on a calibration curve prepared using
standard solution of gallic acid (Acros Organicg, NSA).

2.4.5 Ascorbic acid

The grounded material was mixed with water in #r&t40 and kept under motion for 1 hour at
25°C. The suspension was then filtered under vacusimg Whatman filter paper n.5 and the
filtrate mixed with carbachol (Sigma Aldrich, Stodis, MO) in a ratio 20:1, for the discoloration.
The suspension was maintained under stirring fom8Q then filtered using Whatman filter paper.
10 ml of the filtered solution were used for thalgseis. Ascorbic acid content was determined by
direct titration according to the method of Sunsurk et al., (2002) with slight modifications. 5 ml
of 2 N sulfuric acid (Sigma Aldrich, St. Louis, M@Jere added to the extract, the solution was
mixed and diluted with 50 ml of water and 2 ml &drsh was added as an indicator. The solution
was directly titrated with 0.01 N iodine (EMD Cheamais, Gibbstown, NJ) previously standardized
against ascorbic acid solution.

2.4.6 FRAP assay

For the extraction of antioxidants, grounded reeltlsamples were mixed with water in a ratio 1:40
and kept under motion on a magnetic stirrer fom@0 at 25°C. The suspension was then filtered
under vacuum using whatman filter paper n.5 andfitteed solution, conveniently diluted, was
used for the FRAP assay. The method of Benzie &istf1996) with some modifications was
used. 0.1 ml of diluted sample was added to 3 nth@fRAP reagent solution and keep at 37°C in
a water bath for 30 minutes before reading the rblasme at 593 nm. The FRAP reagent without
the sample was used as blank. The FRAP reagenprgpared mixing 200 ml acetate buffer 300
mM pH 3.6; 20 ml of 10 mM TPTZ solution, 20 ml o 2n1M FeC} and 24 ml of distilled water.
The antioxidant activity was expressed as umof/E@0g dw and calculated plotting the

absorbance values in a standard calibration curF@8Q in FRAP solution.
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2.5Physical analyses

2.5.1 Texture

Texture of raw and treated beetroot slices weréyaed using a TA-XT2 Texture Analyzer (Stable
Micro Systems, Godalming, Surrey, UK). The paramsetgere quantified using the application
software provided (Texture Expert Exceed, versi@4 2

Cutting test was performed using a 3 mm thick stamsteel knife blade driven through vegetable,
positioned on a slot surface, at a speed of 3 m8fisaring force (Fmax, N) and shearing work,
(Area, Ns) were obtained from the force-time cgttinirves.

TPA test was carried out using a 50 mm diametérdikec aluminium probe and a crosshead speed
of 10 mm/min to compress the cylindrical samples m diameter x 10 mm height) to 50 %
strain. The textural parameters considered werdnieas, cohesiveness, and chewiness according to
the definition of Bourne (1978). The secant modu8s), defined by Mohsenin, (1986) as the
slope of the secant obtained from the origin tof¢keire point, was also calculated to measure the
capacity of the material to take the elastic artdagolated from the force-distance curve of thst fir
compression step, considering the max peak fortleeafsacture point.

Five replicates were analysed for each sample.

2.5.2Colour

Colour determination was carried out using a CR-2p6ctrophotometer (Minolta Camera Co.,
Osaka, Japan) equipped with a standard illuminasfi. O’he instrument was calibrated using a
white colour tile standard. L* (lightness), a* (rexts), b* (yellowness), C (chroma, 0 at the center
of the colour sphere), and hue® (hue angle, ret, yélow = 90°, green = 180°, blue = 270°) were
guantified on each sample using a 10° positiorhefdtandard observer (CIE, Paris, France, 1978).
Ten measurements were conducted on random poiratleast three slices for each sample.

2.6 Statistical analysis

SPSS statistical software (Version 20.0, SPSS @iugago, IL, USA) was used to perform an one-

way analysis of variance (ANOVA) among samples frdifferent treatments. Tukey post hoc test
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at a 95% confidence level 0.05) was performed to further identify differeac@mong groups
and the PCA analysis.

3. Results and Discussion

3.1 Enzymatic activity

The percentage variation of the polyphenoloxidd¥ed) and peroxidase (POD) activities of all
treated beetroot slices is reported in Fig. 1, amparison to the raw sample. Blanching and canning
had the strongest effect on PPO activity with auctidn of 64.3 and 99.6% respectively, as
previously observed on fruit and vegetables (Pa&lpal., 1999; Keenan et al., 2012). Conversely,
HHP treatment seemed to not exercise a strongteffethe PPO activity reduction. In particular, 3
min of HHP treatment leaved the PPO activity urcéd. A partial PPO inactivation was measured
for the other HPP samples in comparison to theaaet HHP7 was the most effective among the
high pressure treatments tested showing 21.4% ftieduactivity as higher PPO activities were
registered pressurizing for 15 and 30 minutes (AA®7.1% deactivation, respectively).

The thermal treatments had the most important eféecthe reduction of the POD enzymatic
activity (Fig.1), too. Blanching treatment showed33% residual activity, while it was completely
lost by applying canning treatment. The high pressteatment was more effective on POD than on
PPO, but a still high activity was detected onghessurized slices ranged from 56 to 66 % starting
from 3 to 30 min of treatment.

To the best knowledge of the authors, no literatlmta are available on the effect of the high
pressure on these enzymes in beetroot, but thgir lbaro-resistance was already studied in other
fruits, vegetables and by-products. Guerrero-Bel#tial. (2005) observed that the application of
pressures above 500 MPa for more than 5 minutes reguired to improve the inactivation of PPO
in peach purees. Gonzalez-Cebrino et al. (2013)ded that applying pressure in the range 400-
600 MPa at different processing times (1-300 satndt have a significant effect on PPO activity
on red flesh and peel plum purée in comparisohaantreated sample. Woolf et al. (2013) found a

significant reduction of POD activity up to 50% amocado slices, treated in the range 400-600
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MPa at different time of time of treatment (3-10njiand no effect on PPO activity. Garcia
Palazon et al. (2004) observed an enhancemened®D activity for strawberries treated at 400
MPa for 5 and 10 min; enzymatic inactivation waglemt only after 15 min of treatment. The same
authors reported a POD inactivation in the rangd 1¥35% under 600 and 800 MPa pressure.
Woolf et al. (2013) hypothesized that the cell meambe breakdown due to the pressurization
enhanced enzyme release/extractability, which @utly resulted in an increase of the measured
enzyme activity. Another factor, which may have tctmited to the observed effect, could be the
activation of latent enzymes by the interaction hwither constituents in the extract, also
counteracting the effect of HP inactivation (Tereteal., 2010). The delivering of more active
enzymatic isoforms or the structural modificatidrttee active site may be other factors explaining
the resistance of the enzymatic activity to thehipgessure application as previously hypothesized
(Guerrero-Beltran et al., 2005).

3. 2 Chemical parameters

3.2.1 Betanin content

The total betanin contents obtained in all samptesreported in Table 1. The pigments content in
the raw sample was in agreement with the literatlaa with slight differences probably due to
genetic and agronomical factors (Georgiev et &11,02 Kujala et al., 2000). Canning appeared to
greatly affect betanin, which were found to be gigantly lower in C than in all the other samples,
probably in relation with its thermal degradatidfe(bach et al. 2004). On the other hand, BL
sample showed the lowest betanin reduction (14i8%ymparison to the other samples (Table 1).
Similarly, Monteiro Cordeiro de Azeredo et al. (200found 19.8% betacyanins reduction in
blanched beetroot slices. These authors relatddsssto the water leaching of the pigments. The
betanin contents were also reduced in all the prgssure treated samples (Table 1). Betalains were
reported to show high sensitivity to the effectoodygen, temperature, pH, light and enzymatic
activity (Von Helbe, 2001). It is possible to hypesize that some of these factors may be enhanced

by pressure, other than a slight loss of juice ftbmbroken cells.
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It was noteworthy that betanin retention increassidg the time of exposure to the high pressure as
losses in the range 44.6-31.2 % were observed i3] HHP7, HHP15 and HHP30, respectively.
Patras et al. (2009) found similar results stmawberry and blackberry puréesthocyanins
suggesting an increased extractability of the moésc from the vacuoles of the plant cells
increasing time of pressure treatment.

3.2.2 Total phenolics, ascorbic acid and FRAP assay

Total phenolics are summarized in Table 1 for b# analysed beetroot and their content in R
samples was found to be in agreement with prewlais (Kujala et al. 2000). A significant increase
was observed in BL sample, in comparison to R, @obbin relation with the release of molecules
from the cells as a consequence of the thermaladagon of vegetable cell walls (Paciulli et al.,
2014). Phenols of C beetroots did not significaminge compared to R. Jiratanan & Liu (2004)
found even a slight but significant 5% increas¢hef phenol content in canned beetroots, probably
because of the breakage from the covalent bonds avitine functional groups and esterified
glycosides, which was the form generally found nmitfand vegetables. Conversely, all the high
pressure treated samples showed an increase aflphveimen compared to R (and C, of course) but
values were also significantly lower in compariseith BL. In addition, total phenolics showed a
slight increase, although not significant, risihg time of pressure exposure with the exception of
HHP15 that showed the lowest value among HP sanpteer authors found that values of
pressure treatment comparable to that employedhigh study enhanced total phenol content of
vegetables (Patras et al., 2009; Zhou et al., 2084 )ncrease of membrane permeability under the
effect of pressure may be responsible for the seleaf phenols, avoiding the further thermal
oxidation probably occurred in canned samples.

Among the thermally treated samples, a better tietierof ascorbic acid was observed for BL
samples than for C (Table 1), probably becaushetiifferent thermal processing conditions.
HHP15 and HHP30 did not show any significant reduncbf ascorbic acid in comparison with R

while beetroot treated for lower time exhibitedigngicant loss comparable to those of thermally
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treated samples. Several authors observed thatypeeapplication at value higher than 400 MPa
preserved vitamin C content in fruits and vegetabtere than thermal treatments also for long
time of application (Patras et al., 2009, Zhoule2@14).

Ascorbic acid is well known to be very susceptilde oxidation under certain environmental
conditions (i.e. heat, presence of oxygen, heavyalmens and alkaline pH). Chemical and
enzymatic reactions occurring in food samples mayebhanced by pressure, as previously
hypothesized (Zhou et al., 2014), leading to isslafter HP processing at short time of application
When pressure was applied for longer time, it wassible to hypothesize a sort of regeneration of
the oxidized vitamin C molecules, probably becaoké¢he extended contact with the extracted
antioxidant molecules.

FRAP assay results (Table 1) were in agreementtivibe previously described for total phenolics
as BL and C showed the highest and lowest valespectively, among all samples. The different
intensity degree of the thermal treatment probadédiyto the release of the antioxidant molecules
from the cells during blanching and to their cotesis thermos-oxidative damage during canning.
High pressure treatment resulted in a significantdase of the antioxidant activity in comparison
to R and C samples, with a trend that did not appede time dependant as for total phenolic
determination. Opposing results were reported taerdiure about the HP influence on the
antioxidant activity of fruits and vegetables aseemed to be strictly dependent on the vegetable
matrix (McInerney et al. (2007). Pressure procegsias found to either increase or not influence
the antioxidant activity (Patras et al., 2009). higFRAP values for HP treated pumpkin compared
to thermally treated samples were recently repdotedhou et al. (2014), too, probably in relation
with a different extraction yield and breakdownsofme bioactive compounds.

3.3 Physical analyses

3.3.1 Texture

Textural parameters are shown in Table 2. BL arlds€46.4 and 94.5% of the original cut force

(Fmax), respectively. Likewise, Area values, whiepresented the work done for cutting samples,
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showed losses of 47.5 and 97% for BL and C, resmdgt(Table 1). Thermal treatment is well
known to greatly influence vegetable structure tsdure causing an initial loss of instrumental
firmness due to the disruption of the plasmalemnth subsequently, to an increase of the ease of
cell separation often accompanied by the swellintpe cell walls (Waldron et al., 2003).

Cut hardness of HPP samples was found to be niststlly different from R. Several authors
(Oey et al., 2008; De Roeck et al., 2010) suggettadthe disruption of the tissue, after the high
pressure process, liberated PME, which contactedstibstrate (the highly methylated pectin),
leading to the demethylation; the so de-esterifiedtin formed a gel-network with divalent ions
resulting in increased hardness.

HHP30 exhibited similar cut force values to R. QiVise, the others HPP samples showed slight
cut force reductions (13.9, 23.6 and 3.6% for HHPAP7, HHP15 respectively), in comparison to
R. A similar trend was shown by the Area valuesreasing the pressure exposition time, a higher
recovery of consistence was observed. Trejo Arayd. €2007) founded a slight hardness increase
on pressurized carrot disks by compression testn(B to 10%) extending time of treatment from 2
to 30 min at pressure 300-500 MPa. This phenomeves explained by the authors as a tissue
recovery during the holding time. Microscopic obsions of carrot tissue damage induced by
pressure also showed that long-time applicationn(#9) of high pressure treatment (400 MPa) just
decreased cells cubage, which was probably restaned the pressure was released, inducing little
change on texture (Xu & Han, 2006).

TPA hardness and chewiness values were in agreemtérfEmax values obtained with cutting test
(Table 2). R exhibited the highest hardness andviciess, comparable to those obtained applying
high pressure processing for long time (15 and 30).nOn the other hand, HHP3 and HHP7
showed 24.4 and 26.4% hardness reduction, respgtiff compared to R. Cohesiveness was also
significantly higher for all HPP samples than R, &hd C. It could be hypothesized that beetroot
tissue little changed during the application ofthgressure and/or probably recovered its original

structure, especially at the highest times of inegit. The Secant modulus values, reported in Table
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2, confirmed the trend shown by hardness value? HiHand HHP30 samples had values similar to
R, while HHP3 and HHP7 showed about 20% reductiothis value. Thermally treated samples
(BL and C) exhibited the lowest values with a hdgtrease of secant modulus. A decrease of the
secant modulus could be attributed to a generatase of the tissue extensibility (Cybulska et al.,
2011). Thus, the obtained results gave effort éohypothesis that the application of high pressure
for the longest times of treatment (15 and 30 nmdyced less change of beetroot tissue.

3.3.2 Colour

Colour parameters of R and treated beetroot amertexpin Table 3. Blanched beetroots showed a
decrease of L*, a* and b* parameters, resulting darker appearance. Similar colour changes were
reported by Latorre et al. (2012) under the sana@dbling conditions used in this study. These
authors related the changes to the pigment decomeatalization consequent to the cell
membrane thermal denaturalization.

Colour of the commercial canned sample was extrgrhéfierent from the other samples, showing
the highest lightness (L*), and a shift of coloawards greenness (- a*, H° value closer to 180).
Herbach et al. (2004) similarly founded an increafske* for thermally treated beetroot juice (85°C
for 8 h), relating this change to the molecularrddgtion of betalains.

High pressure treated beetroots retained colotertian C samples, but less than BL (Table 3), as
resulted by the\E values. In particular, L* and a* values of HPhgtes were significantly lower
than R and BL, resulting in a darker colour anchacordance with the lower content of betanin
found in pressurized samples (Table 1). Besidesn$tability of colour pigments, browning was
reported to play an important role in the discdiora of HP-treated food products (Oey et al.,
2008). The darkening of strawberry purees afteh Ipigessure treatments was also reported (Patras
et al. 2009) and ascribed to a still high oxidagveymatic activity after the treatment. Higher POD
and PPO activities for HP samples in comparisoh Bit were found in this study (Fig. 1). On the
other hand, H° values did not change among R, BL MR samples, as founded by Patras et al

(2009), except for the highest time of pressuratinent.
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These colour changes resulted in an increagd-ofalues increasing time of pressure exposition. In
particular, the growing release of betanin resuited less red colour (lower a*)and a decrease of
saturation (lower C) increasing pressurizing time

3.4. PCA

PCA analysis was performed to discriminate accgrdinthe different treatment conditions among
samples, as shown in Fig. 2, with the two firshpipal components (PC1 and PC2) that explained
the 81.4% of the total variance.

The samples were grouped into three different etsstR and BL that presented positive loadings
on PC1 and PC2; all the HHP samples that obtainsdiye loadings on PC1 and those negative on
PC2 and canned beetroot (C), which showed negatink positive loadings on PC1 and PC2,
respectively. Thus, BL appeared to be more simif@mn the others processed samples to R
according to the betanin content, and such colawarpeters as a*, b* and C (Fig. 2B). All the
pressurized samples, grouped together, appearbd teell described by the textural parameters
(Fig.2B) and total phenolics but the time of pressapplication did not scatter the samples. On the
other hand, C, resulted very different from all tiker samples, in view of such colour parameters

as L, H° and\E values.

5. Conclusions

In this work, the effect of different treatment émof HHP application was examined for the first
time on beetroot, which presents a well-known mgitritional value. These preliminary findings
suggested that HHP could be used as valid altemé&ir the preservation of beetroots, being less
invasive than canning and quite comparable witimdilang, as also shown by the PCA results. In
particular, HPP samples appeared to be similar ltoc@sidering both nutritional and textural
guality, despite the different enzymatic resistanabserved. On the other hand, colour parameters
were less retained than BL, probably in relatiothvthe high PPO activity shown by the HPP

samples. Thus, the improved quality of HPP beetrootlld probably change during storage due to
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the incomplete inactivation of enzymes, which maguitt in undesired chemical reactions of the
food matrix.

Examining the time of treatment, it should be pnéhiary concluded that a better extraction of the
healthy molecules and a better retention of theutak parameters could be obtained extending the
650 MPa pressurizing holding time from 5 to 30 niihese results should be better explained and
understood carrying out microstructural observatibthe pressurized beetroot tissues.

Finally, further studies should be carried out @®tboot, improving the high pressure processing
conditions applied in this study with the appliocatiof different time-temperature and pressure-
temperature combinations, finding a correct comgsenbetween the spent energy and the final

quality.
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Caption for figures

Fig.1 Percentage (%) variation of the PPO and POD enzgnaattivities of all samples in
comparison to raw. Abbreviations: BL, blanched;danned; HHP3, 3 min of high hydrostatic
pressure treatment; HHP7, 7 min of high hydrostatessure treatment; HHP15, 15 min of high
hydrostatic pressure treatment; HHP30, 30 min gh thiydrostatic pressure treatment. Values of the
raw samples were considered as equal to 100 %.

Fig. 2 PCA results obtained for the two principal compdeefA) Projection of the cases on the
factor plane (B) Projection of the variables on fdeor plane. Abbreviations: HHP3, 3 min of high
hydrostatic pressure treatment; HHP7, 7 min of lmgdirostatic pressure treatment; HHP15, 15 min

of high hydrostatic pressure treatment; HHP30, 80afhhigh hydrostatic pressure treatment.
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Tablel. Chemical parameters of beetroot slices.

R BL C HHP3 HHP7 HHP15 HHP30

Betanin
(mg/g dw)
Total phenolics
(mg gallic acid/100g dw)
Ascorbic acid
(mg/100g dw)
FRAP
(mg FE*/100g dw)

81.7+0.1 a 69.5+t1.6 b 23.0+0.5e 45.3+1.8d 482#4. 52.3+3.8 cd 56.2+1.4 c

588.3+5.0d 1026.8+9.1a 526.8+16.3 d 831.8458.8 I871.3+46.7 b  723.0+31.1c 906.1+7.5b

0.166+0.009a 0.134+0.01ab®.128+0.019bc 0.135+0.007abc 0.114+0.006c 0.165+0.015a 0.160+0.015ab

1870.9+13.8d 2751.9+116.9a1337.2+89.3e  2405.3+164.9b 2298.3+54.7b 1944.5842.£2264.0+43.0b

Means in row followed by different letters are sigantly different according to Tukey test (p<O0)0Fhree replicates were performed for each
measurement. Abbreviations: R, raw; BL, blanched;,c&ahned; HHP3, 3 min of high hydrostatic pressmeatment; HHP7, 7 min of high

hydrostatic pressure treatment; HHP15, 15 min gi Iiydrostatic pressure treatment; HHP30, 30 mimgif hydrostatic pressure treatment.
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Table2. Texture parameters on beetroot slices.

Test R BL C HHP3 HHP7 HHP15 HHP30
Cut Fmax (N) 308.3+33.9a165.3+34.0c 17.0+2.4d 265.4+12.1ab235.5+21.7b 272.1+34.2ali325.0+30.8a

Area (Ns) 623.1+68.1a347.2+65.9c 19.9+4.0d 364.5+34.9c 460.7+22.0b@90.2+72.0b 488.7+50.6b
TPA Hardness (N) 408.8+19.14161.6+28.2c 20.0+5.4d

309.2+6.3b  300.7+14.1b
0.26+0.05b 0.15+0.02c 0.15+0.0D.42+0.02 a

82.4+12.6b  10.1+3.4c
Secant modulus (N/mm) 77.7+4.1a

387.3+28.2a 382Ua
Cohesiveness (-)

0.46+£0.04a 0.51+0.05 a

1.5+0.3c 81834  84.0+8.9b
31.1+3.3c 6.0+1.5d

0.48+0.02 a
Chewiness (N) 120.3+4.2a 113.4+12.8a

61.3+3.3b 61.8+4.3b .2#®9a 76.9+5.1a
Means in row follow by different letters are sigo#intly different according to Tukey test (p<0.0%kn replicates were performed for each

measurement. Abbreviations: R, raw; BL, blanch@d;canned; HHP3, 3 min of high hydrostatic pressuweatment; HHP7, 7 min of high

hydrostatic pressure treatment; HHP15, 15 min gl liydrostatic pressure treatment; HHP30, 30 mimgi hydrostatic pressure treatment.
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Table3. Colour parameters of raw and beetroot slices.

R BL C HHP3 HHP7 HHP15 HHP30
L 23.322.0Db 20.7+0.7 c 99.3+0.8 a 20.0+0.8 c 20.2€ 20.6x0.5c¢c 20.3+0.4 c
a* 31.1+3.3 a 17.5+0.6 b -5.1+£1.5f 9.9+0.3 c 7.3+€d 4.0+0.9 e 4.8+0.6 de
b* 5.2+t15a 2.1+04 b 1.1+0.6 bc 1.0+0.0 bc 0.6:+0. 0.4+0.2 c 0.3+0.1c
C 31.5+3.5a 17.6+0.6 b 5.2+1.3 de 10.0+0.3 ¢ 7.8£0 4.0+09 e 4.8+0.6 de
H° 6.2+1.1c 8.4+1.6 c 173.3t4.1a 10.0+0.5c 10.8c 9.8+3.0c 16.8+#4.0 b
AE - 14.2+0.6 e 84.3+0.5 a 21.8+0.3d 24.3+2.3 C 6209 b 26.9+0.6 b

Means in row followed by different letters are sigantly different according to Tukey test (p<0)0Fen replicates were performed for each

measurement. Abbreviations: R, raw; BL, blanched;c@hned; HHP3, 3 min of high hydrostatic presswmeatment; HHP7, 7 min of high

hydrostatic pressure treatment; HHP15, 15 min gi Iiydrostatic pressure treatment; HHP30, 30 mimgif hydrostatic pressure treatment.
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Abstract

Background: Raman spectroscopy, in its confocal micro-Ramaalirtion, has been
recently proposed as a spatially resolved methodieatify carotenoids in various food
matrices being faster, non-destructive, and avgidive sample extraction, bob data are
present in literature about its application to ¢évaluation of carotenoid pattern changes after
thermal treatments on carrots.

Results: The effect of three cooking methods (i.e. boilisggaming and microwaving) was
evaluated on frozen carrot comparing changes ooterawid profiles measured by means of
Raman spectroscopy with their HPLC determinations aolour. A more pronounced
detrimental effect on carotenoids was detectedeansed carrots, in accordance with colour
data. Differently, the boiling and, to a lessereett microwaving caused an increase of
carotenoid concentrationCooking procedures affected the Raman spectralurest of
carotenoids causing the shift of vibration frequesdoward a higher energy, the increase of
the spectral baseline and of the peak intensiteesvell as the broadening of their width,
probably in relation with the thermal degradatidnlanger carotenoids (i.e., the dhans
form) and the isomerisation process. In particusé¢amed samples showed a significantly
higher increase of centre frequency in accordarite avmore pronounced isomerisation and
changes of colour parameters.

Conclusions: This work showed that the evolution of Raman gpégarameters could give
information on carotenoid bioaccessibility for aasr differently cooked. This paves the way
for a future use of this technique to monitor amqdirize the cooking processes aimed at

maximize carotenoids bioaccessibility and bioa\mility.

Keywords: carrot, carotenoids, cooking, Raman spectroscopgzing.
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1. Introduction

Currently, freezing is one of the most widely useod preservation techniques. Considering
vegetables, this practice permits to preserve seh$oods during prolonged storage periods,
maintaining their quality parameters, such as sgnatiributes and nutritional properties. In
effect, freezing retards chemical and biochemiealktions and microbial growth, and also
maintains colour due to the blanching treatnfent.

Carrots are one of the most consumed vegetablestinfresh and frozen formis.However,
frozen carrots need to undergo a cooking proce$srébgheir consumption. Consumers
generally believe that fresh vegetables are healtinereas cooking and freezing processes
are generally considered negative to nutritionahgounds: Recent studies have highlighted
that carrots maintain nutritional benefits afteoking not only processing fresh carrdtbut
also frozen material in relation with several pnetapost-harvesting factofs, because
carotenoids and other beneficial compounds remairreievant amount in the cooked
products.

Spectral techniques have been recently tested eopbged to analyse food in cooperation
with standard analytical methods being faster, destructive, avoiding sample extracflon
and offering in addition space-resolved informatisach as spatial distribution of nutrients.
Among them, Raman spectroscopy was suggesteddddémtification and quantification of
the main constituents and nutrients from pldnits.this context, this technique has been
recently explored as a spatially resolved methoddemtify carotenoids in various food
matrices'®*? by a detailed comparison of frequency shifts inrtten observed bands, which
are related to the molecular conjugation length/@ndo the presence of specific end-
groups™ In particular, the Raman spectroscopy was appliedcarrots to visualize the
proportions of individual carotenoids accumulatedvarious root tissue$.More recently,

guantitative measurements of carotenoids have hdsained on several carrot lines
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comparing Raman spectra with their content detexthinby means of visible
spectrophotometry’

Raman spectroscopy could be applied to the studgapbtenoids both in the Fourier
Transform Near Infrared configuration (FT-NfR)and in the Raman Resonance (RR)
mode!® In the FT-NIR Raman case, the sample is excitethéninfrared region in order to
avoid the ubiquitous fluorescence emission in plardterials, while in RR, the laser
excitation is provided inside the carotenoids spéabsorption band to induce the Raman
resonance effect. The FT-NIR configuration enaliesobtain a chemical map of the
carotenoids together with the other plant constitsiewhile RR configuration is particularly
suited for fast or low levels of detection, sinbe tesonance enhances the signal by factors of
10%-10°.

To the best knowledge of the authors, no data @®ept in literature about the application of
Raman spectroscopy to the evaluation of carotepaitbrn changes after thermal treatments
on carrots. Thus, in this preliminary work, theeetf of three common cooking methods (i.e.
boiling, steaming and microwaving) is evaluatedfimzen carrot slices comparing changes
on carotenoid profiles measured by means of Rarpaot®scopy with their quantitative
determinations acquired by the high-performanceidiqchromatography (HPLC) and the

colour parameters.

2. Material and methods

2.1 Samples and processing

Carrot Daucus carotal., Napoli variety) slices (8 mm thickness) weldaoned by a local
manufacturer, being industrially blanched and froe&hin 24 h from harvesting.

All samples were stored for two months at —18 °Caithermostat to better mimic the
common storage conditions applied prior to the cenwnalization. Then, they were

processed within 24 h from the end of storage.
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Three cooking conditions were applied by optimiziimge of treatment according to the
judgment of a large group of semi-trained pansllias previously report2dVegetables were
not defrosted before cooking. Boiling was perforntgdadding carrot slices to boiling tap
water in a covered stainless steel pot (1:5, foatévy cooking on a moderate flame. Cooking
time, measured when the vegetable was put intoedoiater, was 20 min. Steaming
treatment was carried out at 100 °C under atmosgppegssure in a Combi-Steam SL oven
(V-Zug, Zurich, Switzerland) that presented an rinéé volume of 0.032 fh an air speed of
0.5 m & and a steam injection rate of 0.03 kg thirDven was pre-heated at the set
temperature before inserting samples for each ogokiial. Cooking time was 30 min.
Microwave treatment was carried out in a MW651 dsiieemicrowave oven (De Longhi,
Treviso, ltaly), where frozen carrot slices, pladeda plastic microwave steamer (1:2,
food/water) not in the direct contact with water thie rotating turntable plate of the oven,
were exposed at a frequency of 2450 Hz at low pqd4®d W). Cooking time was 10 min.
Microwave cooking was also carried out at differémte from 0 to 12 min under the same
condition

All cooking procedures were performed in triplicate

2.2 Carotenoid analysis

The determination of carotenoids was carried ouHBY.C analysis, as previously described
by Leonardi et al’ Briefly, carotenoids were extracted with tetralofdran in the presence
of 0.1 g kg" butylated hydroxytoluene. The extract was driedarmitrogen flow in dark
tubes and resuspended in 5 mL chloroform. Efagpo-8’-carotenoate was used as standard
with a calculated recovery of 98%. HPLC separati@s carried out at a flow rate of 0.8 mL
min* using a HPLC (Model LC 10, Shimadzu, Osaka, Japaith) diode array detector and a
Supelcosil C18 (250x4.6 mm;6n, 100 A particle size) column (Supelco, BelleforRa.,
USA). Carotenoid elution was achieved using thedovahg linear gradient: starting

condition, 82% A, 18% B:; 20 min, 76% A, 24% B; 3thib8% A, 42% B; 40 min, 39% A,
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61% B, 45 min, back to 82% A, 18% B. A and B wecetanitrile and a methanol-hexane-
methylene chloride (1:1:1, v/v/v) mixture, respeely. Extraction was repeated twice with
duplicate analyses each time; thus four resultgwbtained for each sample.

The quantification ofi-carotene, altrans-and cis-isomers of-carotene was carried out by
comparison with a calibration curve of standardtahs p-carotene, in the concentration
range of 3-100 mg L Data were expressed as g'kan dry weight basis. Three frozen and
cooked samples were analysed.

For the determination of the moisture, 3—4 g of mwcooked homogenized sample (as
triplicate) was dried in a convection oven at 105f6r at least 16 h until reaching a constant
weight, according to the AOAC methdd.

2.3 Colour analysis

Colour determination was carried out using a Ma@blorimeter (CM 2600d, Minolta Co.,
Osaka, Japan) equipped with a standard illuminggtlD® (lightness; black = 0, white = 100),
a* (redness > 0, greenness < 0) and b* (yellowredsblue < 0) were quantified using a 10°
position of the standard observ&ihe individual differences in L*, a* and b* valueseach
cooking treatment with respect to the colour of filezen uncooked samples were evaluated
usingAE calculation, as previously reportéd.

The assessments were carried out at room temper@bir°C) on three pre-selected positions
of each slice picking approximately the same poiatsthe peripheral and central points of
the specimens. Five slices for frozen and cookedptss were analysed for a total of 15
determinations for each trial.

2.4 Raman spectroscopy

The Raman spectra were collected with a Jobin YU&4000 triple monochromator
spectrometer (Horiba, Kyoto, Japan) coupled tordamal microscope equipped with a liquid
nitrogen-cooled CCD detector and a temperaturerolbed stage. The spectrometer was used

in its backscattering, single monochromator, micomfiguration, using as excitation the
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488.8 nm line of an Ar/Kr - ion laser source (Inaok0 C, Coherent Inc., Santa Clara CA,
USA). In these conditions the overall energy resofuis Av<0.15 cnt. The laser
wavelength is well inside the carotenoid opticas@ption regiorf® ensuring the condition
for the resonance Raman enhancement. To reducatiomddamage effects, the incoming
laser beam, of 10 mW power, was focused by a 10xascope objective to probe an area of
10 um diameter. Due to the low damage threshold of teamds, some photoinduced
degradation (photobleaching) is unavoidable. Taset power density was selected- after a
series of preliminary measurements- to provide adgsteady state regime, whose Raman
emission intensity was estimated -by fitting th@@xential decay of the Raman- signal to be
about 80% of the theoretical maximum signal. Femrtiore, an accurate analysis of initial
and steady state spectra evidenced no selectivielgbacing, therefore the Raman spectra
obtained were representative of the total caroteonontent and of their composition.

The Raman spectral features were extrapolatedebgrialysis of the characteristic carotenoid
peaks®? by a standard peak fitting procedure using theldh&@ computing environment
(Mathworks, Natik Massachusetts, USA). The expenitsle peaks were modelled by a

Gaussian on a background:

l - (V_VO)2

e 212
D2

f(v) =F +1

Where:

vis the abscissa of the Raman spectrum, namely #meaR energy shift measured intm
The parameter F is the background signal due tordkcence, whilé, voand A are the

intensity (or area), the centre frequency and thk Wwidth at half maximum of the peak,

respectively. The parameter F is a direct measuteecsample fluorescence.
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In order to achieve a statistical accuracy, tenesliof frozen and cooked samples were
analysed and each carrot slice, placed on the matorized microscope stage, was probed
in about hundreds of different points uniformlytdisuted of the surface.

2.5 Statistical analysis

SPSS (Version 19.0, SPSS Inc., Chicago, IL, USAlidical software was used to perform
one-way analysis of variance (ANOVA) and a Tukest tat a 95% confidence levedP €
0.05) to identify differences among samplesarson correlation coefficients were calculated

among all variables at a 95% and 99 % confidengeldgp < 0.05 and p< 0.01).

3. Results and discussion

3.1 Carotenoid analysis

The amount of the identified carotenoids is repbrie Table 1 for frozen and cooked
samples. The3-carotene was almost completely present in thetralls form in frozen
uncooked carrots, with a double concentration wepect tar-carotene (see atall transp
carotene ratio). Minor amounts of phytoene and ghyne were quantified in all the
samples. The concentration of the identified canaitds resulted slightly higher than that
found in previous studies on the same vegetabléging these differences probably related
to several factors such as different genotype, orgwondition, season, maturity as well as
processing conditions.

Considering the effect of cooking on the total tamoid content, a detrimental effect was
detected in carrots cooked in steam oven, in ageaemith our previous studig§ with a
decrease of 34 % of the initial amount of totalotanoids. Differently, the boiling and, to a
lesser extent, microwaving processes caused aeaserof the carotenoid concentration. A
positive effect of cooking on carotenoid accesiijbif carrot has been already report&>
and it has been ascribed to the breakdown of thelase structure of the plant cell, which

allows a more effective and complete extractiothebe compounds.
181



Section IV - Study 6

All the cooking methods determined a significardré@ase otis-p-carotene forms, while the
cis forms ofa-carotene was not quantifiable. The isomerisatioesdnot occur in crystalline
carotene; thus its dissolution, for instance duéhtothermal treatment, is a prerequisite for
the formation ofcis-isomers® Moreover, it has been shown that thermal treatsabbve
100 °C induce a considerable isomerisatiofs-croteng> To better estimate the effect of
the different cooking methods on the @lins andcis-p-carotene content, thes-/all-trans
ratio was calculated and shown in Table 1. An iaseeof such ratio with all the cooking
methods was observed. This increase could be cdséie release of the already existing
cis-forms from cooked carrots, especially in thosddubias already suggestédConversely,

in the steamed carrots, where a decreadeant [3-carotene was observed, the increase of
cigall trans ratio could be resulted from the conversion oftt@hs p-carotene in itis-
forms. This could not have a negative nutritionalnsequence, as the carotenoid
isomerization, decreasing the length of the moksculvour their inclusion in the
chilomicrons and consequently their bioavailabifftyHowever, as already observedhe
longer time requested to reach an appropriate teadg in steaming may have exposed the
carotenoids to oxygen and light determining thekidatiorf’ and explaining the low
carotenoid recovery observed after this procedutte n@spect to the others.

3.2 Colour analysis

Colour parameters are summarized in Table 2 faaatiples. Cooking greatly affected colour
of carrots, despite the stabilizing effect of blaing. Carrots became significantly darker
(L*), less red (a*) and yellow (b*) than uncookedngples. Similar changes of colour
parameters after heating have been found to bdyhiglated with the decrease @f andp-
carotene content as well as theims-cisisomerisatiorf®

It is well known that the colour of carrots is asated with the presence of carotenoids,
andp-carotene in particul&f Conversely, phytoene and phytofluene, which werth found

in frozen and cooked samples, are well known tocbleurless molecules. All colour
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parameters were found to be positively correlatéd wcarotene (R= 0.649, 0.660 and 0.656
for L*, a* and b*; respectively, p<0.05). Accordiyg b* value was previously found to be
positively correlated tar-carotene in carrot slices under different fryinanditions®® The
authors of that study also referred to a high &ia#l correlation between a* arndans -
carotene, which was not found under the experinheraditions applied in our study. In
addition, high correlation coefficients were fouaehong all colour parameters and the ratio
cigall trans pB-carotene. In particular, the decrease of lightn@ss, redness (a*) and
yellowness (b*) displayed R values of -0.666 (p%0,0- 0.760 (p<0.01) and — 0.745
(p<0.01), respectively, with this ratio. A high tstéical correlation value was previously
found between Hunter b* parameter and the isomeisaf 3-carotene in carotenoid powder
from carrot pulp waste under storage.

In this study, changes appeared to be more consiafeer steaming, in accordance with
carotenoid loss, and as observed also byABevalues. This was also in agreement with
previous data on fre3hand frozen carrots.On the contrary, the colour of boiled and
microwaved samples did not show differences, aljholosses and isomerisation of
carotenoids were quite different between these ttwatments. This may be related to the
influence of other carotenoids influencing carroliocir not quantified in this study (i.e. lutein,
lycopene).

3.3 Raman spectroscopy analysis

3.3.1 Effect of different cooking methods

The Raman spectra of frozen and cooked carrotsyrsti Figure 1, were characterized by
the three main carotenoids peaks, centred at élg@éncies;= 1525 cnit, v,= 1155 cnit and
v3=1008 cnt. Such modes originate from the carbon-carbon @shbhd stretch vibrations

(C=C) of the polyene backbone, from the carbon-@adingle-bond stretch vibrations (C-C),
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and from the rocking motions of the molecules miettymponents (C—C¥), respectively.
Cooking procedures affected the Raman spectralrfesbf carotenoids as follows:

o Shift of thev; andv, vibration frequencies toward a higher energy;

0 Increase of the peak intensities (l);

0 Broadening of the peak width(frequency distribution);

o0 Increase of the spectral baseline (F, fluoresceackground).

Table 3 showed the extrapolated Raman spectrahmeteas fromv; in frozen and cooked
carrots by the three cooking procedures. Lookintpatvalue of peak frequency)( steaming
produced more pronounced changes, while boilingnsdeto be the less invasive cooking
procedure: namely, the steamed carrots displayedried shift of the; vibrationtowards a
higher energy.

It is well established in literatuf®* that the centre frequencied this vibration in
carotenoids has an inverse relationship with thgugation length N, where N is the number
of carbon double bounds. Moreover, an increaséisfftequency may also be induced by
trans cisisomerisation proces8.Therefore, the measured shift toward higher epergf the
v molecular vibrations in the Raman spectra of theked carrots could be attributed either
to a higher thermal degradation of longer carowmofi.e., thetrans form) or to an
isomerisation process. The HPLC data suggestedbtitht effects could be present in our
case; in particular, after cooking, the relativeall trans3-carotene ratio decreased and at the
same time, theis/all transratio of 3-carotene increased, as shown in Table 1. Thetiaria
of Raman frequency) displayed a positive statistical correlation (R¥8Y.,, p< 0.01) with
the increase of the ratio cis/all trgfgarotene, in agreement with this observation. In
addition, loss of redness (a*) and yellowness (Bhd a darkening effect (L*) were observed

after cooking (Table 2) and negative correlatiorsrevfound among and these colour
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indices (R=-0.632, p< 0.05 with L*; R=-0.673, p&® and -0-733, p<0.01 with a* and b*,
respectively).

Among the cooking samples, steamed carrots showeghdicantly higher increase of centre
frequency, in accordance with a more marked is@wagon effect (Table 1) and colour
changes (Table 2).

The thermal treatment has also changed the widtRamhan peaksAf, which reflects the
frequency distribution of the relative moleculabndtion. Such parameter, very sensitive to
the molecular environment, measures the degreesoifder in the molecular packing: narrow
peaks characterize a crystalline structure, whiteatben peaks a disordered environments,
such is the case of amorphous matritds. this study, we observe a comparable broadening
of the peak after any of the cooking proceduress Thn be ascribed to the dissolutiorfef
carotene crystai$ consequent to the rupture of cellular ultrastrresu(i.e., chromoplasts), a
process that took place in a similar fashion wilhtlee cooking procedures. The loss of
crystalline form and their dissolution, as a consege of the thermal treatment, has been
recognised as a major factor leading to carotefmitherisatior:> The peak broadening
(A) was found to be highly correlated to the incredsthe ratio cis/all tran-carotene (R=
0.857, p<0.01) and the decreaseonf carotene (R= -0.767, p<0.01), respectively. Such
evidence may suggest that the crystal dissolutr@hthe variation of the carotenoid pattern
undergoes to the same dynamic during the cookioggss.

In extracting the information from the intensity tbe Raman peak$)(a parameter that has
been used in literature to evaluate the total emaitls content *® more caution has to be
used. As a matter of fact, the Raman detectiowrieffcy is different for each carotenoid. In
particular, it is higher for shorter ors-carotenoids. An enhancement of the Raman signal was
measured in all the cooked samples in comparisdahetdrozen ones and it was found to be

correlated with the increase of tbis 3-carotene (R=0.718, p<0.01), and with the decreése
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o— carotene (R= -0.600, p<0.05). This enhancementduasto an improvement of Raman
detection efficiency of carotenoids. This effectswprobably linked to the well-known
increase of bio-accessibility of carotenoids afteoking?* due to the cooking induced
changes in the vegetable microstructure. As a mettiact, the same change reduced also the
self-screening effects present when carotenoide wenfined in crystalline form inside the
chromoplasts.

Another indication of the occurrence of carotensmimerisation came from the analysis of
the background always present in these Raman apegttich has to be attributed to
fluorescence (F). The intensity of this fluoreseem known from the literature to increase
with the concentration dofis isomers of thg3-carotene, which are characterized by a higher
fluorescence quantum yield with respect to theratisisomer’’ As reported in Table 3, the
fluorescence background intensity (F) increasexifsigntly after cooking, in agreement with
the increase of botbis -carotene (R = 0.718, p <0.01) measured by HPLCcasiall trans
ratio (R = 0.646, p <0.05). Based on this paraméeher steamed carrots presented the most
modified carotenoids, while the boiled carrots iretdne highest concentration of pristine
carotenoids, in agreement with that stated in theva paragraph. Moreover, tloes-trans
iIsomerisation of carotenoids has been associatédandecrease of the red colour intensity of
carrot® as confirmed by the colour analysis (see at a*/sBd/alues of Table 2) and by the
high correlation found between the a* decrease thrdincrease of cis/all trafiscarotene
ratio (R =-0.760, p< 0.01).

3.3.2 Effect of the cooking time

In order to exploring the potentiality of Raman &paescopy on the characterization of the
carotenoid dynamic during thermal treatment, theroawaving method was selected in view

of the short time of cooking as well its potenaipplication as blanching treatment.
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For this purpose, the carrot samples were cookethenmicrowave oven, as previously
described, and extracted at different times ur&ihdin. The Raman spectra were acquired in
about 1000 points along the disk diameter at prii@esolution.

The mean values of the parameters extracted fdér gaectrum, such as intensity, frequency,
width, and fluorescence baseline, relative to wheibration were plotted as a function of
cooking time in the graphs of Figure 2.

The peak frequency, width and fluorescence incrkaseaverage with cooking time, in
accordance with the carotenoid pattern changesquay discussed. An effect of heating
time of Raman spectra of carotenoids was previodsicribed comparing conventional and
microwave heating on olive dit. In our study, it appears noteworthy that the trerd
parameters (i.ew and I) of Raman frequency reached a steady statm@rl0 min of cooking

time.

4. Conclusions

The findings of this preliminary work showed thdtanges of carotenoid pattern can be
evaluated by studying the evolution of the Ramaecspl features on frozen and cooked
carrots, as a function of cooking procedure appligw trend of spectral parameters revealed
good statistical correlations with those measungdrdditional techniques, in particular with
the quantitative data obtained by HPLC and the itguke information given by
colourimetry.

In addition, the evaluation of the trend of sucledml parameters with heating time could
offer a fast, non-destructive, real time informatmn chemical transformation of carotenoids
to optimize protocols during industrial heatingatraents, like blanching. This may be useful
to realize a process improvement aimed at the maxinsarotenoids bioaccessibility and

bioavailability by modulating the isomerisation deg,
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Finally, the spatial resolution capability of Ramspectroscopy may be applied to study the
evolution of the spatial distribution of carotermith carrots and other carotenoid-rich

vegetables undergone to thermal treatments.
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Captions of figures
Figure 1 Average Raman spectra of frozen carrots beforeafted cooking. The three main
peaks centered at the frequenaigs 1530 cnt, v,= 1159 crit andvs= 1008 cnicorrespond

to the C=C, C-C and C-CGHnolecular vibrations of carotenoids.

Figure 2. Extrapolated Raman spectral parameters roC=C stretch) peak as a function
of microwaving time of frozen carrot. The paramasereported in the four panels: A) peak
intensity |, B) center frequenay C) peak widthA and D) fluorescence intensity Fhe points

correspond to the average values, while the bdisate the distribution variance.
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Table 1.Carotenoid content (g Ky in frozen and cooked carrots.

Samples a-carotene altrans cis a/all trans B cis/alltrans phytoene phytofluene  total
B-carotene B-carotene carotene carotene carotenoids
Frozen 1.07 a 2.19¢c 0.12d ).4¢ 0.05 0.24 b 0.28b 3.90¢c
Boiled 1.15a 2.88 a 0.73 a ).4C 0.25 0.34 a 0.43 a 5.53 a
Steamed 0.54 c 1.28d 0.37c ).4z 0.29 0.17c 0.21c 257d
Microwaved 091b 2.33b 0.51b ).3¢ 0.22 0.27 b 0.30b 4.32b

Tt n=3, sample size = 1. Means in column followedlifferent letters are significantly differer® £ 0.05). RSD < 3 %.
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Table 2. Colour parameters for frozen and cooked cartots.

Frozen Boiled Steamed Microwaved
L* 53.6 a 519b 49.7 c 52.3 ab
a* 30.7a 27.1b 235¢c 27.7b
b* 409 a 36.3b 31.3¢c 35.4b
AE ) 6.5b 12.8 a 6.9b

T n=3, sample size = 15. Means in row followed Wfecent letters are significantly differenP £

0.05). RSD < 5 %.
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Table 3. Extrapolated Raman spectral parameters fitgniC=C stretch vibration) in frozen and

cooked carrots. The reported parameters in coluanes center frequency, | peak ares,peak

width and F fluorescence background.

Frozen Boiled Steamed Microwaved
v (cm?) 1525.55d 1526.28 c 1527.15 a 1526.76 b
A (cmit) 9.72Db 10.82 a 10.83 a 10.77 a
I (cps) 1617 b 2365 a 1912 a 2176 a
F (cps) 2240 c 3007 b 3147 a 3046 b

T n=3, sample size = 10. Means in row followed Wfecent letters are significantly differenP £

0.05). RSD o andA is< 0.1 and 3 %, respectively. RSDIandF is < 15 %.

195



Section IV - Study 6

Intensity counts/sec

4500

4000

3500

3000

2500

2000

1500

1000

frozen
boiled
steamed

—— micaowaved

1100 1200 1300 1400 1500 1600
Frequency ¢<m’’

Figure 1

196



Conclusions



Conclusion

Conclusions

The growing demand of vegetable products represehig challenge for the food industry because
of the seasonal and perishable nature of such pradilihe industrial vegetable preservation is
traditionally based on the use of temperature asgss variable both at high (blanching, canning
etc.) or low temperature (freezing etc.). Desphe éffectiveness of such treatments, they have a
strong impact on the physico-chemical propertiethefproducts.

New technologies, called nonthermal, are basedhenuse of process variables different from
temperature such as pressure (high pressure)rielkycfpulsed electric fields) or electromagnetic
wavelength (ultrasounds etc.). These technologie® the advantage of getting the same goals of
the traditional treatments preserving sensory amtitional properties. Also academia is called
from the governments to contribute in the improvetmaf the traditional technologies or in the
development of the novel ones to better presergetable quality parameters.

A lack of literature is however still present, besa of the fragmented information on the effect of
the conventional heating treatments and the feta da the novel ones. In this context, this PhD
thesis dealt with the evaluation of the effectstratitional thermal and innovative nonthermal
preservation technologies on the quality parametevegetables.

In the first section of the thesis (Study 1, Bg effect of a complete industrial freezing proogas
evaluated on asparagus, green beans and zucclhaifilfét goal of this study was the better
comprehension of the existing relations between rtfaeroscopical textural properties and the
histological the structure obtained by means ofdpgcal microscopy. Being texture one of the
most considered vegetable characteristics for coasehoice, understanding the phenomena at the
base of its modifications may help the manufacsuter better control the processes. Samples were
examined in all the stages of production “from faten fork”: raw/uncooked, as control test;
blanched; boiled from the raw samples; and aftelustrial freezing and domestic storage.
Important relations were found between structurad gextural modifications under processing.

Cells dehydration, separation and swelling of thk walls, occurring with the increasing of the
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treatment strength, was correlated with an exterst#tening degree observed by the texture
analysis. Frozen boiled samples resulted the mareaded because of the formation of large
fissures in the tissue due to the ice formatiosulteng in extended texture loss. The nature of the
vegetables also influenced the responses, visiblhé increased asparagus cutting force after
blanching, in relation with their fibrousness link® the presence of fenolic acid in the cell walls

or in the higher cutting and penetration forceseobsd for the frozen boiled green beans in
comparison to the cooked from the boiled ones, mxraf the extended swollen of the cell walls;

or the impossibility to perform the penetrationttes zucchini, because of the extended softening
related to absence of a mechanical tissue. A @tioel between these first observations and the
extraction of some bioactive compounds was alsadotfhe antioxidant molecules resulted better
extracted during blanching and boiling, being iadtdeaching out in the samples boiled after
freezing, as revealed by the FRAP assay. The bilagdheatment retained phytochemicals in all

green vegetables studied. This was particularlg fiar green beans where a good retention of
ascorbic acid and an increase of rutin were fodre frozen storage did not negatively affect

phytochemicals, with increasing of lutein and rufoarticularly for green beans, suggesting the
effectiveness of blanching on the peroxidase imatitn.

The reduction of chlorophyll during the thermalatiraents was related with the increasing of
pheophytin, but only partially in agreement witte tbolor changes, resulting particularly evident

during blanching and frozen storage. A good retentif phytochemicals and even an extraction of
lutein were observed in the frozen boiled samplegarticular for asparagus and zucchini. The
antioxidant activity results were in disagreemeithwhe lutein trend, but in agreement with the

guantity of total phenols. Color changes were cauagla for green beans and zucchini, but less
with asparagus that resulted more affected fronfrtmen treatment.

In conclusion, this study filled a gap of knowledgkout the correlation between texture and
histology and their modification under process. Thgture analysis results a useful tool to

understand the structural modifications, also inoadance with the nature of the product. The
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different physical and nutritional responses gibgrthe three vegetables to the process encourages
manufacturers and researchers to join togetherrderoto develop industrial freezing process
conditions according to the matrix of vegetable,ptovide texturally and nutritionally higher
quality frozen product.

In the second section (Study 3,4), the effect dflecent cooking methods was evaluated on the
quality of selected vegetables. The study 3 dealh the evaluation of the effect of boiling,
steaming or microwave cooking on raw and frozemotsr The steamed samples resulted more
affected from the treatment among all, revealingeatended reduction in both texture and color
parameters. A good relation between textural aratasiructure was obtained, as also confirmed by
the observation of the microwave cooked samplejltexs the hardest among the cooked samples
and with a good compactness of the cells. A higpaich of the freezing process was observed on
carrot structure, resulting instead in a bettes@neation of color after cooking.

The impact that different cooking methods havehendquality of carrots is of great interest both for
consumers and manufacturers, being interestedeipriservation of the sensorial and nutritional
quality of the products.

In support of this evidence, the study 4 providegpartant information, being poor debated in
literature. It focused on the effect of cooking ancombined air/steam oven, with different
time/temperature combinations, in comparison widteam one, on Brussels sprouts and pumpkin.
The results showed that, a better texture reterltian the control was observed for Brussels sprouts
cooked at 90°C and for pumpkin cooked for 5'. FoudBels sprouts the external green loss was
opposite to the improved internal color, bettepdtsan the steamed sample. A good preservation of
pumpkin orange color was observed, resulted insteddnced in the steamed samples.

A good retention of the total phenols was obseffeedboth the air/steam cooked vegetables, being
even better for Brussels sprouts, in comparisorth& control, when cooked for 40'. A better

preservation of the total antioxidant activity wastead observed for the steam cooked samples.
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These findings show that the selection of a prdapee/temperature combination is essential for
obtaining air/steam cooked vegetables with gooditatise and nutritional properties.

In the third part of the thesis (Study 5), the efffef high hydrostatic pressure treatment was studi
for the first time on beetroot, known healthy protu The comparison of a pressure treatment (650
MPa; 21°C) performed in four different holding ti;€3,7,15,30 min) in comparison to the
traditional thermal blanching and canning was penfxl. A better retention of the physical and
nutritional properties was observed for the HHRattreent in comparison to the canning one. In
comparison to blanching, the high pressure tredtrbetter retain the textural properties, being
instead more invasive on color, probably becauséhef still high enzymatic activity that may
affect the pigments and in general the productrduits shelf-life. A good retention of the bioaetiv
compounds was observed for the high pressure treateples, resulted even in an enhancement
for the phenol content and the total antioxidaniveg, in a time independent way, as also revealed
from the PCA analysis that clustered together tber fHHP treatments without any scatter
according to the holding time.

Increasing the pressure holding time, an improvénoénthe textural parameters and a better
extraction of the betanin pigment was observedglation to the reducing of the redness (a*).
Finally the result of this study, encourage the ofséhe high pressure for the beetroot treatment,
resulting in a good and retention of all the qyaditudied parameters despite the strong conditions
used. Further improvements of the process are sggaléhough it's already possible to suggest the
use of smaller treatment time, being the perforraamedependent from it (as also confirmed by the
PCA analysis), which would involve also in an imypgment of the energetic cost.

The last study (Study 6) focused on the changingeded in the carotenoid pattern of frozen
carrots differently cooked by means of Raman spsctpy in comparison to the classical chemical
or colour analysis. The modifications of the Rarspactra under cooking gave information about
the carotenoid degradation or isomerisation, tlcecse of their bio-accessibility, the modification

of their chemical status together to the increasintpeir molecule disorder. A good correlation was
201



Conclusion

found between the three analytical methods, acegrth the cooking procedure. In addition, the
evaluation of the trend of such spectral parametéts heating time could offer a good method to
optimize protocols during industrial heating treanhts. Raman technique can give furthermore
information about the molecule distribution in tlsample and without any pre-treatment,
representing a more complete, faster and ecologitahative to the traditional methods.

In conclusion, while the application of the tradital thermal (freezing or cooking) practices
resulted in an extended modification of qualitatvel nutritional parameters, the application of the
HHP process showed their better retention dedpestrong treatment conditions. The extent of the
modifications observed was related to the typeegfetable and to the process conditions, therefore
this finding should encourage to research and gpatific processing conditions. The application
of Raman spectroscopy and verification of its dff@emess underlines the continuing trend of

research towards more specific methods of investiga
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